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Abstract 

Outdoor positioning technologies have advanced rapidly over the past decade and 

are now able to meet the requirements of many consumer applications. Nevertheless, 

some challenges remain around the efficacy of these technologies as it relates to the 

complexity of the indoor environment, obstacles, and layout. One of these environments 

is inside passenger vehicles. The use of smartphones in vehicles, and resulting distracted 

driving remains a challenge. This thesis proposes and evaluates a method to locate a 

smartphone inside a car by using ultra-wideband ranging sensors installed in the phone, 

the car, and possibly also in the car key.  

This thesis introduces the Ultra-Wideband ranging and wireless positioning 

technologies in detail and simulates and analyzes the performance of commonly used 

wireless positioning algorithms through ranging-based positioning methods. Based on 

the analysis of simulation experiments and the characteristics of each algorithm, 

trilateration using both the Least Squares method, and the Kalman Filter method were 

selected to track a smartphone in a car. The Kalman Filter was found to demonstrate 

better results compared with Least Squares when using weighted measurements, a height 

constraint, and a random walk dynamics model. Also, the horizontal accuracy of the 

driver's seat is increased by 40% and 60% in Least Squares and Kalman Filter, 

respectively. The results of simulation and real tests show that Ultra-Wideband 

technology can provide satisfactory positioning results for mobile phones and, 

potentially, passengers and physical objects in the vehicle, which indicates that the 

driver's driving state and the passenger's state can be predicted to some extent.  
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CHAPTER 1     INTRODUCTION 

The technology of positioning and navigation has a long history and has been used 

in a variety of different systems over the years. For hundreds of years, people have been 

constantly researching and improving navigation and positioning systems. For example, 

in ancient times, people used basic geographical knowledge such as the Sun, the North 

Star, the Compass and the geomagnetic field to determine their current position. With 

the growth of human civilization, the enhancement of human capability to explore nature, 

and the progress of science and technology, positioning technology has also undergone 

significant changes, not only the emergence of a wide variety of positioning technology, 

but its positioning accuracy is also constantly improving. Real-time positioning on a 

global scale has become very effective due to the continuous development of positioning 

satellites and the GPS positioning system has the irreplaceable benefit of positioning in 

real-time under any weather conditions. At the same time, due to the continuous growth 

and expansion of navigation and positioning technology, the demand for location-based 

information and services is also growing, which not only enhances the development of 

outdoor positioning systems but also promotes the advancement of indoor positioning 

technology. Nowadays, people spend as much as 80% of their time indoors (Li et al., 

2018; Nwanaji-Enwerem et al., 2020; Wang et al., 2019). Nevertheless, compared to the 

near-perfect and relatively mature outdoor positioning technology, indoor positioning 

technology still has significant potential for future development and improvements. 

Based on the indoor environment, whether it is row of tall buildings, or the inside scenes 

of complex structures (e.g., parking lot, construction site), these kinds of public spaces 

all make for complex environments where traditional outdoor positioning technologies 
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difficult for them to quickly know their own location and the nature of the surrounding 

conditions (e.g., the type of nearby stores and venues) due to the complex layout 

structure. Therefore, there is an urgent need to develop a modern indoor positioning and 

navigation system. Positioning technology can be divided into two categories: outdoor 

and indoor positioning technologies. Global Navigation Satellite System (GNSS) 

including the U.S Global Positioning System (GPS), Chinese Beidou Positioning System 

(BDS), Russian GLONASS System and European Galileo System provide outdoor users 

with meter-level positioning services when working in stand-alone mode. They address 

the issue of precise placement in outdoor spaces in principle and have been commonly 

used in daily life. Indoor positioning technology is a kind of service centered on location 

(location-based service, LBS). With the continuing advancement of science and 

technology, positioning technology is now widely incorporated into the lives of people 

as a kind of service, encouraging the emergence of a significant amount of indoor 

location technology. For recent smart phones, by combining indoor positioning 

technologies with smartphones, for example, if the traditional car key has evolved into 

an SSH key (a convenient digital virtual key) in a smartphone that the driver can use to 

unlock or start the vehicle automatically. Such functions have also evolved from the 

most basic unlocking to the door opening with an intelligent sensor, vehicle information 

communication, and remote vehicle control. Therefore, many local positioning 

possibilities or applications will be realized. 
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1.2 Literature Review 

Until now, the rapid advancement of science and technology has continuously 

updated indoor and outdoor positioning techniques, but it is impossible to realize indoor 

positioning requirements using the GNSS navigation technology that relies entirely on 

the satellite signals. However, in the field of indoor positioning technology, there are 

many different types of technologies that can be used. Common indoor positioning 

technologies include: Radio Frequency Identification, Infrared Positioning, Wi-Fi 

positioning, Bluetooth positioning, ZigBee positioning, Ultrasonic Positioning System, 

Inertial Navigation System, Ultra-Wideband Positioning, Geomagnetic Positioning, 

Computer Vision Positioning, LED visible light technology, etc. The main indoor 

positioning technologies will be briefly listed below.  

1.2.1 A-GPS 

A-GPS (Assisted - GPS) is an indoor positioning technology that uses the base 

station signal from a mobile phone and connects it to a remote server to obtain location 

results with a receiver (Zandbergen, 2009). This technology has been widely used in 

mobile phones, which support GPS. The advantages of the A-GPS positioning are its 

speed and accuracy, but the drawback is that it must communicate with the server many 

times, which results in significant communication resources. A-GPS is used primarily 

on smartphones to reduce GNSS acquisition time and battery use, and while it can 

improve urban and indoor GNSS tracking, it still requires sufficient satellite signal 

availability and is not sufficient for deep indoor positioning. 
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1.2.2 Radio Frequency Identification (RFID)  

RFID (Radio Frequency Identification) relies on the storage and remote retrieval 

of data through RFID tags. The RFID device architecture is comprised of two 

components: a reader and a tag (also known as a label or chip) (Vaculík et al., 2013). Its 

positioning theory is similar to GPS, as the RFID tag calculates the signal strength value 

after receiving multiple signals distributed in the indoor reader, and then calculates the 

coordinates based on the signal strength value. RFID positioning technology has the 

benefits of short positioning time, high accuracy (positioning accuracy is typically in the 

range of 1~10m), small label size, relatively low cost, can be obtained within a 

centimeter positioning accuracy, but a major use or application drawback is its short 

action distance, restricted to a small area suitable for positioning requirement. This 

system is now commonly used in the positioning of items and the movement of 

commodities that pass-through readers located at specific locations such as doors, toll-

booths, or loading/unload machinery and facilities. 

