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Abstract 
 

Autonomous vehicles’ positioning and navigation (POS/NAV) systems provide drivers 

with route guidance information relying mostly on the Global Navigation Satellite 

Systems (GNSS). The GNSS–based POS/NAV systems suffer from satellite signal 

blockage, interference and multipath usually experienced by land vehicles in urban areas. 

The integration with vehicle motion sensors enhances the overall performance for a short 

period of time. Autonomous land vehicles are now equipped with cameras, radars, and 

laser ranging devices utilized for blind spot display, collision avoidance, and lane 

departure warning. The availability of these systems provides an attractive opportunity 

to increase the POS/NAV system accuracy. 

This research focuses on the development of an integrated multi-sensor POS/NAV 

system capable of offering seamless positioning at meter level accuracy for autonomous 

land vehicles. To bridge the GNSS outages a multi-sensor system utilizing magnetic 

azimuth from a calibrated magnetometer is developed to enhance the performance of the 

overall POS/NAV solution by limiting the gyroscope bias drift over time. A new 

calibration technique is developed to reduce the errors associated with the magnetometer 

measurements and produce a robust azimuth. Furthermore, a new algorithm is developed 

to obtain robust positioning information from the adaptive cruise control frequency 

modulated continuous wave (ACC-FMCW) radar which is used to update the navigation 

system during GNSS outages. 
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The proposed system is further improved by augmenting magnetic-azimuth update to 

limit the position drift for long GNSS outages.  A further enhancement is added to the 

system by utilizing fast orthogonal search (FOS) to provide nonlinear error modeling of 

the residual errors associated with the ACC-FMCW radar positioning solution in order 

to reduce the error growth over extended and frequent GNSS outages.  

The proposed system is evaluated on several real road test trajectories involving 

different types of land vehicles experiencing different motion dynamics. GNSS outages of 

up to 10 minutes were intentionally introduced to examine the performance. The results 

show that the proposed method has resulted in a significant performance improvement 

in the positioning accuracy that can reach more than 80% if compared to the present 

methods that rely only on integrating the inertial sensor technology with GNSS.   
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Chapter 1 

Introduction 
1.1 Overview 

Recently, navigation has taken a vital role in daily human life, which is reflected in 

the development of Intelligent Transport System (ITS). The increasing demand for a 

reliable navigational solution by several applications is the reason for its importance. 

There is an increasing demand for a precise and continuous navigation solution  for 

autonomous vehicles (AVs) [1], [2]. Global Navigation Satellite Systems (GNSS) are the 

primary choice for such navigation applications [3], [4]. The GNSS strengths include its 

long-term stability and its capacity to function as a stand-alone navigation system. In 

some environments tracking the GNSS signals is very difficult because of losing the line 

of sight (LOS) to at least four satellites due to blockage or due to their weak signal 

strength [5]–[7]. Such environments include urban canyons, forests, under-bridges, 

tunnels,  and indoors [8], [9]. Alternatively, Inertial Navigation System (INS) is another 

source of the navigation solution. INS is immune to signal interference, multipath, or 

blockage [9]–[11] because it is autonomous. However, a significant drawback of the INS 

solution is that it drifts over time due to error accumulation especially when using low-

cost Micro-Electro-Mechanical-System (MEMS) sensors [10]–[13]. The INS/GNSS 

integration is a method to overcome both systems’ drawbacks. In particular, it produces 

a more robust and accurate solution than each system separately [10]–[12], [14]–[16]. On 

the other hand, INS/GNSS integration suffer from error growth when GNSS signal is lost 

for extended periods [8] especially  when using low-cost Inertial Measuring Units (IMUs) 

[16], [17]. During GNSS outages, the integrated system depends only on the INS predicted 

solution, which results in a significant drift in the positioning solution. This drift is 
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directly related to the outage period. Therefore, other aiding systems or sensors are 

essential to keep this drift to a minimum and to improve the overall positioning solution.  

Generally, AVs with reliable and robust navigation information are the backbone of 

implementing a safe and accurate intelligent transit system.  

1.2 Problem Statement 

In some environments, however, neither GNSS nor INS provides reliable solutions. In 

such situations, the GNSS signal tracking is hardly achieved, or it might be entirely 

blocked. This blockage occurs due to lack of satellites (i.e., losing of LOS), interference, 

or multipath [7]. Such environments include urban canyons, under bridges, forests, and 

indoors [9]. In urban canyons, the high rising buildings may lead to an extension of the 

GNSS signal blockage or outage periods. During the GNSS signal outage, the INS becomes 

the logical alternative source of positioning information [10], [11]. However, the INS 

solution drifts over time [18]. In addition, the extended outage periods lead to unbounded 

drift in the INS solution [11], [19], [20]. Moreover, using low-cost MEMS-based inertial 

sensors results in increasing the drift over short time periods [21]. A reduced inertial 

sensor system (RISS) introduced to be a replacement for the standard INS for land 

vehicles navigation purpose by Iqbal et al. [12]. The main advantage of RISS is the use 

of less number of sensors and at the same time production of a full navigation solution 

position, velocity, and attitude (PVA) [12], [22], [23]. Being an inertial system, RISS still 

has the same drawbacks such as solution drift over time especially with the use of low-

cost MEMS-based inertial sensors. 

Present technologies/sensors are utilized to overcome the error growth of the INS 

solution. Such technologies/sensors include vision sensors, Light Detection and Ranging 

(LiDAR), magnetometers, Radio Detection and Ranging (Radar), and odometers have 

started to attract several research interests [20], [24], [25]. Unfortunately, each of these 
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aiding systems has some limitations. Vision sensors such as cameras are used for position 

estimation during daytime or through indoor environments [20]. Moreover, vision-aided 

systems are limited by the weather condition and light illumination [20]. Additionally, 

the change in the surrounding light intensity may affect the performance of the visual 

odometry updates [20], [26]–[29]. Another leading technology is using laser systems such 

as LiDAR that measures range or builds a 3D-map of surroundings [30]. Unfortunately, 

LiDAR does not work as a self-contained navigation system. Mainly, it works in 

combination with both GPS/DGPS (differential-GPS) and INS for achieving better 

navigation performance [30]. Furthermore, LiDAR has some limitations such as its large 

size, high-cost, limited coverage, weather conditions dependency, and high computation 

expenses [31], [32]. On the other hand, radars are relatively low-cost compared to the 

LiDAR, smaller in size and  work in almost all weather conditions [8], [32]–[34]. 

Furthermore, the radio waves that radar systems use are less absorbed by the reflecting 

surfaces than the light waves [20], [32], [35]. Moreover, in modern-AVs radars are utilized 

in the advanced driver assistance system (ADAS) in the adaptive cruise control (ACC) 

to keep a safe distance between vehicles and obstacles. Unlike LiDAR, Radar can 

accurately determine the relative velocity of a moving object using the Doppler frequency 

shift [8], [32], [36]. Another low-cost sensor which is installed in most land vehicles and 

all AVs is the magnetometer that is mainly utilized to monitor the vehicle heading [20], 

[37]. Unfortunately, the magnetometers which measure the Earth’s magnetic field and 

use these measurements to derive the heading are distorted by the ferromagnetic 

materials and the location of taking these measurements. Therefore, magnetometers 

require calibration to produce a robust magnetic heading measurements [23], [38]–[40]. 

Despite these limitations, using extra sensors/systems to aid the INS during GNSS 

outages produce a more robust solution than depending only on the INS. Therefore, 
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utilizing new systems/sensors with improved processing capabilities result in a better 

navigation system performance.  

1.3 Motivation 

Recently, most of the middle and high-class land vehicles and modern self-driving cars 

are equipped with a vast number of sensors and systems. These systems/sensors are 

utilized in measuring various phenomena and events as shown in Fig.1.1. These 

systems/sensors can be classified into three categories as below. 

1) Systems/Sensors that measure the surrounding environment features such as 

Radar, LiDAR, Vision. 

2) Radio navigation systems such as the GNSS and Cellular networks. 

3) Systems/Sensors that measure the vehicle’s dynamics such as INS, Odometers, 

Magnetometers. 

 

Fig.1.1 Classification of Modern Self-Driving Vehicles Equipped Systems/Sensors 

The existence of such variety of systems/sensors produces an attractive opportunity 

to increase the accuracy of POS/NAV systems for land vehicles and AVs as well.  
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1.4 Objectives 

The primary objective of this thesis is to develop a more robust land vehicle and AVs 

navigation solution in GNSS challenging environment. The proposed solution is based on 

utilizing the onboard sensors/systems including vehicle motion sensors (e.g., 

accelerometers, gyroscopes, and speedometer), electronic compass (magnetometers), and 

the adaptive cruise control (ACC) frequency modulated continuous wave (FMCW) radar. 