1.2.3 Infrared Positioning 

Infrared positioning refers to the use of electromagnetic signals in the infrared 

band for positioning, which can be divided into active infrared and passive infrared 

(Meola and Carlomagno, 2004). Active infrared means emitting infrared light artificially 

and using it to measure angles or distances; Passive infrared means using infrared light 

from nature, such as heat radiation from the human body, to detect and measure angles 

or distances with an infrared camera. Active Badge, developed by AT&T Labs at the 

University of Cambridge, is a well-known active positioning product that uses infrared 

light, and its precision can exceed the level of the meter (Harma et al., 2003). Then, in 
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2011, Ambiplex proposed the IR. Loc system, which uses thermal radiation for passive 

infrared positioning, and with accuracy down to the level of meters. There are two main 

ways to implement IR positioning: One is to emit infrared electronic tags mounted on 

the object to be measured, through a set of infrared radios placed indoors to measure the 

distance or angle of the signal information, and then combined with the positioning 

algorithm to estimate the location of the object. This technology is capable of achieving 

high positioning accuracy in an open space. However, since infrared light is sensitive to 

obstacles and cannot penetrate them, the transmission distance is limited and the impact 

of indoor layout and lighting is high, it can only be dispersed within the visible distance 

of the line. Therefore, the deployment of a large number of IR sensors is needed to 

achieve high-precision indoor positioning, but the consequent cost of the device will also 

increase. Another IR positioning method is infrared webbing, through multiple pairs of 

transmitters and receivers woven into an infrared web to cover the scope of the space, 

which can be used to precisely locate moving targets directly. The advantage of this 

method is that the object to be measured does not need to carry any terminals or tags to 

enable direct active positioning. Infrared mesh is often used for security purposes, but 

the downside is that a large number of infrared receivers and transmitters are required to 

achieve high precision positioning indoors, which often increases the overhead of the 

system (Chunhan Lee et al., 2004). Because of the aforementioned shortcomings, there 

are some functional drawbacks to using this technology. 

1.2.4 Wi-Fi Positioning Technology 

Currently, Wi-Fi is a relatively advanced and commonly used technology. Due to 

Wi-Fi facilities that can be found anywhere in daily life, no additional equipment is 
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required, so the cost of Wi-Fi-based positioning is low, which can explain why Wi-Fi 

positioning remains one of the most widely used technologies for indoor positioning. 

The components of the Wi-Fi positioning system normally consist of workstation, 

access point (AP), wireless media (WM) and a distributed system (DS) (Hay, 2007). 

Collecting signal intensity value (RSSI signal strength indication) is an important basis 

for positioning in the Wi-Fi setting. At the same time, the acquisition of Received Signal 

Strength Indication (RSSI) information can be conveniently implemented by the mobile 

terminal, so as to locate the target. Pre-setting the reference point in the designated Wi-

Fi environment (location area) of the AP. After the positioning target moves to the 

location field, the embedded processor receives the Wi-Fi signal from the access point 

(AP), extracts the RSSI value, and combines a specific positioning algorithm to get the 

coordinates of the target. There are two commonly used positioning methods nowadays, 

one is the standard ranging-based positioning method, such as trilateration, and the other 

is based on the fingerprint database.  

The accuracy of the Wi-Fi positioning technology is between 3m to 10m, and the 

coverage is wide, so that it can satisfy most of the large areas where the precision 

requirements are not particularly high (Lassabe et al., 2009). However, this technology 

also has some shortcomings, such as the transmission of RF signal is easily interrupted 

by the external environment, and the establishment of fingerprint database is time-

consuming and laborious. 

1.2.5 Bluetooth Positioning Technology 

Bluetooth positioning technology is a widespread and commonly used system, 

with low-power, short-range wireless characteristics, its data transmission rate can be up 
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to 1Mbps, operating in the 2.4 ~ 2.485GHz band range (Ali and Hayes, 2000), through 

Bluetooth pairing, point-to-point communication can be achieved. Terminal devices, 

such as cell phones and tablets, are now equipped with Bluetooth features, allowing the 

sharing of information or data over short distances, such as between fixed or mobile 

devices (Bekkelien et al., 2012). This technology requires a minimum of three or more 

beacons in the room. When a mobile device with Bluetooth capability enters the indoor 

area, a person will receive a transmitted message from the beacon base station, then 

measure the received power using the power attenuation and distance function formula 

to determine the distance between the device and the base station. The distance between 

the beacon is then used to calculate the position of the mobile device by using a 

trilateration and LS or KF algorithms. The system is mainly used in scenarios such as 

location navigation and personnel monitoring. The biggest advantages of Bluetooth 

indoor positioning technology are its small size, short distance, low power consumption, 

and simple incorporation into mobile devices such as PCs and mobile phones 

(Kalbandhe and Patil, 2016). Just turn on the Bluetooth function of the device and it can 

be found. Bluetooth transmission is not affected by the line of sight and is ideal for 

complex spatial environments. However, Bluetooth technology is good for determining 

proximity but not range.  

1.2.6 ZigBee Positioning Technology 

ZigBee is a low-power, short-range wireless networking technology based on the 

IEEE802.15.4 protocol. It is primarily used for small-scale, low-speed, low-power data 

transmission. The operating frequency bands are 868MHz, 915MHz and 2.4GHz 

respectively (Chen et al., 2006). The working principle of ZigBee positioning is as 
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follows: a large number of reference nodes are arranged in the region, and a network is 

formed between a number of nodes, reference nodes and gateways. These nodes 

communicate through wireless communication and form a self-organizing network 

system. When the node to be tested enters the network, it will be identified by some 

reference nodes, which will quickly gather the information of the node to be tested, and 

at the same time transmit the information to other reference nodes by route broadcast; 

eventually, the data in the positioning engine will be processed and the offset value from 

the nearest reference node will be considered to obtain the actual location. The 

transmission of the ZigBee signal is strongly influenced by the multipath effect and 

movement rate, and the positioning accuracy also depends on the physical quality of the 

channel, the density of the signal source and other factors. As a result, there is still much 

potential for advancement in this technology. 

1.2.7 Ultrasonic Indoor Positioning Technology 

Ultrasound is a type of sound wave whose frequency has surpassed the range that 

can be heard by human ears (between 20 Hz and 2000 Hz) (Teixeira da Silva and 

Dobránszki, 2014). Owing to its high frequency, it has a high energy and strong 

penetration potential. Ultrasonic indoor positioning system is developed based on 

ultrasonic ranging positioning technology. The overall accuracy of ultrasonic indoor 

positioning is high, which can reach the centimeter level. The structure of the system is 

relatively basic, and the ultrasonic signal also has a certain penetration and anti-

interference ability. However, the ultrasonic signal will be greatly attenuated in the air, 

so it is not suitable for large-scale use cases. 
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1.2.8 Inertial Navigation System 

Inertial navigation system is a positioning technology that uses inertial radios such 

as accelerometers and gyroscopes, to obtain the acceleration, angular velocity and other 

motion state data of the positioning target, so as to calculate the target's motion trajectory, 

altitude and speed. The difference between inertial navigation positioning technology 

and ordinary positioning technology is that the inertial navigation system (Inertial 

Navigation System, INS) has complete autonomy. It does not rely on navigation 

satellites, wireless sensors, electronic tags, prior databases, and other auxiliary 

equipment. It also does not require an external reference system, so it is often used in 

aircraft, submarines, missiles, and various spacecrafts. Currently, inertial navigation 

systems typically use the pedestrian dead reckoning (Pedestrian Dead Reckoning, PDR) 

method to achieve positioning. 

1.2.9 Ultra-Wideband Indoor Positioning Technology 

Ultra-Wideband (UWB) technology is a new type of wireless communication 

technology, which is quite different from traditional communication technology. 

Nowadays, this technology is popular due to its broad bandwidth and the fact that it 

solves the problem that signal attenuation will affect positioning accuracy during the 

spread of common wireless technology.  Due to its advantages and its lack of sensitivity 

to the channel decay, the indoor range of close-range precise positioning can be achieved. 

The principle of UWB positioning technology is to deploy some radios (fixed UWB 

radios) that in an indoor environment can receive UWB pulses and carry devices (user) 

that can send UWB pulses through individuals or objects to obtain measured ranges. In 

contrast with BLE, UWB radios are able to make precise time-of-arrival (TOA) ranging 
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measurements that allow tags to be positioned using trilateration where BLE typically 

only enables proximity for localization. This has been recently demonstrated 

commercially with the ability to measure range to tagged belongings rather than just 

proximity. Nevertheless, UWB positioning model cannot provide sufficient coverage for 

a wide variety of indoor environments so its use is limited to certain unique 

circumstances. 

Ultra-Wideband (UWB) technology usually uses distance-based positioning 

technology, that is, the use of positioning equipment, signal strength, the relationship 

between distances, positioning algorithms, and trilateration to obtain the location of the 

target point. Ultra-Wideband technology has a strong anti-interference ability, 

confidentiality, high accuracy and so on, which it makes it an ideal positioning method, 

suitable for many different scenarios. As a result, ultra-bandwidth technology has 

become a popular research target for various research institutions. 

Ultra-Wideband (UWB) wireless network systems will have a greater impact on 

the future field of connectivity than previously imagined. The uniquely large bandwidth, 

vast variety of data rates, and inexpensiveness of data transmissions can provide UWB 

systems with capabilities to have substantial impact on the way people and intelligent 

machines communicate and interact with their environments (Scholtz et al., 2000; Xu 

and Yang, 2008; Zhang et al., 2009). In reality, Apple has included a UWB interface in 

their iPhone 11 series (Otim et al., 2020, 2019). These characteristics of UWB systems 

can provide an especially promising application in indoor positioning. However, the 

invention still needs to undergo more testing from the scientific community and obtain 
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some evidence that it would be feasible in the marketplace before it can claim success 

in the marketplace (Clark et al., 2004; Di Benedetto, 2006; Paulson, 2003).  

Marconi had performed one of the earliest experiments on pulse radar in 1901 

(Fontana, 2004). In the early 1960s, electromagnetics in time-domain was introduced to 

research electromagnetic wave propagation and gave a new concept known today as 

Ultra-Wideband technology (Fontana, 2004) and many researchers have studied and 

analysis UWB with time-domain (Cho et al., 2006; Karousos and Tzaras, 2008; Licul et 

al., 2003; Lim et al., 2008). The first radio patent was published in 1973 by Ross. Ross, 

Bennett, Harmuth and many other researchers promoted the wireless network system 

through their contributions, many application scenarios suitable for UWB technology 

have been found (Bennett and Ross, 1978; Choi et al., 2004; Low et al., 2005). UWB is 

commonly used in many disparate and diverse applications like radar, sensing, military 

communications, and specialty markets in the last two decades (Di Benedetto, 2006). 

In 2002, the US Federal Communications Commission modified the concept of 

UWB, enabling it to be used in a broad range of applications including radar, navigation, 

and protection applications (Yang and Giannakis, 2004). Over the years, researchers 

have continuously experimented and explored indoor positioning strategies based on 

UWB technology. In 2007, researchers discussed the possibility of developing an indoor 

Ultra-Wideband (UWB) spectrum and positioning device using the obtained signal 

power (Gigl et al., 2007). This research method verified location prediction based on 

trilateration while greatly decreasing the effort of synchronization. Simultaneously, 

several researchers have examined indoor UWB positioning technology, which provides 
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technology to fulfill the positioning needs of diverse settings and emergencies (Ingram 

et al., 2004). 

Some studies are also investigated in using UWB technology to obtain information 

such as the location and status of people in the indoor space. Ridolfi et al have assessed 

the motion posture and investigated the possibility of a UWB system providing reliable 

location prediction for different human dynamic behaviors in the indoor environment 

(Ridolfi et al., 2018). Among the many technologies for indoor positioning, Ultra-

Wideband radio systems offer extraordinary opportunities to influence communication 

systems as they will change the way people converse with smart devices in the future. 

Ultra-Wideband technology is the one strategy that best meets the conditions and 

requirements.  

1.3 Motivation and Objectives 

Each of the indoor positioning technologies introduced above has the advantages 

and limitations to satisfy its characteristics. According to all current research based on 

indoor positioning technology, the experimental environments that researchers often use 

are indoor spaces, laboratories, and buildings with complex structure. Current studies 

indicate that over 80% of people's time is spent indoors (Li et al., 2018; Nwanaji-

Enwerem et al., 2020; Wang et al., 2019), and for the remaining 20% in the outdoor 

environment, people spend a lot of time in travel, such as subways, buses, private cars, 

etc. Therefore, as a special indoor environment for people outdoors, it is important to 

research indoor positioning technologies based on the car's internal environment. More 

significantly, people with cell phones will now be one of the best carriers fitted with 
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UWB technology. In this way, it is possible to detect if the driver uses a cell phone in 

violation of regulations while driving a vehicle, which will substantially minimize the 

safety risks created by driving while using a mobile phone. 