The proposed system consists of two completely independent integrated navigation 

systems working in parallel and provides two different levels of accuracy under different 

operating conditions. The first multi-sensor integrated positioning system fuses the 

measurements from inertial sensors and GNSS with an improved performance suggested 

in this research which utilizes magnetometer measurements to provide further heading 

update to limit position error growth. The second system integrates the derived position 

from the ACC-FMCW radar with both inertial and magnetic measurements to provide 

an independent positioning solution. During the availability of the GNSS signal, the 

radar-based solution (low accuracy) is improved by modeling the residual nonlinear 

position errors. A nonlinear system identification method based on fast-orthogonal-search 

(FOS) is built to model the residual nonlinear position errors associated with the radar-

based integrated system. The FOS based model is established during the availability of 

the GPS signal. In challenging GNSS environments (urban canyons and downtown cores) 

where the GNSS signal is blocked, the FOS based model operates in a prediction mode 

to provide estimates for the position errors associated with the radar-based multi-sensor 

integrated system, thus providing robust positioning performance. The specific research 

objectives include: 

1. Developing a magnetometer calibration algorithm which is able to derive a reliable 

azimuth angle measurement. 
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2. Designing and realizing a new multi-sensor integrated navigation system by fusing the 

measurement from magnetometers with both GNSS and INS. The magnetometer 

measurements will be utilized to provide heading angle update to improve the overall 

positioning solution. 

3. Developing an FMCW-ACC radar data processing algorithm for extracting the 

position information from the radar measurements. 

4. Designing and realizing a multi-sensor POS/NAV module integrating both radar and 

magnetometer measurements with the RISS system. 

5. Designing and developing a decentralized integrated navigation system that augments 

the above two sub-systems (Mag/RISS/GNSS and Rad/Mag/RISS/GNSS) using the 

fast-orthogonal-search (FOS) nonlinear system identification technique. In particular, 

FOS is used in generating a nonlinear model for the lower accuracy system 

(Rad/Mag/RISS) during the GNSS solution availability period. Afterwards, the 

generated model is applied to the Rad/Mag/RISS during the GNSS outage periods to 

produce a more robust and accurate POS/NAV solution.  

6. Testing of the proposed methodology over real road trajectories with various motion 

dynamics, driving situations and extended GNSS outages. 

1.5 Thesis Contributions 

The thesis has four major contributions and they can be stated as follows: 

1) A new magnetometer calibration technique is developed and realized to improve 

the magnetic azimuth measurements.  

2) A new loosely coupled scheme integrating the magnetic azimuth, INS, and GNSS 

developed and realized to improve the positioning solution. 

3) A novel algorithm developed and realized to obtain positioning information from 

the ACC-FMCW radar for autonomous and land vehicles navigation applications.  
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4) A decentralized cascaded nonlinear scheme developed and realized to improve the 

positioning solution during extended GNSS outages. 

1.6 Thesis Outline 

The thesis is organized into six chapters, followed by a bibliography. A brief summary 

of the thesis chapters is given below.  

Chapter 1 provides the context for the thesis construction, with a focus on the 

importance of accurate localization for modern transportation systems. Moreover, the 

chapter outlines the overall scope and objectives.  

Chapter 2 presents the traditional navigation systems such as the GNSS, the INS, and 

their integration. Moreover, it presents background about the importance of using other 

aiding systems such as the Adaptive Cruise Control (ACC) and the 3D-magnetometers 

and their capabilities in providing useful information that can reinforce the navigation 

solution. The chapter introduces the system architectures, the sensors used, and the 

fundamental operating principles. It discusses the main INS algorithm that is used, known 

as the 3-D Reduced Inertial Sensor System (3D-RISS), and concludes with a review of 

traditional INS/GNSS integration techniques.  

Chapter 3 presents the magnetic azimuth and how it can be used in improving the 

INS/GNSS integrated solution. This chapter details the use of azimuth from a calibrated 

magnetometer as a new update state producing a Mag/INS/GNSS integrated navigation 

system, highlighting a new calibration method capable of providing a more robust 

azimuth measurement. It concludes with experimental analysis of the performance of 

magnetic-based azimuth.  

Chapter 4 discusses deriving position information from the ACC-FMCW radar. 

Moreover, it presents an algorithm of using the derived position information in updating 



 

1.6 Thesis Outline         

 8 

the inertial navigation system during the GNSS short and extended outages.  The 

proposed system in this chapter is Rad/RISS/GNSS integrated navigation system.  

Chapter 5 discusses the effect of using the magnetic- azimuth updates with the ACC-

FMCW radar position components to generate a modified version of the system. Also, it 

presents the effect of utilizing the fast-orthogonal-search (FOS) nonlinear system 

identification technique in generating a nonlinear model for the ACC-FMCW radar 

position updates.  

Chapter 6 presents thesis conclusions with a summary of the work and 

recommendations for future work. 

 



  

  

 

Chapter 2 

Navigation Systems  
2.1 Global Navigation Satellite System (GNSS) 

Satellite navigation is a way of using a GNSS to determine position, velocity and 

time anywhere on the earth precisely. Both private individuals or businesses currently 

use the receivers of satellite navigation systems for navigating, surveying, locating, 

positioning, and determining the exact time in an ever-growing list of personal, leisure 

and commercial applications [20]. Using a GNSS system can precisely determine the exact 

position accurate to within 20 𝑚 to approximately 1 𝑚 [10], [11]. Moreover, the exact 

time (i.e., Universal Time Coordinated UTC) is accurate to within 60 𝑛𝑠  to 

approximately 5 𝑛𝑠 can be obtained. Also, speed and direction of travel (Course) can be 

derived from extracted position and time, which are obtained from satellites orbiting the 

earth. All GNSS consist of the same main components [the space segment, the control 

segment, and the user segment], and use the same basic principles to determine receiver 

position and velocity as below [11], [41], [42].  

1. Satellites with a known position transmit a regular time signal.  

2. Calculating the user’s position by measuring the satellite signals time of arrival 

(TOA). 

3. Using the Doppler shift from the relative motion between the satellite and the 

receiver to calculate the velocity. 

There are currently four (GNSS) fully or partially operating or being developed. These 

systems are the American GPS, the Russian GLONASS, the European GALILEO, and 

the Chinese BeiDou. A comparison between them is illustrated in Table 2.1. Throughout 
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this thesis, the focus will be on GPS. A detailed description of each system components 

is mentioned in Appendix A. 

TABLE 2.1 COMPARISON BETWEEN THE GNSS SYSTEMS 

 

 GLONASS GPS BeiDou GALILEO 

Start of 

development 
1972 1973 2000 2001 

1st Launch October 12, 1982 February 22, 1978 October 30,2000 December 28, 2005 

Number Satellites 
Planned: 24 + 3 

passive reserves 
Min: 24 / Max: 32 

Planned 35 as 

5 GEO, 27 MEO, and 

3 IGSO 

Planned: 27 + 3 active 

reserves 

Orbits 3 MEO 6 MEO 
1 GEO, 3 MEO, and 3 

IGSO 
3 MEO 

Inclination angles 64.8° 55° 
0°GEO, 55° MEO, and 

55° IGSO 
56° 

Altitude 19,100 km 20,180 km 
35,786 Km GEO and 

IGSO, 21,528 km MEO 
23,616 km 

Orbital Period 11 hours 15.8 min 11 hours 58 min - 14 hours 5 min 

Geodetic Data 
Parametry Zemli 1990 

(PZ-90) 

World Geodetic 

System 1984 (WGS 84) 

China Terrestrial 

Reference Frame 2000 

(CTRF2000) 

Galileo Terrestrial 

Reference Frame 

(GTRF) 

Time System GLONASS-Time GPS-Time BDT 
GST (GALILEO 

System Time) 

Signal 

Characteristic 
FDMA CDMA CDMA CDMA 

Frequencies 24 Frequencies 2 Frequencies 2 Frequencies 2 Frequencies 

Encryption Military Signal Military Signal Military Signal CS and PRS services 

Services 
2 (Civilian and 

Military) 

2 (Civilian and 

Military) 

2 (Open Services and 

Restricted Service) 
5  

Responsibility 
Russian Defense 

Ministry 
DOD 

Chinese Defense 

Ministry 
EGNOS (Civilian) 

Integrity Signal None Planned Planned Planned 
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Furthermore, GNSS receivers Use the trilateration principle, depicted in Fig. 2.1 in 

computing their position on earth and their time offset. In particular, at least 4 

pseudorange measurements are required to fulfill this requirement. The satellites 

pseudorange measurements represent both the receiver’s range to each satellite and the 

range error due to the receiver’s clock offset.   

 

Fig. 2.1 Process of user position estimation using GPS trilateration. Here, x,y,z are the 
satellite position coordinates, and R is the pseduorange measurement.  

2.2 GNSS Errors  

The GNSS systems are Radio Navigation Systems and transmit a Radio signal, 

and this signal travels a long distance through the atmosphere. During this journey from 

the satellite to the receiver, the signal faces many perturbations which make it weak and 

vulnerable to jamming and spoofing [43]–[46]. There is a number of error sources affecting 

Y

Z

User

Sat1(x1,y1,z1)

Sat2(x2,y2,z2)
Sat3(x3,y3,z3)

Sat4(x4,y4,z4)
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the GNSS signal, so the range to a satellite cannot be determined by only measuring the 

signal travel time from the satellite to the receiver. Therefore, the pseudoranges of the 

satellites are used instead of the geometric ranges [10], [11]: 

Where:  

The errors associated with the GPS satellite signals are quantified through what is 

called user equivalent range error (UERE). The UERE represents the pseudorange 

standard deviation assuming that all pseudoranges are influenced by the error equally 

[47]. The UERE is represented in Eq. (2.2). 