In view of the limitations discussed in the previous sections, the distinctive 

characteristic of UWB technology is the capability for accurate navigation in a small 

confined and crowded spaces. To recent smartphones, will enable many local positioning 

possibilities or applications, one of them is determining the location of a smartphone in 

a land vehicle to determine if the phone is being used by the driver or not. Therefore, I 

explore the application of UWB indoor positioning technology in the vehicle. In this 

research, the driver and smartphone are taken as the main research objects, and the 

interior of the car is taken as the research environment. Extensive indoor tests are 

conducted in the car space to evaluate and analyze the signal strength and positioning of 

fixed UWB radios in the car under different distributions. Also, the objective of this 

thesis is to propose, develop and test a UWB-based indoor positioning method that can 

determine the location of a smartphone inside a vehicle, and specifically if the phone is 

near the driver or not. This thesis documents the work done to accomplish this objective 

that includes:  

1. Conducting simulations to provide a fundamental base for the real tests further 

conducted. The simulations would be references for the configuration of fixed Ultra-

Wideband radios inside the car. 

2. Developing a test-bed that includes surveyed locations of Ultra-Wideband 

radios (fixed UWB radios and tags) inside the car to provide a comparison between 

the true and estimated locations.  
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3. Data collection based on the simulation experiment, using UWB radios inside 

the land vehicle in several configurations, so as to better achieve the purpose of the 

tests and analysis. 

4. Least Squares and Kalman Filter algorithms applied to compute the positioning 

results based on the trilateration using Ultra-Wideband ranging for the smartphone 

within the car.  

5. Investigating the influence of the driver or passengers inside the car based on 

the accuracy of UWB positioning. The influence of the number and configuration of 

fixed UWB radios on indoor UWB positioning is also studied.  

1.4 Thesis Outline 

This thesis consists of six chapters and the subsequent ones are organized as 

follows: 

Chapter 2 introduces context details such as the history and development of UWB 

positioning technology and offers a comprehensive understanding of the features and 

benefits of UWB signals, as well as the fundamental concepts and methods of UWB 

system implementation. This chapter briefly describes DecaWave DWM1001 UWB 

radio development kit used in this study. Additionally, the vast potential application of 

UWB technology is described. 

Chapter 3 offers an introduction of the overall design of UWB ranging positioning 

system. This chapter focuses on the innovation of research technology and presents the 

two positioning algorithms used to compute user locations, including the Least Squares 

algorithm and the Kalman Filter algorithm. Due to the influence of interference factors 
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on the positioning results, the effect of non-line-of-sight and multipath on the positioning 

accuracy can be reduced to a certain degree by weighing and adding height constraint to 

the Least Squares and Kalman Filtering methods. The study of these experimental 

theories provides a significant foundation for the subsequent sections of simulation and 

actual experiments. 

Chapter 4 focuses on the simulation and modeling of the experimental 

environment of the vehicle and explores the effect of the different distributions of the 

fixed UWB radios inside the car. Data is simulated for a smartphone moving from seat 

to seat in different configurations. Based on the analysis of simulation experiments and 

the characteristics of each algorithm, trilateration using both the Least Squares method, 

and the Kalman Filter method were selected to assess the simulation data.  

Chapter 5 describes the experimental steps and methods suitable for the purpose 

of this experiment are proposed. In the real environment, the accuracy of UWB indoor 

positioning technology based on ranging is tested, and the influence of non-line-of-sight 

propagation and multipath effects on the accuracy proposed in Chapter 3 is verified. The 

reference survey is described, the measurements used in weighted LS&KF algorithms 

are used to process the experimental data, and the experimental results are compared and 

analyzed. 

Chapter 6 summarizes the results and conclusions of this research and experiments, 

discusses the limitations and future work of the experimental research, and provide 

guidance for potential application scenarios. 
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CHAPTER 2       BACKGROUND 

UWB (Ultra-Wideband) technology has several advantages compared to 

traditional wireless communication technologies due to its suitability for indoor 

environments. Instead of using carrier waves, it uses nanosecond pulses and adopts 

broadband pulse communication technology to realize information transmission. 

Because the transmission spectrum is very wide and can reach a transmission rate of 

hundreds of Mbps, it is very suitable for indoor and short-distance communication. As a 

result, UWB has become one of the main hotspots in the study of indoor positioning 

technology, so the research on UWB indoor positioning system meets the requirements 

of today's society and has important theoretical and practical significance.  

Among the existing indoor positioning technologies, the emergence of UWB has 

proved quite revolutionary in terms of achieving a high level of positioning accuracy. 

Therefore, it is necessary to learn and understand the relevant positioning algorithms in 

order to implement UWB-based indoor positioning technology and achieve the ability 

to display or grasp the location information of target people or objects in indoor 

environments in real time. This chapter will introduce the development history, 

characteristics, advantages, and application scenarios of UWB technology in detail, 

analyze and model various UWB positioning methods and their errors, to select a more 

suitable approach for obtaining indoor positioning information about interior of the car 

that is applicable to this experimental environment. 
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Figure 2-1: Power contrast diagram of various wireless signals. 

It can be obviously observed from Figure 2-1 that the UWB has a significantly 

larger bandwidth compare with other signals (such as Bluetooth and GPS). This large 

bandwidth will enable the high performance under NLOS. Alternatively, UWB signal 

has higher reliability compared with other signals under harsh environment. 

2.1.1 Characteristics and Advantages of UWB Signals 

UWB uses pulses at very short intervals (less than 1 ns), without using carriers, so 

that it can cover a wide spectrum, and has very low transmission power and very high 

transmission rate and has high confidentiality because of the low interaction with another 

spectrum. In summary, the UWB-based positioning system has the following advantages: 

1) Strong anti-interference capability: UWB signals have strong anti-interference 

capability due to their broadband characteristics and the frequency hopping spread 

spectrum system commonly used in UWB, which can reach gigahertz. 
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2) Strong anti-path capability. Since UWB signals are extremely narrow pulse 

signals with low duty cycle, the energy of the transmitted signal can be used more 

effectively, and the signal fading is much smaller than that of traditional radio signals. 

3) Large system capacity and high transmission rate. Spatial capacity of up to 

1000kbps/m2, the current wireless technology standards have a lower spatial capacity 

than Ultra-Wideband technology, FCC regulations UWB signal absolute bandwidth 

greater than 500MHz, by Shannon's theorem can be understood that in the case of 

signal-to-noise ratio - fixed, the greater the bandwidth, the higher the data transmission 

rate.  

4) Low transmitting power, low system power consumption. The general 

communication system uses continuous carrier transmission to transmit information, 

while the UWB wireless carrier communication method can make the system use less 

than 1mWde transmit power to achieve communication. 

5) High security. The UWB signal has 7.5 GHz spectrum resources and the FCC 

regulations UWB signal power spectrum density is lower than the level of 

environmental noise. Therefore, the UWB signal can largely avoid mutual interference 

with other signals, and even the environmental background noise signal will obscure 

it, making it difficult to find using general detection equipment. This helps to ensure 

the security of the transmitted data. 

6) Low cost. UWB-based RF transmitter chip can be fully integrated with digital 

circuitry to achieve, simple working transceiver equipment, so the production cost is 

low. 
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Therefore, with the continuous maturity and advancement of ultra-wideband 

technology and the increasing market demand, accurate ultra-bandwidth positioning 

systems will be widely used. Although the UWB-based indoor positioning technology 

has the advantages of strong capability and high accuracy compared with other 

positioning technologies, it suffers from some limitations, such as the NLOS and 

multipath effects, especially in complex environments. Therefore, it still faces 

challenges in practical application scenarios. 

2.1.2 Basic Principles and Implementation Methods of UWB Systems 

UWB signal implementation can be divided into two categories, pulse radio and 

carrier modulation methods. Among them, pulse radio is traditionally the most 

commonly used method of Ultra-Wideband generation, which was gradually proposed 

by the FCC in the process of standardization of UWB after specifying the spectrum 

usage range and transmit power of UWB. 

2.1.3 Application of Ultra-Wideband Technology 

Ultra-Wideband technology is widely used in different fields because of its 

characteristics, and UWB indoor positioning technology has a very wide application 

prospect in indoor environments. 

Some of the applications of UWB positioning technology are listed below.  

1.  Smart house (Mokhtari et al., 2017). 

UWB technology can be used in the wireless interconnection between various 

smart homes and cell phones to improve their transmission rate and stability and to 

improve the use of smart home devices.  
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2.  Commercial center positioning (Mahfouz et al., 2009).  

In some indoor spaces, like gymnasiums, shopping malls and schools, UWB 

technology can be used to locate and track sporting goods, mall goods and hospital 

patients in real time, while reducing usage costs and improving efficiency (Mahfouz et 

al., 2011).  

3.  Emergency rescue (Souza and Dal Bello, 2008).  

At earthquake rescue sites, when rescuers are lost or missing, they usually cannot 

determine their exact location and therefore cannot leave the rescue site in a safe and 

effective manner. UWB rescue equipment a with positioning function can achieve 

accurate real-time positioning effect, and the rescuers at the disaster site can also realize 

rapid search through UWB positioning equipment, which greatly improves the 

efficiency and safety of rescue (Lo et al., 2008; Zito et al., 2007). 

4.  Logistics management.  

In logistics management, outer layer of goods is usually posted with wireless tags, 

and the identifier can read and identify the tags without contact. The label on the surface 

of the goods is very suitable for the application of UWB narrow pulse. Therefore, UWB 

high accuracy positioning service can fully support logistics management business, 

while multiple Ultra-Wideband radios can be used for networking, effectively 

encompassing the entire warehouse (Huang et al., 2017).  

5. Military field. 

UWB technology has a broad variety of potential applications in the military. For 

example, some organizations have already developed a battlefield positioning system 
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based on UWB technology, and large armored vehicles can be positioned to track 

infantry equipped with UWB devices (Oppermann et al., 2005; Rafiqul et al., 2012). 

6. Robotics navigation. 

With the proliferation of smart devices and the industry's growing demand, it is 

particularly important to judge the positioning of the robot in the current environment 

(Krishnan et al., 2007; Park et al., 2016). For a robot to achieve intelligent pathfinding, 

it must first solve the positioning problem. UWB technology has quickly become a high-

precision wireless. 

7. Safety supervision. 

The role of safety supervision can also be performed by UWB technology. In smart 

factories, ultra-wide technology can target the business needs of workers, items or 

equipment in a mobile state, increase production efficiency while maintaining personal 

safety; in jails, UWB Real-Time Positioning Technology can release the police force, 

enhance work efficiency, correct supervision shortcomings, reduce supervision and law 

enforcement risks, and carry out 24-hour position monitoring and trajectory tracking of 

prisoners. In the tunnel site or construction site, the UWB positioning system can fully 

grasp the construction personnel's trajectory and location distribution in the tunnel and 

can realize two-way alarm in emergency situations. Once a tunnel accident occurs, the 

trapped personnel can be quickly found by using the UWB positioning system (Sun and 

Ma, 2017; Zito et al., 2007).  

2.1.4 Introduction of Ultra-Wideband Chip DW1001 

Since 2002 several companies have proposed and marketed commercially 

available Ultra-Wideband systems. Time Domain and Multispectral Systems were two 
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early entrants whose initial systems were development kits implemented with FPGA 

processors rather than dedicated ASIC designs. More recently, Ubisense and beSpoon 

have developed real-time location systems using their own UWB radio designs. The 

Ubisense system is based on TDOA and AOA; the receiver has a significantly larger 

size, and all the receivers have to be connected by data transmission cable. The large 

size as well as the cables required result in high complexity for installation and 

configuration. The most commonly investigated systems are all TDOA and AOA based, 

which demonstrates similar difficulties for application  (Irvin et al., 2017).  

Another UWB company called DecaWave has developed a compact single chip 

UWB ranging radio and developed several proof-of-concept TOA based UWB 

positioning UWB systems (Jiménez and Seco, 2016; Ruiz and Granja, 2017). The 

DecaWave TOA based system uses anchors and tags interchangeably, which means the 

traditionally relatively high-cost fixed anchors are no longer needed. Moreover, the cost 

of TOA system is significantly less compared with the traditional ones (more than 90%). 

Regarding the application of UWB in the mobile devices, the newly published 

iPhone by Apple company has integrated UWB chip, which claims to have 25cm 

accuracy. Furthermore, due to the high accuracy and the reliability, Ultra-Wideband 

APIs are also proposed to be implemented in the next version of Android. Therefore, it 

is of great necessity to evaluate the performance of the currently available UWB systems.  

This study is conducted based on the DW1001 product from DecaWave. The 

DW1001 chip (Figure 2-2, Figure 2-3) uses Ultra-Wideband technology to design a 

UWB-based ranging and positioning system. As for UWB radios, a lot of literature calls 

ones that are attached anchors and the ones that are moving tags (Ridolfi et al., 2018; 
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Ruiz and Granja, 2017; Shi et al., 2019). For better description, two types of nodes exist 

in indoor wireless positioning are defined here: (i) reference nodes (anchors), whose 

coordinate positions are known in the positioning area; (ii) non-reference nodes (tags), 

which are unknown in the positioning area but can obtain the relative distance to the 

reference nodes in the area and obtain the relative position coordinates with the reference 

nodes through the positioning algorithm. The DecaWave DWM1001 Chip and 

Microcontroller board, and a DecaWave DWM1001 development kit module (with a 

reflective target added) are shown below.