Where: 

𝜌E = 𝑟E + 𝑐𝛿𝑡G − 𝑐𝛿𝑡H
E + 𝑐𝐼E + 𝑇 E + 𝜀J

E (2.1) 

o 𝜌𝑚 : The measured pseudorange between the 𝑚"# satellite and the receiver 

o 𝑟𝑚 : The true range between the receiver antenna at time 𝑡% and the satellite 
antenna at time 𝑡" 

o 𝛿𝑡G : The receiver’s clock offset 

o 𝛿𝑡H : The satellite’s clock offset 

o 𝐼𝑚 : Ionosphere delay 
o 𝑇𝑚 : Tropospheric delay 

o 𝜀𝜌
𝑚 : The error results from the receiver noise 

𝜎KLML = √𝜎/OℎE
2 + 𝜎Q-R

2 + 𝜎STUT
2 + 𝜎VGTO

2 + 𝜎EW-V
2 + 𝜎GQX

2  (2.2) 

o 𝜎/OℎE
2  : Ephemeris error 

o 𝜎Q-R
2  : Satellite clock offset 

o 𝜎STUT
2  : Ionosphere error 

o 𝜎VGTO
2  : Troposphere error 

o 𝜎EW-V
2  : Multipath error 

o 𝜎GQX
2  : Receiver inherited noise 
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The ephemeris error represents the satellites’ orbital error (i.e., the difference between 

the actual satellite position and the calculated one). The satellite clock offset is the drift 

in the onboard atomic clock [10]. This error is difficult to be corrected onboard. Therefore, 

a ground station estimates that drift then generates clock correction data which is 

included in the GPS message [10]. The ionospheric and tropospheric errors occur due to 

the signal travel through the earth’s atmosphere. The ionospheric error is relative to the 

total electron concentration (TEC) rate of change through the day. The TEC changes 

relative to the sun radiations. This error is mitigated by modeling, using dual frequency 

receiver to extract the delay, or using ionosphere charts [48], [49]. The tropospheric error 

is relative to the nature of the air molecules wet or dry. This error is mitigated in real 

time by adding a troposphere model to the receiver’s software or in post-processing [10], 

[11], [50], [51]. The multipath error mainly occurs in urban canyons due to signal reflection 

on the surrounding surfaces. This error is very harmful because it distorts the original 

GPS signal due to the interference between the direct signal and the delayed ones [52]. 

This error is mitigated by using either high-sensitive receiver with fast time to first fix 

(TTFF) or using selective antennas such as the Novatel pinwheel antenna [49]. Finally, 

the receiver inherited noise error which is due to the electronic components especially the 

crystal oscillator, and the antenna. This error is usually mitigated by using temperature 

compensated crystal oscillators (TCXO) [11], [50], [53]. 

The quality of the GPS receiver solution also depends on the satellites’ geometry. The 

error due to the geometric location of the satellites is called dilution of precision (DOP). 

Conceptually shown in Fig. 2.2, the quality of position determination is affected by the 

satellites’ geometry. The satellites are considered in a good geometry when they are away 

from each other, and their signals received from different directions [11], [49], [52]. Based 

on the factors which are used for the calculation of the DOP values, different variants 

are distinguished [47]:  
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- GDOP (Geometric DOP); Overall-accuracy; 3D-coordinates and time. 

- PDOP (Positional DOP); Position accuracy; 3D-coordinates. 

- HDOP (Horizontal DOP); horizontal accuracy; 2D-coordinates.  

- VDOP (Vertical DOP); vertical accuracy; height.  

- TDOP (Time DOP); time accuracy; time. 

 

Fig. 2.2  Effect of Satellite Geometry on Positioning 

The receiver clock bias is a part of the synchronization problem, but this can be 

corrected by adding an extra unknown in the position estimation equations, making them 

four unknowns and thus requiring ranges to at least four satellites to be solvable [10], [54].  

2.3 Inertial Navigation System (INS) 

The strap-down INS system shown in Fig. 2.3 is a navigation system which depends 

entirely on the inertial measurements for navigation. The core of the INS is composed of 

an array of sensors. This sensor array is called an Inertial Measurement Unit (IMU).  The 

IMU consists of three-axis accelerometers to measure the translator acceleration and 

three-axis gyroscopes to measure the angular rotation of the system. Using the 
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measurements from the IMU, the INS can calculate the current attitude, velocity, and 

position of the system starting from a known initial point [2-10]. A complete INS 

mechanization is detailed in Appendix B. 

 

Fig. 2.3 Strap-down Inertial Navigation System (INS)  

The INS is a dead reckoning (DR) system because it is independent of any external 

aiding to accomplish the navigation process. Therefore, it is considered as a self-contained 

system [19]. Unlike the GPS, the INS is immune to signal interference, multipath, or 

blockage [9]–[11]. However, a significant drawback of the INS solution is that it’s solution 

drifts over time due to error accumulation especially when using low-cost MEMS sensors 

[10]–[13].  

2.3.1 INS Error Sources 

There are several error sources affect the  INS solution, and they can be grouped 

into two categories deterministic, and stochastic errors. The deterministic errors include 

bias offset, scale factor, and axes misalignment errors [11], [41], [55]. The bias offset is 

a constant shift within the sensor measurement. The scale factor defined as the 

relationship between the output of the signal of the sensor and the measured physical 

quantity. The axes misalignment is the error resulting from the imperfection of 

mounting the sensors. This misalignment error h a s  a deterministic and a stochastic 

3 Gyroscopes

3 Accelerometers

INS 
Mechanization

Position

Velocity

Attitude
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part. The ment ion ed deterministic errors can be corrected by applying adequate 

calibration procedures.  

A general form of the errors model added to the gyroscope angular rates measurement 

is mentioned in [56] as follows: 

Where: 

The same is for the accelerometer measurement: 

Where: 

According to the accumulated sensor errors that are directly reflected in the system 

performance, the INS systems are classified accordingly into four classes Strategic, 

�̃�S,
, = (𝐼3×3 + 𝑆^)𝜔S,

, + 𝑏^ + 𝜂^X (2.3) 

o �̃�S,
,  : Gyroscope measured angular rate in the body frame 

o 𝐼3×3 : Identity matrix  
o 𝑆^ : Diagonal matrix of gyroscope scale factors 

o 𝜔S,
,  : The true angular rate in the body frame 

o 𝑏^ : Gyroscope bias 

o 𝜂^X : Zero-mean Gaussian white-noise with spectral densities given by 
𝜎^X

2  𝐼3×3 

𝑎,̃ = (𝐼3×3 + 𝑆b)𝑎, + 𝑏b + 𝜂bX (2.4) 

o 𝑎̃, : Measured acceleration in the body frame 
o 𝑆b : Diagonal matrix of accelerometer scale factors 
o 𝑎, : True acceleration  
o 𝑏b : Accelerometer bias   

o 𝜂bX : Zero-mean Gaussian white-noise with spectral densities given by 
𝜎bX

2  𝐼3×3 
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Navigation, Tactical, and Commercial (MEMS) grades [19], [57]. According to the IMU 

grade, it can be utilized in specific applications.   

2.3.2 3D-Reduced Inertial Sensor System (RISS) 

The 3D-RISS shown in Fig. 2.4 is a reduced version of the standard INS. It can 

provide a complete navigation solution using a smaller number of sensors than the classic 

INS.  The 3D-RISS fits the land vehicles applications assuming that the vehicle plane is 

horizontal most of the time (which is a realistic assumption). The 3D-RISS system 

consists of longitudinal and transversal accelerometers, one vertical gyroscope, and one 

wheel rotation sensor (odometer) [11], [12].  

 

Fig. 2.4 3D-RISS Mechanization Schematic Diagram  

The 3D-RISS mechanization is computed by first calculating the attitude using the 

measurements of the gyroscope and the two accelerometers. Subsequently, the velocity 

components are calculated by projecting the odometer velocity based on the attitude 

angles. Finally, the position components are computed by integrating the velocities 

considering the geometry of the Earth.  

Odometer
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2.3.2.1 Attitude Calculation 

The attitude angles are pitch, roll, and azimuth angles. The pitch angle is derived 

from the forward acceleration, the acceleration from the odometer, and the gravity as 

shown in Eq. (2.5). 

Where: 

The gravity vector in the navigation frame (N-frame) 𝑔U  is approximated by the 

standard gravity vector (0 0 −𝑔)d , and 𝑔 varies with altitude. The gravity value is 

calculated according to the WGS84 earth ellipsoid model as in Eq. (2.6) [58]. Adding the 

gravity model (𝑔) to the RISS system assists in improving its performance than using a 

fixed value for it.  

𝑔 = [𝑔f^H0 (1 + 𝑔f^H1 𝑠𝑖𝑛(𝜑)) √[1 − 𝐸2 𝑠𝑖𝑛2(𝜑)]⁄ ]
− [3.0877 − 0.0044 𝑠𝑖𝑛2(𝜑)]10−6ℎ + 0.072 

(2.6) 

Where:  

𝑝 = 𝑠𝑖𝑛−1 (
𝑓* − 𝑎Tp

𝑔 ) (2.5) 

o 𝑝 : Pitch angle  
o 𝑓* : Forward accelerometer specific force 

o 𝑎Tp : Forward acceleration obtained from the odometer 

o 𝑔 : Gravity  

o 𝑔f^H0 : Gravity at the equator and 𝑔f^H0 = 9.78032677𝑚/𝑠2 

o 𝑔f^H1 : Gravity formula constant and 𝑔f^H1 = 0.0019318513𝑚/𝑠2 

o 𝜑 : Latitude    

o ℎ : Altitude 

o 𝐸2 : First eccentricity and 𝐸2 = 0.0818191908426 
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The roll angle is generated due to turning or changing the lane. The turns make a 

Coriolis motion effect which affects the measured lateral acceleration. The Coriolis effect 

is the part subtracted from the lateral specific force [𝑣Tp(𝜔s − 𝑏s)] . The roll angle is 

calculated as in Eq. (2.7). 