  

Figure 2-2: DecaWave DWM1001 Chip 
and Microcontroller board. 

Figure 2-3: DecaWave DWM1001 Module 
with a Reflective Target Applied. 

In Chapter 3, a new application of UWB positioning will be proposed: In car 

location of a smartphone using a limited number of UWB radios built-in to the car and 

possibly a second tag integrated with the car key. The main algorithms for indoor 
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navigation will be reviewed and how these DecaWave UWB radios can be used will be 

introduced.  
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CHAPTER 3   A UWB In-Vehicle Positioning System 

To achieve wireless networking technology positioning, it is necessary to measure 

position-related measurements such as angle, distance or distance difference, establish 

the mathematical model of positioning, and then use the measurements and 

mathematical model to calculate the location coordinates of the target. Depending on the 

various measurements available, the positioning method suitable for UWB technology 

can be divided into Angle of Arrival (AOA) methods, and Received Signal Time 

(TOA/TDOA) methods (Alarifi et al., 2016). No matter which approach is being used, 

it is important to measure the distance or azimuth information between the reference 

node and the unknown node, which is used as an observation in a position estimation 

algorithm to determine the position of the unknown node. Taking the ranging-based 

location algorithm as an example, the location algorithm is typically divided into three 

steps: a measuring step, an estimation step, and a calibration step. Some algorithms 

combine the estimation step with the calibration step, and the relatively accurate position 

estimation results can be obtained directly. The basic positioning process is shown in the 

Figure 3-1 as below. 
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Figure 3-1: Flowchart of the positioning data processing steps. 

3.1 Methods of Ultra-Wideband Indoor Positioning Technology 

In indoor positioning applications, according to the types and functions of nodes 

in UWB wireless radio networks, nodes are generally divided into two types:  the anchor 

and the tag node. The anchor node is on the positioning platform and has the purpose of 

transmitting and processing information and communicating with the tag node and smart 

devices.  The tag node is the node that is accessed as a target for positioning. Depending 

on the application, UWB tags can either initiate or respond to anchor nodes and 

measurements can be one-way or two way.  The measurement and estimation phases 

generally require two steps: the first step is to obtain the time of arrival (Time of Arrival, 

TOA) of the signal from the unknown node to the base station, or the arrival time 
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Figure 3-2: Location diagram of mobile tag and base station. 

Since the AOA algorithm is based on the angle, the measurement of the angle is 

required and is easily affected by the non-line-of-sight (NLOS), and it needs to use a 

strong directional antenna or array antenna to receive signals thereby raising the cost of 

the device. This method has been applied in real-time location systems, for example that 

of Ubisense (reference). It should be noted that while possible in theory, making AOA 

measurements at the tag rather than at the fixed stations is even more difficult, since an 

antenna array is required and the orientation of the tag is unknown. 
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Figure 3-5: Impact of error in TOA algorithm. 

Time of arrival (TOA) ranging technology, also known as TOF (Time of Flight, 

TOF) ranging, is an important research direction in the field of digital signal processing. 

Compared with some advanced algorithms, this method is feasible and easy to 

implement. However, the limitation of this kind of method is that the clocks of the 

anchors and the tag are required to be accurately synchronized, and the time 

synchronization accuracy between anchor nodes is the main influencer of ranging 

accuracy. 

3.2 Potential Problems with TOA 

3.2.1 Non-Line-Of-Sight Propagation 

Signal transmission conditions in the wireless communication process include 

Line of Sight (LOS) and Non-Line of Sight (NLOS) settings. The line-of-sight 
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environment can be intuitively understood as the signal can be directly transmitted to a 

designated location, while the non-line of sight environment can be intuitively 

understood as the signal will be blocked by obstacles and cannot be transmitted in a 

straight line. Usually, in the case of LOS, the signal can be transmitted with high quality, 

because the signal can be transmitted in a straight line. However, in a non-line of sight 

propagation environment, the signal is blocked by obstructions during transmission, 

which makes it impossible to perform point-to-point linear transmission. Therefore, the 

signal can only be transmitted indirectly through reflection, refraction, and diffraction 

after reaching an obstacle. Eventually, the observations contain a large amount of error 

at the receiving point, which seriously affects the estimation of the tag's location in the 

indoor environment. The non-line of sight signal propagation is one of the main reasons 

that limit the accuracy of indoor positioning systems. One of the current solutions to 

improve indoor positioning accuracy is to identify and eliminate errors caused by non-

line of sight conditions.  

3.2.2 Multipath Effect 

Compared with outdoor applications, indoor positioning requires higher accuracy, 

but the stronger multipath effect restricts the accuracy. Multipath effect means that after 

the electrical signal is sent from the transmitter, it will propagate to the receiver of the 

same signal through several different channels. When electrical signals propagate on 

different channels, the reflection, refraction, and diffraction phenomena caused by the 

interference of obstructions will cause the signal amplitude and phase to be 

uncontrollable when the signal reaches the receiver. Therefore, especially for the indoor 
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environment, even if there is no change in the indoor environment, it will easily change 

the strength of the wireless signal, thus affecting the accuracy of indoor positioning. 

3.2.3 Identify and Eliminate the NLOS Environment 

In the LOS environment, it usually contains less noise, which has little impact on 

the measurements; while in the case of NLOS, the raw data often contains more noise, 

so it is necessary to process the raw measurements before it can be put into application. 

Currently, the ways to reduce or eliminate the influence of non-line-of-sight are mainly 

from the following aspects: 

 (1) To avoid the generation of non-line-of-sight. Since the antenna of the tag is 

generally vertical, if the base station is installed far away from the obstacles such as the 

ceiling, the shielding of some obstacles placed on the ground will be less affected than 

when the base station is installed on the ground. If the non-line-of-sight situation can be 

avoided directly, it is the best way to reduce the non-line-of-sight error.  

(2) Set up multiple radios. In general, two-dimensional positioning can be 

achieved by using three radios (fixed UWB radios), but when a base station is unable to 

obtain measuring information due to non-line of sight effect, the positioning accuracy 

will be reduced or even unable to obtain positioning information. If more radios are 

added, additional effective distance information can be obtained to achieve positioning 

accuracy. 

(3) Calibrate the measured value. One is to estimate the NLOS deviation of the 

measured value, then subtract the deviation value and then locate it; the other one is to 
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eliminate it at the algorithm level and give different weights to the LS or KF algorithms 

based on the measured ranges of NLOS condition. 