𝑟 = −𝑠𝑖𝑛−1 (𝑓) − 𝑣Tp(𝜔s − 𝑏s)
𝑔 𝑐𝑜𝑠 (𝑝) ) (2.7) 

 Where:  

The azimuth rate 𝐴 ̇is determined from the gyroscope angular rate, the earth’s 

rotation rate and the rotation from moving in curvilinear motion by taking in account the 

latitude and altitude on earth. The azimuth is given by Eq. (2.8). 

𝐴̇ = − (𝜔s − 𝑏s − 𝜔S/ 𝑠𝑖𝑛 (𝜑) − 𝑣/𝑡𝑎𝑛 (𝜑)
𝑅v + ℎ ) (2.8) 

Where: 

2.3.2.2 Velocity components 

The 3D-velocity components are calculated by projecting the forward speed measured 

by the odometer using the attitude angles as in Eq. (2.9). 

o 𝑓) : Transversal Accelerometer specific force 

o 𝑣Tp : Forward speed  

o 𝜔s : Angular rate    

o 𝑏s : Gyroscope bias 

o 𝜔S/ : Earth’s rotation rate 
o 𝑣/ : East velocity 
o 𝑅v  : The meridian radius of curvature of the Earth’s 

𝑣 = [
𝑣/
𝑣U
𝑣W

] =
⎣
⎢⎡

𝑣Tp 𝑠𝑖𝑛(𝐴) 𝑐𝑜𝑠(𝑝)
𝑣Tp 𝑐𝑜𝑠(𝐴) 𝑐𝑜𝑠(𝑝)

𝑣Tp 𝑠𝑖𝑛(𝑝)
 
⎦
⎥⎤ (2.9) 
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Where, 𝑣/, 𝑣U, and 𝑣W are the East, North, and Up velocities respectively. 

2.3.2.3 Position calculation 

The 3D-position components are obtained from the velocities as in Eq. (2.9) taking 

the earth geometry into consideration: 

⎣
⎢⎡

�̇�
�̇�
ℎ̇⎦

⎥⎤ =

⎣
⎢⎢
⎢
⎡

𝑣U
𝑅v + ℎ

𝑣/
 (𝑅v + ℎ )𝑐𝑜𝑠 (𝜑)

𝑣W ⎦
⎥⎥
⎥
⎤
 (2.10) 

Where, �̇�, �̇�, and ℎ̇ are the latitude, longitude, and altitude rates respectively. 

According to the RISS mechanization, the RISS is fundamentally relying on the 

vehicle’s forward speed from the wheel speed sensor which reduces the mathematical 

integration inside the inertial mechanization to obtain the position from two to only one, 

thus minimizing the error accumulated by the dual integration process in the standard 

INS mechanization [59].  

2.4 INS/GNSS Integration 

The strengths of GPS include its long-term stability and its capacity to function as a 

stand-alone navigation system. In contrast, INS is not subject to interference or outages, 

have high bandwidth and good short-term noise characteristics, but suffers from long-

term drift errors and requires external information for initialization. Therefore, pairing 

the INS and GPS together in a complementary fashion minimizes each system’s 

drawbacks [60]. The INS/GPS integration scheme is shown in Fig. 2.5. 

Although different fusion techniques exist, such as the mixture particle filter (MPF) 

[59] and artificial intelligence (AI) based methods [61], the Kalman Filter (KF) has low 

processing requirements compared to other approaches. Furthermore, it is optimal for 
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linear systems and easy to be implemented. The Extended Kalman Filter (EKF) is used 

in a closed loop scheme to correct the RISS. The EKF which utilize Taylor’s expansion 

as a first step produces better results with nonlinear systems [22], [62], [63]. The EKF 

feedback the RISS to ensure that the linearization is performed around the best motion 

estimate, rather than a Linearized Kalman Filter (LKF) that performs it over the nominal 

trajectory [12].  

 

Fig. 2.5 INS/GPS Integration Scheme 

The EKF linearizes the nonlinear motion model through Taylor’s expansion and 

considering only the linear parts of the expansion (i.e., ignoring the high order terms). 

The derivation of the linearized model is well stated in [11], [63], [64]. 

The system model is represented in Eq. (2.11)[11]. 
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𝛿𝑥R = 𝛷R−1𝛿𝑥R−1 + 𝐺R 𝑤R (2.11) 
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Where:  

The error state vector is defined as: 

𝛿𝑥 = [𝛿𝜑, 𝛿𝜆, 𝛿ℎ, 𝛿𝑣/, 𝛿𝑣U, 𝛿𝑣W, 𝛿𝐴, 𝛿𝑎Tp, 𝛿𝑏s]d  (2.12) 

Where: 

o 𝛿𝜑 : The position latitude error 
o 𝛿𝜆  : The position longitude error 
o 𝛿ℎ : The position altitude error 
o 𝛿𝑣/ : The East-velocity error 
o 𝛿𝑣U : The North-velocity error 
o 𝛿𝑣W : The Up-velocity error 
o 𝛿𝐴 : The azimuth error 
o 𝛿𝑎TpT : The stochastic odometer scale factor error 
o 𝛿𝑏s : The gyroscope stochastic drift error 

The discrete time state transition matrix is given by: 

𝛷 = 𝐼 + 𝐹𝛥𝑡 (2.13) 

Where: 

o 𝐼 : The identity matrix 
o 𝐹   : The dynamic coefficient matrix 
o 𝛥𝑡 : The sampling time 

The linearized state transition matrix considers the system dynamics and the 

produced dynamic coefficient matrix 𝐹  is given by: 

 

o 𝛿𝑥R : Error state vector at epoch 𝑘 

o 𝛷R−1 : State Transition matrix for the previous epoch 𝑘 − 1  

o 𝐺R  : Noise Distribution matrix    

o 𝑤R : Process noise (WGN with zero-mean and covariance 𝑄* 

𝐹9×9  =
⎣
⎢⎡

𝐹�� 𝐹 �� 𝐹��
𝐹�� 𝐹�� 𝐹��
𝐹�� 𝐹�� 𝐹�� ⎦

⎥⎤ (2.14) 
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Where every element is a  3 × 3 size, and the suffix 𝑃  denotes the position, 𝑉  is for 

the velocity, and 𝑆 is for the extra measurements for azimuth, odometer, and gyro rates 

respectively. Both the odometer and gyroscope associated stochastic noise were remodeled 

as 1HV order Gauss-Markov (GM) [12], [60], [63], [65]. The system design matrix 𝐹9×9 

which represents Jacobeans of the motion equations (2.5) to (2.10) is given as follows: 

𝐹��  {𝐹21 = 𝑣/ 𝑡𝑎𝑛(𝜑)
(𝑅v + ℎ) 

(2.15) 

𝐹��

⎩{
⎨
{⎧ 𝐹45 = 1 (𝑅v + ℎ)⁄  

 𝐹54 = 1/(𝑅v + ℎ) 𝑐𝑜𝑠(𝜑)
 𝐹66 = 1

 (2.16) 

𝐹�� = 03×3 (2.17) 

𝐹��

⎩{
{⎨
{{
⎧ 𝐹41 = 𝑣U (𝜔S/ 𝑐𝑜𝑠(𝜑) − 𝑣/ 𝑠𝑒𝑐2(𝜑)

(𝑅v + ℎ))

 𝐹51 = −𝑣/ (𝜔S/ 𝑐𝑜𝑠(𝜑) + 𝑣/ 𝑠𝑒𝑐2(𝜑)
(𝑅v + ℎ))

 (2.18) 

𝐹��

⎩
{{
{{
⎨
{{
{{
⎧ 𝐹44 = 𝑣U 𝑡𝑎𝑛(𝜑)

(𝑅v + ℎ) 

𝐹45 = − (𝜔s − 𝜔S/ 𝑠𝑖𝑛(𝜑) − 𝑣/ 𝑡𝑎𝑛(𝜑)
(𝑅v + ℎ))

  𝐹54 = (𝜔s − 𝑏s − 𝜔S/ 𝑠𝑖𝑛(𝜑) − 2𝑣/ 𝑡𝑎𝑛(𝜑)
(𝑅v + ℎ) )

 (2.19) 

𝐹��

⎩
{
{
{
{
⎨
{
{
{
{
⎧ 𝐹47 = 𝑎Tp 𝑐𝑜𝑠(𝐴) 𝑐𝑜𝑠(𝑃 )

𝐹48 = 𝑠𝑖𝑛(𝐴) 𝑐𝑜𝑠(𝑃 )
𝐹49 = 𝑣U 

𝐹57 = −𝑎Tp 𝑠𝑖𝑛(𝐴) 𝑐𝑜𝑠(𝑃 )
𝐹58 = 𝑐𝑜𝑠(𝐴) 𝑐𝑜𝑠(𝑃 )

𝐹59 = −𝑣/
𝐹68 = 𝑠𝑖𝑛(𝑃 )

 (2.20) 

𝐹�� { 𝐹91 = 𝜔S/ 𝑜𝑠(𝜑) + 𝑣/ 𝑠𝑒𝑐2(𝜑)
(𝑅v + ℎ)  (2.21) 
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The stochastic gyroscopes errors are modeled using a 1st order GM process. The  

discrete time model at epoch 𝑘 is: 

𝛿𝑏s,R = (1 − 𝛽s𝛥𝑡)𝛿𝑏s,R−1 + √2 𝛽s𝜎s
2  𝑤R𝛥𝑡 (2.24) 

Where: 

o 𝛽s  : The reciprocals of the gyroscope autocorrelation time 
o 𝜎s  : The standard deviation of process white noise 
o 𝑤R : Zero mean, unit variance, white Gaussian noise  

Also, the stochastic odometer errors are modeled using a 1st order GM process. The 

discrete time model at epoch 𝑘 is:  

𝛿𝑎Tp,R = (1 − 𝛾Tp𝛥𝑡)𝛿𝑎Tp,R−1 + √2 𝛾Tp 𝜎Tp
2   𝑤R𝛥𝑡 (2.25) 

Where: 

o 𝛾Tp  : The reciprocals of the odometer autocorrelation time 
o 𝜎Tp  : The standard deviation of process white noise 
o 𝑤R : Zero mean, unit variance, white Gaussian noise  

the noise driving vector 𝐺 can be formulated as below: 

𝐺 = [0 0 0   0 0 0   0 √2𝛾Tp𝜎Tp
2 √2𝛽s𝜎s

2]
d
 (2.26) 

The measurement model is represented in Eq. (2.27). 