3.3 Positioning Algorithm  

To sum up, among the commonly used UWB indoor algorithms mentioned above, 

AOA is not suitable for the experimental environment inside the car, because it is quite 

difficult to obtain the experimental angle in the car environment, which cannot meet the 

AOA positioning method based on angle. The nature of TDOA is to determine the 

location of the tags by building hyperboles due to the fixed time difference with respect 

to the anchors. However, the time synchronization between all anchors is difficult to 

maintain and the time difference is relatively inaccurate when non-line of sight exists. 

Therefore, more anchors will be required to enable the accurate location estimation of 

the tag. The applied DecaWave system in this study is based on TOA, which overcomes 

the time synchronization issues and does not require redundant anchors. The traditional 

trilateration is based on the two-dimensional positioning of three radios in the same plane, 

but in the real indoor positioning, it is often difficult to ensure that multiple radios are 

on the same plane. Therefore, three-dimensional positioning needs to add a z-axis 

constraint on the basis of the traditional three-point positioning, but the geometry is poor. 

Also, trilateration is chosen to obtain the position of the tag after the measurements are 

acquired. Thereby, the position of the moving target is obtained by the Least Squares 

method, unweighted LS, unweighted KF, weighted LS, and weighted KF, respectively. 

Since the main research is on the design of tags and anchor nodes in the car environment, 
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and they need to be placed in appropriate locations to build a reasonable geometric space 

for UWB indoor positioning.  

The aim of Ultra-Wideband ranging, which can be used for localized in-vehicle 

smartphone positioning, is to determine the location of an object using the physical 

characteristics of UWB signals (such as AOA, TDOA, and TOA). As mentioned in 

Section 3.1, positioning based on the physical characteristics of each signal has its own 

advantages and disadvantages and Ultra-Wideband ranging can be used in proximity 

mode with dense radios.  In this thesis, TOA will be used with trilateration in Least 

Squares and Kalman Filter as described in the next section.  

3.4 Trilateration  

Trilateration is a basic technique for surveying, which only relies on distance 

measurements as a process for deciding absolute or relative positions of objects. This 

approach can be used to define the location of users by recognizing the distance from at 

least three known points, then use the measurements to find the three-dimensional 

coordinates of the tag by the method of distance intersection, so that trilateration is often 

used in the positioning system. The formula and details of the trilateration are introduced 

below. 
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CHAPTER 4       SIMULATION SYSTEM DESIGN 

A preliminary simulation test was performed on the actual experimental situation 

before the real-world tests. This chapter introduces the design concept and process of 

the simulation experiment based on UWB ranging for the in-vehicle smartphone 

positioning, learns and uses the Least Squares and Kalman Filter algorithms to perform 

preliminary simulation data calculations. The objective of Chapter 4 is to test several 

different configurations theoretically and identity which one will be selected for the real 

tests.  

4.1 The Environment of the Simulation Tests 

To verify the functions of the designed nodes (anchors and tag) and positioning 

system, simulation experiment scenes were created as follows.  An area of 8m long (an 

x-axis ranging from -3 to 3 meters) and 4m wide (a y-axis ranging from -2 meters to 2 

meters) was selected, there are many expansion points with an interval of 1cm in this 

area Figure 4-1 and the HDOP value of each point is obtained. Thus, seven HDOP 

contour maps matched with the real car outline were established, and three to four 

anchors were simulated and placed on the contour map, with the seven distributions of 

anchors designed to analyze the HDOP value in the different configurations. The indoor 

positioning system in this article is composed of the anchor node and tag node, and the 

fixed UWB radios are fixed at a designed location in the testing area, and non-reference 

nodes can move between the car seats. Then, the tag node attached to the phone was 

placed at six positions within the vehicle for durations of ten minutes, and data was 

created at these positions as well as at the trajectory between these positions. The 
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simulation data was analyzed using trilateration, the Least Squares algorithm, and the 

Kalman Filter algorithm. Therefore, in the simulation experiment, the position of the tag 

and fixed UWB radios were analyzed and tested, and the reasonable experiment 

distributions are selected for the real tests. 

 

Figure 4-1: Simulation Geometry 

4.2 Distribution Design and Test of Anchors 

HDOP value reflects the characteristics of the geometric distribution of the 

anchors. The following figures (Figure 4-2, Figure 4-3, Figure 4-4, Figure 4-5, Figure 
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4-6, Figure 4-7, Figure 4-8, Figure 4-9) show the HDOP contour map under eight 

different distributions of anchors, each of which has three to four anchors.  

 

Figure 4-2: Two Front Side and Two 
Rear Side Anchor Distributions 

 

Figure 4-3: Two Front Side and Two 
Middle Side Anchor Distributions 

 

Figure 4-4: One Front, Two Middle Side, 
and One Rear Distributions 

 

Figure 4-5: One Front, Two Front Side, 
and One Rear Distributions 
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Figure 4-6: One Key, Two Front Side, 
and One Rear Distributions 

 

Figure 4-7: One Key, Two Middle Side 
and One Rear Distributions 

 

Figure 4-8: One Key and Two Middle Side 
Distributions 

 

Figure 4-9: One Key and Two Front  

Side Distributions 

Three of these distributions were selected for simulation and real-world testing 

and analysis. In the graph showing the HDOP values, in most cases the HDOP value is 

lower than 2. However, as the distance from the anchor increases, the value of HDOP 

also increases. Through the analysis of HDOP contour maps, it can be concluded that 

horizontal positions demonstrate high accuracy. Nevertheless, the vertical position has 
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The above results demonstrate the impact of the three configurations on both the 

single epoch LS solution and KF solution and how these are influenced by noise and 

range bias. Also, corresponding to the actual experiments conducted in the next chapter, 

one of the anchors on the back is removed to assess the impact of using only two anchors 

build-in to the vehicle with a 3rd that is actually a second tag on the car key. This 3-

measurement scenario has very poor x-direction geometry and, as can be inferred from 

the simulation results, the convergence LS results sometimes can locate on the other side 

of the y-axis with the noise of just 5cm. However, for KF, due to the existence of the 

prior for reference, the convergence can locate on the correct side. Nevertheless, with 

the 5cm bias, both LS and KF results can possibly locate on the wrong side. From the 

above analysis, all three scenarios demonstrate high location estimation accuracy, 

whereas the lack of the rear anchor in Plan-one will result in the convergence on the 

wrong side of the remaining roughly co-linear anchors. 
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CHAPTER 5     SYSTEM VERIFICATION AND DEVELOPMENT 

Based on simulation experiments, three reasonable distributions are selected for 

actual experiments according to the contour map of HDOP value. The reasonable 

distributions are chosen based on the performance of positioning in the driver seat (the 

driver seat is most significant location to investigate). Furthermore, the intelligent key 

also enables another anchor for tracking purposes, which means one of the anchors is 

already configured close to the driver seat.  