𝛿𝑧R,M���/��� = 𝐻R,��� 𝛿𝑥R,M��� + 𝜀 (2.27) 

Where: 

𝐹�� {𝐹74 = 𝑡𝑎𝑛(𝜑)
(𝑅v + ℎ) 

(2.22) 

𝐹��
⎩{
⎨
{⎧  

𝐹79 = 1
𝐹88 = −𝛾Tp
𝐹99 = −𝛽s

 (2.23) 
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The associated noise is considered as white Gaussian with zero mean, and its 

covariance is represented by the 𝑅R,���  matrix as in Eq. (2.28). The 𝑅 matrix is tuned 

according to the GPS errors. Also, the RISS error covariance matrix 𝑄 is tuned according 

to the used IMU grade. 

𝑅R,��� = 〈𝜀𝜀d 〉 = 𝑑𝑖𝑎𝑔 [𝜎��� 
2 ,𝜎¡�� 

2 , 𝜎ℎ�� 
2 , 𝜎X¢�� 

2 ,𝜎X£�� 

2 , 𝜎X¤�� 

2 ] (2.28) 

The measurement model represents the difference between the GPS updates (position and 

velocity) and the RISS measurements and is given by: 

The measurement model design matrix 𝐻 is given by: 

The main advantage of integrating the RISS with the GPS instead of the standard 

INS is using the velocity directly from the gyroscope and derive the attitude angles from 

the accelerometers’ specific forces. In particular, reducing the integration process to one 

o 𝛿𝑧R,M���/��� : The measurements vector 6 × 1 
o 𝐻R,��� : The measurements model design matrix 6 × 9 
o 𝛿𝑥R,M��� : The error state model 
o 𝜀 : The noise corresponding to the GPS and Mag measurements 

𝛿𝑧R,M���/��� =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

𝜑M��� − 𝜑���
𝜆M��� − 𝜆���
ℎM��� − ℎ���

𝑣M���
L − 𝑣���

L

𝑣M���
v − 𝑣���

v

𝑣M���
v − 𝑣���

v

𝐴M��� − 𝐴¦b^⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (2.29) 

𝐻R,��� =

⎣
⎢
⎢
⎢
⎢
⎡
1
0
0
0
0
0

   

0
1
0
0
0
0

   

0
0
1
0
0
0

   

0
0
0
1
0
0

   

0
0
0
0
1
0

   

0
0
0
0
0
1

   

0
0
0
0
0
0

   

0
0
0
0
0
0

   

0
0
0
0
0
0⎦
⎥
⎥
⎥
⎥
⎤

 (2.30) 
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reduces the accumulated error also, reducing the sensors for the attitude calculation 

reduces the linear error growth caused by using three gyroscopes in the INS.  

The EKF algorithm is a recursive estimator and uses an algorithm based on the 

least square error and can be divided into two stages, the time update (prediction), and 

the measurement update (update). The EKF algorithm is shown in Fig. 2.6. 

 

Fig. 2.6 Kalman Filter Algorithm 

Where: 

The performance of this system will be explored and compared to the other 

suggested systems in chapters 3, 4, and 5. 

Update estimate with measurement Zk

𝑿"𝒌 = 𝑿"𝒌− + 𝒌𝒌(𝒁𝒌 − 𝑯𝑿"𝒌−) 

Project the state ahead
𝑿"𝒌+𝟏− = 𝝓𝒌𝑿"𝒌 

𝑷𝒌+𝟏− = 𝝓𝒌𝑷𝒌𝝓𝒌
𝑻 + 𝑸𝒌 

Compute the kalman gain

𝒌𝒌 = 𝑷𝒌−𝑯𝑻(𝑯𝑷𝒌−𝑯𝑻 +𝑹)−𝟏 

Update the error covariance for the updated 
estimate

𝑷𝒌 = (𝑰 − 𝒌𝒌𝑯)𝑷𝒌− 

𝑷𝒌− 

𝑿"𝒌− Prior estimate 

Prior error covariance 

o 𝐾R : Kalman gain  
o 𝑃R

− : Prior state error covariance  
o 𝑥̂R−   : Prior state estimate  
o 𝐻 : Measurement model design matrix 
o 𝑅 : Measurement model error covariance matrix 
o 𝑥̂R : The updated estimate  
o 𝑍R : Measurements vector  
o 𝑃R : The update error covariance matrix 
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2.5 Magnetometers 

An electronic compass is an electronic device, constructed from magnetometers, that 

provides heading measurements relative to the Earth’s magnetic north by observing the 

direction of the Earth’s local magnetic field [29]. To convert the compass heading into an 

actual north heading, the declination angle (i.e., the angle between the geographic and 

magnetic north) is needed, which is position dependent. Thus, knowledge of the compass 

position is necessary to calculate the heading relative to geographic north.  

Generally, the compass is constructed around three magneto-resistive or flux-gate 

magnetometers, together with pitch and roll sensors [30]. The pitch and roll 

measurements are needed to determine the attitude between the coordinate system 

spanned by the magnetic sensors sensitivity axes and the local horizontal plane so that 

the horizontal component of the Earth’s magnetic field can be calculated. For a vehicle 

moving in a planar environment experiencing only small pitch and roll angles, a compass 

constructed from only two magnetometers with perpendicular sensitivity axes lying 

approximately in the horizontal plane may be sufficient and cost-effective. In [30] and 

[59], details about compasses based on flux-gate magnetometers can be found. A review 

of magnetic sensors is found in [60].  

Power lines and metal structures such as bridges and buildings along the trajectory of 

the vehicle cause variations in the local magnetic field, resulting in significant and 

unpredictable errors in the heading estimates of the compass. Therefore, calibration is an 

essential process for having a proper azimuth from magnetometers. Magnetic sensors are 

used for in-car navigation systems. In [9], magnetic sensors are used to detect the vehicle’s 

location with the help of magnets distributed along a highway.   

Magnetometers have been utilized in providing the heading many centuries ago [20], 

[37]. Unfortunately, the collected data is not so accurate and contains drifts and inheriting 
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noise. The most obvious error is the drift from the true north which depends on the 

position on the globe. Therefore, removing this drift is essential [66]. Several approaches 

were introduced to mitigate the errors affecting the measuring of the earth magnetic field. 

An application is presented utilizing the magnetometers in land-vehicles navigation in 

[67]. The used units were flux gated and well isolated from the surrounding interruptions. 

Such sensors are costly and expensive for commercial cars. The calibration technique used 

in this paper is based on comparing the calculated azimuth angles with more accurate 

ones. The closest technique to that is the compass swinging technique which is used in 

[23], [68]. Such methods are combining the deterministic and stochastic error parts which 

don’t entirely mitigate the associated errors. Using the Least-Square technique for azimuth 

error compensation is utilized in [38]. Such work provides a reliable solution for low 

dynamics and slow-moving platforms such as pedestrians or robot cars. The author did 

not take it further to test the results in a real land vehicle. Moreover, the LS is also 

accumulating parts of the error from the congestive epochs. The reason for that is the 

probability of sudden interruption of the measured magnetic field according to the nature 

of the driving environment. Furthermore, knowing the heading is an essential parameter 

to achieve a better navigation solution [69]. Therefore, speedometers also utilized in 

determining the heading/azimuth angles. Speedometers do not suffer from the same errors 

as the magnetometers. In this work, dual external speedometers mounted on the front 

wheels utilized to provide both the forward velocity and the heading. The drawback of 

this work comes from the difficulty of implementing this sensor system for real-life 

applications especially, in bad weather environment. Moreover, other errors affect the 

speedometers such as wheel slippage, air pressure difference, and diameters. Finally, the 

azimuth from the magnetometer is utilized in the navigation system of  platforms without 

wheels such as helicopters and quadcopters [70]. The primary purpose of the 

magnetometer of this application is to provide the heading/azimuth during the hovering. 
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In particular, the helicopter cannot know its azimuth while stopping/hovering. Moreover, 

such platforms can change their pose during hovering. Therefore, determining the 

heading/azimuth direction is very important, and the magnetometers can provide a 

continuous azimuth data after adequate calibration process. 

2.6 Adaptive Cruise Control (ACC) Radar System 

The ACC works as a warning unit for collision avoidance purposes in the ADAS 

and is utilized for both manned and unmanned/self-driving cars [35]. The main 

contributing component in the ACC is the radar unit which provides relative distance and 

speed of the target/vehicle in front [71]–[74]. Also, it uses the FMCW radar that is not 

dissipating energy like the continuous wave radar or very expensive  pulsed radar [8], [35], 

[74]. The significant advantage of the FMCW radar is that it can provide both relative 

distance and velocity of the moving target. Moreover, it works in all-weather conditions 

and any illumination conditions (i.e., day or night working system) [34], [75]. 

In general, radar systems use the reflected or scattered signal from an object to 

determine its range, range rate, elevation and azimuth angles from the radar source. 

Moreover, radars are used in the cruise control and collision avoidance. Radar is better 

than LiDAR and cameras as their measurements accuracy might be corrupted or blocked 

by the surrounding environment. In particular, this occurs if the weather contains fog, 

dust, snow or poor light as in the case of night driving. Radar does not suffer from these 

problems as it is considered an all-weather day and night working system [76]. 

The FMCW radar is different from other radar systems due to several factors. These 

factors are: 

 1) High accuracy for short ranges distance determination; 

 2) Ability to provide both range and Doppler velocities of a moving target;  
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 3) Relatively low cost.  

FMCW radars in the ACC system can be hidden behind any plastic part, not like the 

laser sensors that have to be exposed [77]. Moreover, ACC technology is widely regarded 

as a critical component of any future generation autonomous vehicles. The ACC directly 

impacts driver safety and convenience. Moreover, the ACC technology increases road 

capacity by maintaining optimal separations between vehicles and reducing driver errors 

which increase the safety. 



  

  

 

Chapter 3 

Improved INS/GNSS Integrated Navigation System 
Using Magnetic-Azimuth Updates 

3.1 Introduction  

Magnetic compass had been utilized in direction determination and navigation many 

centuries ago which enabled many discoveries  and saved many people lives [20], [37], 

[38]. Furthermore, the modern versions of the magnetic compass, which are the electronic 

or magnetic beacons or electronic compasses are utilized in many recent applications such 

as, space shuttles, satellites, airplanes, underwater vehicles, and land vehicles [37]. Most 

of the self-driving cars and standard land vehicles contain electronic compasses for 

direction monitoring. The electronic compass is one of the most common low-cost sensors 

installed in such vehicle’s sensors package. Besides, the electronic compass provides the 

heading information regardless of the electromagnetic wave errors which affect other 

systems such as the GPS or any wireless navigation system [20], [25]. Utilizing the 

available sensors data to produce a continuous update to the INS drifted solution is useful 

in keeping the vehicles on the right track, increasing the accuracy of the navigation 

system and safety assuring to decrease the possibilities of accidents. Knowing the 

heading/azimuth angle is very important for both manned and unmanned land vehicles 

navigation [23]. The essential reasons for the importance of heading knowledge are the 

safety improvement, lane keeping, and limit the drift of the positioning solution from INS 

in case of GPS signal blockage. 

Unfortunately, the magnetometer (Mag) collected data is not accurate in its original 

form which contains drifts and inherited noise [20], [23], [78]. Therefore, calibrating the 

magnetometers is an essential process to obtain reliable measurements of the earth 



 

3.2 Magnetometer-based Azimuth Computation      

 32 

magnetic field.  The work in this chapter demonstrates the impact of using the 

magnetometers as a source of azimuth angle to update the RISS/GPS integrated 

navigation system. In particular, a new data processing scheme is introduced to provide 

a better heading/azimuth from a low-cost magnetometer in section 3.2. In addition, a 

multi-sensor system utilizing magnetometers, 3D-RISS, and GNSS is proposed in section 

3.3. The proposed system is applied to two real road trajectories to validate its 

performance. All the participating units are considered low-cost, which add more 

challenges to the proposed system. The experimental setup and the results are explained 

and discussed in sections 3.4 and 3.5. Finally, the work in this chapter is summarized in 

section 3.6. 

3.2 Magnetometer-based Azimuth Computation 

Magnetometers or digital compasses provide heading measurements relative to the 

Earth magnetic north. Such heading is determined by observing the direction of the Earth 

local magnetic field. Afterwards, the obtained heading angle is converted to the actual 

north. A declination angle is required to complete this conversion. Declination angle is 

the difference between the geographic and magnetic north, which is dependent on the 

position on earth. Thus, knowing the compass position is necessary to calculate the 

heading relative to the geographic north [11], [79]. The magnetic heading is obtained in 

Eq. (3.1). 

𝐴 = −𝑡𝑎𝑛−1 (
ℎ*

ℎ)
) ± 𝐷 (3.1) 

Where: 

o 𝐴 : The heading/azimuth angle from the magnetometer 
o ℎ* : The Earth magnetic field components in the 𝑦 direction 
o ℎ) : The Earth magnetic field components in the 𝑥 direction 
o 𝐷 : The declination angle 
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The declination angle can be calculated directly from the National Oceanic and 

Atmospheric Administration (NOAA) magnetic field calculator using the latitude and 

longitude information for the area of interest [66].  

An ideal magnetometer measuring Earth’s magnetic field in a particular area produces 

a spherical shape of the magnetic vector as in Eq. (3.2).  

|𝐻 | = √(ℎ))2 + (ℎ*)2 + (ℎs)2 (3.2) 

Where: 

o |𝐻 |  : The length of the Earth magnetic field vector 
o ℎs   : The Earth magnetic field components in the 𝑧 direction 

The 2D ideal Earth’s magnetic field is supposed to be circle by removing the z-direction 

components as in Eq. (3.3). 

|𝐻 | = √(ℎ))2 + (ℎ*)2 (3.3) 

The magnetometer measurements are distorted by any magnetic field distortion 

obstacles (i.e., nearby ferromagnetic material). Therefore, it requires calibration for error 

compensation [80]. In particular, two types of error sources are defined for magnetometers 

which are 1) hard ironing and 2) soft ironing in addition to noise. The significant effect 

is by the hard ironing materials that cause a considerable deflection.  

3.2.1 Magnetometer Calibration 

The calibration process is usually carried out before using the sensor. Basically, it is 

only dealing with the deterministic part of the noise associated with the measurements 

such as bias and scale factor. The types of noise affecting the magnetometer 

measurements are a combination of both the deterministic and non-deterministic parts.  

Our approach is to use the Discrete-Cosine-Transform (DCT) technique and its inverse 

to denoise the raw measurements of the magnetometer just before calibration.  
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Afterwards, carry out a 2D hard and soft iron determination and cancellation process to 

obtain a better azimuth. The obtained azimuth is used for updating the RISS 

mechanization during the whole trajectory and especially when GPS solution is 

interrupted. 

The proposed calibration process consists of two stages as follows: 

1) Denoising or pre-filtering stage using the DCT-IDCT. 

2) Hard and Soft ironing mitigation using ellipsoidal modeling. 

3.2.2 Magnetometer Pre-filtering using DCT-IDCT  

The DCT is usually used in image processing for denoising purposes [81]–[83]. The DCT 

is used for the first time to denoise the magnetometer data. It is represented in Eq. (3.4) 

[84], [85]. 

Where: 

o 𝑦(𝑘) : The frequency representation of the magnetometer measurements 
in one direction  

o 𝑁   : The number of measurements  
o 𝑥(𝑛) : The raw measurement at the sample 𝑛 

The land vehicle dynamics range from  0 to 5 𝐻𝑧 [86]. DCT proved superior in the field 

of image denoising compared with other denoising techniques. In particular, DCT uses 

the real part of the Fourier transform which makes it maintain most of the original signal 

energy in its coefficients [82]. The primary function of the DCT is to eliminate the outliers 

and the deformations caused by the sudden existence of the ferromagnetic materials and 

constructions that negatively affect the measurements and the inherited noise (High-

Frequency Components). Afterwards, the IDCT is utilized to return the data again to the 

time domain. The denoising process is applied to the raw data before calibrating the Mag 

measurements from the hard and soft ironing materials effects.  

𝑦(𝑘) = 1
v ∑ 𝑥(𝑛)v−1

U=0 𝑐𝑜𝑠 (R
2v (2𝑛 + 1)),   𝑘 = 0,1, … . . , 𝑁 − 1  (3.4) 



 

3.2 Magnetometer-based Azimuth Computation      

 35 

3.2.3 Hard and Soft Iron Determination and Cancellation 

Regarding the deterministic part of the noise associated with the measurements, a 

simple calibration method has been used for leveling and removing the biases and scale 

factor. A transformation matrix 𝑅,
-  is used for leveling the magnetometer to the local 

level frame as in  Eq. (3.5) [4]. The scale factors (𝑆𝑓) , 𝑆𝑓* ) represent the soft-ironing 

and the biases (𝑏) , 𝑏* ) represent the hard-ironing calculated for both x and y directions 

as in Eq. (3.6) and Eq. (3.7) respectively. Finally, the resultant magnetic field components 

(ℎ̂) , ℎ̂* ) are obtained as in Eq. (3.8) which are used to calculate the azimuth as in Eq. 

(3.9). 