5.1 Local Coordinate System Determination Through Surveying 

Each location in the vehicle was surveyed with a total station (angles and distances) 

with respect to targets fixed around the vehicles. The resulting relative locations where 

then transformed into a frame co-incident with the body-frame of the vehicle.  

The following pictures show three different distribution experimental schemes. 

The true positions of the anchors, seats and phone holder in the pictures are all obtained 

by surveying with the Trimble M3 total station. In the actual deployment, the UWB 

radios would be installed in the car parts, and there are lots of places in the car that are 

already have powered, such as the mirrors, the lights, the door switches, and so on. 
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Figure 5-1: Real Test (Plan 1) - Two Front side, One Key and One Back 

 

Figure 5-2: Real Test (Plan 2) - Two Front side and Two Middle Side 
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Figure 5-3: Real Test (Plan 3) - Two Middle Side, One Key and One Back 

5.2 Experimental Setup 

Due to the complicated internal configuration of the vehicle, in order to ensure that 

the total station and the radios are line-of sight and the coordinates of radios are obtained 

in the same coordinate system, the total station needs to be established several times. In 

the end, this research followed a method of resection which is suitable for the 

experimental tests to obtain the coordinates of the anchors and tag.  
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The site which shows the experimental procedure is shown in the pictures below.

 

5.3 Measured Ranges versus True Ranges for Three Plans 

This study conducted experiments under the three planed configurations with and 

without the human interruption, respectively. For the scenario without human 

interruption, the smartphone is successively placed at the six locations (each for ten 

minutes): Phone-holder, S1, S2, S3, S4, S5. In other words, the entire experiments span 

is approximately one hour. Different from the above experiment, the scenario with the 

human interruption is conducted in a different manner. For each seat, the smartphone is 

                 Figure 5-4: Real Experimental Site and Environment 
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initially placed for five minutes and then a passenger is induced in the car to create NLOS 

for another five minutes. The sequence of the location and the movement of the 

smartphone for both scenarios are the same. The following section will demonstrate the 

observations, actual measurements, as well as the observation errors. 

5.3.1 Test in the vehicle without human interruption 

Plan One: the distribution of anchors of plan 1 is shown in Figure 5-1 and the 

ranges observed at each location and the range errors with respect to the reference 

positions as shown in figures (Figure 5-1, Figure 5-2, Figure 5-3). 

 

Figure 5-5: Plan One Real Test (1) -- Observed ranges are shown in the upper subplot 
while range errors are shown in the lower 
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Figure 5-6: Plan One Real Test (2) -- Observed ranges are shown in the upper subplot 
while range errors are shown in the lower 
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Figure 5-7: Plan One Real Test (3) -- Observed ranges are shown in the upper subplot 
while range errors are shown in the lower 

By comparing these three experiments in Plan one, it can be found that the ranges 

demonstrate high accuracy at the front three locations (phone-holder, driver seat and 

passenger seat). As it can be observed from the figures, the back three locations 
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relatively demonstrate much larger noise compare with the front three locations. For 

phone holder, the ranging errors are all approximately 20cm for all three experiments. 

In addition, one of the ranges (marked in purple) presents larger errors up to half a meter. 

By analyzing the location of the anchors, it can be found that the purple one is on the 

back of the car. Therefore, under the configuration of Plan one, the front three locations 

demonstrate high location estimation accuracy (within 50cm), whereas the back three 

locations show relatively larger errors. This phenomenon is mainly due to that when the 

smartphone is placed on the back seats, one or more anchors are under NLOS with the 

smartphone. In addition to the larger errors, the NLOS also create larger variation on the 

observations and location estimations. 

Plan Two: the distribution of anchors of plan 2 is shown in Figure 5-2 and the 

ranges observed at each location and the range errors with respect to the reference 

positions as shown in figures (Figure 5-8, Figure 5-9). 
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Figure 5-8: Plan Two Real Test (1) -- Observed ranges are shown in the upper subplot 
while range errors are shown in the lower 
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Figure 5-9: Plan Two Real Test (2) -- Observed ranges are shown in the upper subplot 
while range errors are shown in the lower 

 

For the two experiments in Plan two, the phone holder and driver seat show similar 

observation errors compared with Plan one. However, different from Plan one, the 

passenger seat demonstrates much larger errors, the locations of passenger middle-side 

and the driver middle-side (marked in purple and yellow) both demonstrate large errors. 
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Specially, the purple one can be up to 70cm, which dramatically influences the location 

estimation errors. However, compared with the three back seats (with about 1.5m errors), 

the three front seats still control the observation errors to be within 50cm. Similar to the 

Plan one, one of the ranges (marked in purple) also demonstrate high observation errors 

to 50cm. As concluded in the previous section, this is also due to the NLOS between this 

anchor and the smartphone. 

Plan Three: the distribution of anchors of plan 1 is shown in Figure 5-3 and the 

ranges observed at each location and the range errors with respect to the reference 

positions as shown in figures (Figure 5-10, Figure 5-11). 

 

Figure 5-10: Plan Three Real Test (1) 
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Figure 5-11: Plan Three Real Test (2) 

As it can be observed from the above figures, Plan three demonstrate similar 

conclusions to Plan one and two. Therefore, to sum up the actual results from all three 

plans, the fluctuation due to the noise is uncontrollable and random. However, through 

the analysis of the anchor configurations, it can be concluded that the three front seats 

typically show significantly smaller ranging errors (within 50cm) compared with the 

back seats. As mentioned earlier, for the driver seat, one of the ranges always 



77 
 

demonstrates observation errors up to about 50cm. This illustrates the consistent 

influence of NLOS under different configurations of anchors. Based on this conclusion, 

Plan one will be chosen to conduct detailed experiments using LS and KF. The driver 

seat, specifically, will be extensively investigated for further analysis in the following 

section. To sum up, combining all the figures (Figure 5-5, Figure 5-6, Figure 5-7, Figure 

5-8, Figure 5-9, Figure 5-10, Figure 5-11) above can demonstrate that observed ranges 

are good in the front locations (such as phone holder, driver seat and passenger seat), 

and the measurements of some other locations (for example, driver seat and passenger 

seat ) are clean but suffer biases. However, in some rear locations (back seats), which 

have all kinds of noise. 

5.3.2 Test in the vehicle with human interruption 

Plan One: the distribution of anchors of plan 1 is shown in Figure 5-1 and the 

ranges observed at each location with and without human interruption, and the range 

errors with respect to the reference positions as shown in figures (Figure 5-10, Figure 

5-11). 
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Figure 5-12: Plan One Real Test with human interruption in the Vehicle (1) 








































