𝑅,
- =

⎣
⎢⎡

− 𝑠𝑖𝑛(𝑟) 𝑐𝑜𝑠(𝑟) 0
−𝑠𝑖𝑛(𝑝) 𝑐𝑜𝑠(𝑟) − 𝑠𝑖𝑛(𝑝) 𝑠𝑖𝑛(𝑟) 𝑐𝑜𝑠(𝑝)
𝑐𝑜𝑠(𝑝) 𝑐𝑜𝑠(𝑟) 𝑐𝑜𝑠(𝑝) 𝑠𝑖𝑛(𝑟) 𝑠𝑖𝑛(𝑝)⎦

⎥⎤ (3.5) 

[
𝑆𝑓)
𝑆𝑓*

] =

⎣
⎢⎢
⎢
⎡

(ℎ*Eb) − ℎ*ESU)
(ℎ)Eb) − ℎ)ESU)
(ℎ)Eb) − ℎ)ESU)
(ℎ*Eb) − ℎ*ESU)⎦

⎥⎥
⎥
⎤
 (3.6) 

[
𝑏)
𝑏*

] = [
((ℎ)Eb) − ℎ)ESU) 2⁄ − ℎ)Eb)) 𝑆𝑓)

((ℎ*Eb) − ℎ*ESU) 2⁄ − ℎ*Eb))𝑆𝑓*
] (3.7) 

[
ℎ̂)

ℎ̂*
] = 𝑅,

- [
(ℎ) − 𝑏))/ 𝑆𝑓)
(ℎ* − 𝑏*)/ 𝑆𝑓*

] (3.8) 

𝐴 = −𝑡𝑎𝑛−1 (
ℎ̂*

ℎ̂)
) ± 𝐷 (3.9) 

Where: 

o 𝑅,
-    : The transformation matrix from B-frame to N-frame 

o 𝑆𝑓)   : The soft-ironing (scale factor) in the 𝑥 direction 
o 𝑆𝑓* : The soft-ironing (scale factor) in the 𝑦 direction 
o 𝑏) : The hard-ironing (bias) in the 𝑥 direction 
o 𝑏* : The hard-ironing (bias) in the 𝑦 direction 
o ℎ̂) : Final/compensated Earth magnetic field component in the 𝑥 direction 
o ℎ̂* : Final/compensated Earth magnetic field component in the 𝑦 direction 
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As a final step, some constraints are added to the obtained heading/azimuth angles to 

correlate with the driving/road limitations. Then, the final azimuth is as in Eq. (3.10).  

𝐴 =

⎩
{{
{{
{
⎨
{{
{{
{
⎧

 90 − 𝑡𝑎𝑛−1 (
ℎ̂*

ℎ̂)
) (180 𝜋⁄ ) ± 𝐷,         ℎ̂* > 0

270 − 𝑡𝑎𝑛−1 (
ℎ̂*

ℎ̂)
) (180 𝜋⁄ ) ± 𝐷,      ℎ̂* < 0

 180 ± 𝐷,                        ( ℎ̂* = 0, ℎ̂) < 0)

0 ± 𝐷,                          ( ℎ̂* = 0, ℎ̂) > 0)

 (3.10) 

The obtained azimuth of this process is utilized in an integration scheme to act as an 

update state. The new integrated navigation system is detailed in the following section.  

3.3 Multi-Sensor Fusion Model (Mag/RISS/GPS)  

The proposed Multi-Sensor fusion model is a loosely coupled integrated navigation 

system. It consists of a sensor system and a fusion filter. The overall system block diagram 

is demonstrated in Fig. 3.1. This system consists of a 3D-RISS system, 3-axis 

magnetometer, and a GPS receiver. 

 

Fig. 3.1 Overall Mag/RISS/GNSS Integrated Navigation System block diagram 
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An EKF is used to correct the 3D-RISS solution during the navigation process. The 

system state error model is represented in Eq. (3.11). 

𝛿𝑥 = [𝛿𝜑, 𝛿𝜆, 𝛿ℎ, 𝛿𝑣/, 𝛿𝑣U, 𝛿𝑣W, 𝛿𝐴, 𝛿𝑎Tp, 𝛿𝑏s]d  (3.11) 

Where 

o 𝛿𝜑 : The position latitude error 
o 𝛿𝜆  : The position longitude error 
o 𝛿ℎ : The position altitude error 
o 𝛿𝑣/ : The East-velocity error 
o 𝛿𝑣U : The North-velocity error 
o 𝛿𝑣W : The Up-velocity error 
o 𝛿𝐴 : The azimuth error 
o 𝛿𝑎TpT : The stochastic odometer scale factor error 
o 𝛿𝑏s : The gyroscope stochastic drift error 

The dynamic motion Eq. (2.5) to (2.10) are linearized to obtain the 𝐹  matrix using 

Taylor’s expansion neglecting the higher order parts and keeping only the first order one 

[8]. The system modified model is represented in Eq. (3.12). 

𝛿𝑥̇R,M��� = 𝐹𝛿𝑥R−1 + 𝐺R−1 𝑤R−1  (3.12) 

Where:  

o 𝐹  : The system model design matrix with 9 × 9 size. 
o 𝐺  : The corresponding noise distribution matrix with 9 × 1 size. 
o 𝑤 : The associated noise. 

The 𝐹  matrix of this system model is represented in Eq. (2.12). All the F matrix elements 

are as represented in chapter 2 in Eq. (2.15) to (2.23). 

The measurement model is represented in Eq. (3.13). 

𝛿𝑧R,¦b^/M���/��� = 𝐻R,b^/M���/��� 𝛿𝑥R,M��� + 𝜀 (3.13) 

Where: 
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The associated noise is considered as white Gaussian with zero mean, and its 

covariance is represented by the 𝑅R,¦b^/��� matrix as in Eq. (3.14).  

𝑅R,¦b^/��� = 〈𝜀𝜀d 〉 
𝑅R,¦b^/��� = 𝑑𝑖𝑎𝑔 [𝜎��� 

2 ,𝜎¡�� 
2 , 𝜎ℎ�� 

2 ,𝜎X¢�� 

2 , 𝜎X£�� 

2 , 𝜎X¤�� 

2 , 𝜎¹º»¼
2 ] 

(3.14) 

The stochastic errors associated with the magnetometer-derived azimuth is modeled 

by a 1st order GM model as in Eq. (3.15). The calculations of the GM model parameters 

are done using the stationary part of the data collected and according to [12], [23], [63], 

[65].    

Where: 

o 𝛽¹º»¼
 : The reciprocal of the autocorrelation time of the magnetic azimuth rate 

o 𝜎¹º»¼
2  : The variance of the magnetometer associated noise  

o 𝑤 : Zero mean, unit variance, white Gaussian noise 

The measurement model and its design matrix are shown in Eq. (3.16, and 17). 

o 𝛿𝑧R,¦b^/M���/��� : The measurements vector 7 × 1 
o 𝐻R,¦b^/M���/��� : The measurements model design matrix 7 × 9 
o 𝜀 : The noise corresponding to the GPS and Mag measurements 

𝛿�̇�¦b^ = −𝛽¹º»¼
𝛿𝐴¦b^ + √2 𝛽¹º»¼

𝜎¹º»¼
2   𝑤 (3.15) 

𝛿𝑧R,¦b^/M���/��� =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

𝜑M��� − 𝜑���
𝜆M��� − 𝜆���
ℎM��� − ℎ���

𝑣M���
L − 𝑣���

L

𝑣M���
v − 𝑣���

v

𝑣M���
v − 𝑣���

v

𝐴M��� − 𝐴¦b^⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (3.16) 

𝐻R,¦b^/M���/��� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

1
0
0
0
0
0
0
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 0
 0
 0
 0
 0
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 (3.17) 
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The azimuth angle is highly critical for the overall accuracy of the 3D-RISS navigation 

solution. The azimuth is directly used in velocity calculations as in Eq. (2.9), then this 

velocity is used in position calculations as in Eq. (2.10). The proposed system uses 

azimuth updates from the magnetometer to correct the azimuth from the 3D-RISS, and 

for overall system improvement during the whole trajectory. The effect of this correction 

is particularly noticeable during GPS outages. 

3.4 Experimental work 

The experimental work was carried out to verify the effectiveness of the proposed 

navigation system through real road trajectories. The data was collected in the downtown 

area of the city of Kingston, ON, Canada.  

The testbed was rigidly and firmly fixed in the rear seat place using a standard chassis. 

The testbed contained the following units: 

1) A Novatel dual frequency GNSS receiver (SPAN-OEM4) or (SPAN-SE) with an 

output rate of 1 Hz. In addition, the receiver antenna is a pinwheel antenna with 

5 degrees masking angle. 

2) A Novatel tactical-grade IMU-CPT unit (Model number: OM-20000122) with a 

fiber optic (FOG) Gyro. The gyro drift bias is 20 𝑑𝑒𝑔/ℎ𝑟 and the update rate is 

100 𝐻𝑧. This unit is installed on the longitudinal axis of the vehicle and its y-axis 

is with the direction of forward motion of the vehicle. 

3) A MEMS-grade six degree of freedom CROSSBOW MEMS-IMU (XBOW) from 

Honeywell (IMU 300CC-100) with a gyro drift bias of 2 𝑑𝑒𝑔/𝑠𝑒𝑐 and update rate 

of 100 Hz. 

4) A 3-axis magnetometer from Honeywell (Model number: HMC5883L) utilized in 

this test to provide the magnetic azimuth update. It delivers 3 − 𝑎𝑥𝑖𝑠 magnetic 
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field readings at the rate of 50𝐻𝑧. The resultant heading resolution varies from 

1 𝑑𝑒𝑔 to 2 𝑑𝑒𝑔. 

The reference/ground truth trajectory is a resultant of a tightly coupled integration 

between the IMU-CPT and the SPAN-OEM4 GPS receiver. The two units are considered 

high-end and therefore, they were used in generating the reference. The XBOW unit is a 

low-cost IMU and is utilized to obtain the 3D-RISS mechanization solution. 

Two road trajectories were conducted to test the proposed system. The testing 

trajectories were collected in May 2016 and August 2017 in downtown Kingston that 

contains several urban canyons. The trajectories were conducted using two different vans 

but contained the same units. The target was to test the proposed system on different 

types of vehicles to check the robustness and the effect of changing the experimental 

platforms. 

3.5   Results and Discussion 

For testing the performance of the proposed multi-sensor navigation system, two real 

road trajectories have been conducted through the urban area of the city of Kingston, 

Ontario, Canada.  

All the sensors utilized in both trajectories are low-cost sensors except those used in 

generating the reference/ground truth. Moreover, these trajectories contain several 

driving scenarios carried out to check the Mag/RISS/GPS versus the Enhanced 

RISS/GPS integrated navigation systems. The sensor's data was collected during the 

road trajectories and subsequently, the navigation solution was carried out in post-

processing using the proposed system using Matlab environment.  
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3.5.1 The First Road Trajectory 

This trajectory was conducted to check the Mag/RISS/GPS system performance. The 

participating units and their installation in the test van are shown in Fig. 3.2.  

 

Fig. 3.2 Testbed with the installed units and the test van  

First, the proposed system was applied to the whole trajectory with no GPS signals 

interruption. The reason for that was to check the effect of the azimuth during the 

availability of GPS solution. This also enabled to prove the concept that the azimuth 

from the calibrated magnetometer can provide a good azimuth solution that has a positive 

impact on the system. Furthermore, the proposed system was challenged by inserting six 

simulated outages that were selected to be the same in the time duration of 60 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. 

Moreover, the outage places have been chosen to involve several vehicle dynamics to 

check the effect of the proposed system in various driving scenarios. The trajectory and 

the outages locations are shown in Fig. 3.3. The red arrows are pointing to the motion 

direction. 
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Fig. 3.3 Trajectory conducted in Kingston downtown area May 2016 

The proposed system Mag/RISS/GPS performance output is compared to the traditional 

RISS/GPS integrated navigation system. According to the block diagram in Fig. 3.1, the 

initial position and velocity are from the GPS, and the initial azimuth is from the 

magnetometer. The approach is a closed-loop loosely coupled using EKF to update the 

RISS mechanization with the corrections. The magnetic-based azimuth is obtained after 

two steps. The first step is the pre-filtering using the DCT, and the second step is applying 

the proposed 2D-Calibration process. Several approaches for magnetometer calibration 

are used in validating the proposed technique. In particular, The uncalibrated 

magnetometer, the LS [38], and the wavelet Denoising function (𝑑𝑏5) with four levels of 

decomposition and soft thresholding criteria [60]. The traditional method’s performance 

in obtaining the azimuth compared to the proposed method is illustrated in Fig. 3.4. All 

the discussed methods are compared to a reference azimuth derived from the integration 

between SPAN-OEM4 GPS receiver and the z-gyroscope in the IMU-CPT unit. 
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Fig. 3.4 Azimuth obtained using several approaches and the reference 

The DCT approach provides the best azimuth compared to other methods. The 

superiority of this approach is significant especially in the parts of the trajectory when 

passing over the Kingston steel bridge.  A zoomed-in view of a part of the trajectory with 

excessive ferromagnetic contamination is shown in Fig. 3.5 to validate the performance 

of the suggested approach. The reason for the performance achieved when using the DCT 

compared with the LS is that the effect of sizeable ferromagnetic material is causing a 

sudden and quick change in the magnetic field measured which the LS cannot avoid and 

include it in the calculations. Furthermore, it provides better azimuth compared to the 

(𝑑𝑏5) wavelet denoising because in wavelet the suggested decomposition levels are relative 

to the data rate of the measurements and the fact that the wavelet assumes information 

in the high amplitude samples. On the other hand, the DCT does not require signal 

decomposition, but it downgrades the coefficients related to the quick and sudden changes 

with high amplitude. 
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Fig. 3.5 A zoomed in view for the trajectory over the Kingston steel bridge 

Table 3.1 demonstrates a statistical analysis of the azimuth error when using different 

calibration techniques. The analysis is done excluding the stationary part which suffers 

from no drift or distortion. The reason is that the starting portion of data is collected in 

a magnetometer friendly zone while the vehicle was in a static mode. Therefore, there is 

no effect of any ferromagnetic material that might distort the collected data.  

TABLE 3.1 STATISTICAL ANALYSIS OF THE MAGNETOMETER CALIBRATION TECHNIQUES 

CALIBRATION 
MAGNETIC AZIMUTH ERROR  

Max Mean Standard deviation 

Un-Calibrated 276 𝑑𝑒𝑔 49.5 deg 28.8 deg 

Least Square (LS) 267.8 𝑑𝑒𝑔 7.35 deg 5.5 deg 

Wavelet Denoised 62.3 𝑑𝑒𝑔 6.4 deg 4.85 deg 

DCT-Filtered 30.85 𝑑𝑒𝑔 5.3 deg 4.1 deg 
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Fig. 3.6 Trajectory1 azimuth error using various calibration techniques 

The analysis in Table 3.1 and Fig 3. 6 demonstrate the improvement of the obtained 

azimuth angle when using the proposed techniques. The DCT approach with the 

combined 2D calibration technique is producing azimuth with the lowest error over the 

whole trajectory. 2D-Magnetic field intensity is shown in Fig. 3.7. The results shown in 

this figure demonstrate the distortion affecting the raw magnetometer data measured by 

the Honeywell low-cost magnetometer. The ideal shape of the magnetic field intensity is 

to be pure sphere or ellipsoid in the 3D and circle or ellipse in the 2D projection. The 

magnetic field denoised by the DCT is closer to the ellipse shape when compared with 

the wavelet denoising “𝑑𝑏5” function.  

 The obtained azimuth is then utilized in improving the RISS/GPS integrated 

navigation system. The new azimuth update is used during the whole trajectory. The 

overall system performance was improved when the azimuth update from the 

magnetometer was utilized together with the GPS updates. The proposed 

Mag/RISS/GPS achieved 44% improvement in the 2D-position Root Mean Square Error 
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(RMSE). The RMSE of the 2D-position for the whole trajectory reached 1.07 𝑚 when 

using the proposed system instead of 1.92 𝑚 using the traditional RISS/GPS system. 

 

Fig. 3.7 Comparing  the denoised 2D-Magnetic field when using the wavelet 𝑑𝑏5 and the DCT  

Furthermore, the proposed method was tested during GNSS signal blockage by 

introducing six outages in the post-processing mode. Each one of these outages lasted for 

60 𝑠𝑒𝑐. In addition, each outage included various types of motion dynamics, such as 

moving on a straight route and turning left and right at different speeds. The reference 

solution and the location of the simulated outages was shown in Fig. 3.3. 

Tables 3.2 and 3.3 demonstrate a comparison of the RMS and Maximum 2D-position 

errors respectively when using the RISS/GPS, and the Mag/RISS/GPS integrated 

navigation systems. The improvements of using the azimuth update from the 

magnetometer are noticeable from the results. 
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TABLE 3.2   TRAJECTORY1, 2D-POSITION RMS-ERROR DURING OUTAGE PERIODS 

 

 

Fig. 3.8 First trajectory 2D-position RMSE comparison  

TABLE 3.3 FIRST TRAJECTORY 2D-POSITION MAX-ERROR DURING OUTAGE PERIODS 

OUTAGES  DURATION RISS/GPS MAG/RISS/GPS 

Outage 1 60 𝑠𝑒𝑐 27.24 𝑚  8.24 𝑚  

Outage 2 60 𝑠𝑒𝑐 81.46 𝑚 4.62 𝑚 

Outage 3 60 𝑠𝑒𝑐 38.85 𝑚  2.34 𝑚 

Outage 4 60 𝑠𝑒𝑐 13.13 𝑚  8.47 𝑚 

Outage 5 60 𝑠𝑒𝑐 9.19 𝑚  5.97 𝑚 

Outage 6 60 𝑠𝑒𝑐 7.08 𝑚  4.65 𝑚 
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OUTAGES  DURATION RISS/GPS MAG/RISS/GPS 

Outage 1 60 𝑠𝑒𝑐 13.13 𝑚 3.32 𝑚 

Outage 2 60 𝑠𝑒𝑐 45.60 𝑚 3.15𝑚 

Outage 3 60 𝑠𝑒𝑐 30.68 𝑚 1.42 𝑚 

Outage 4 60 𝑠𝑒𝑐 7.74 𝑚 4.75 𝑚 

Outage 5 60 𝑠𝑒𝑐 5.35 𝑚 2.91 𝑚 

Outage 6 60 𝑠𝑒𝑐 3.42 𝑚 2.32 𝑚 
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Fig. 3.9 First trajectory 2D-position Max-error comparison 

The first outage had two consecutive left turns. The first left turn was at a stop sign 

and the next one on a cross-section at a traffic light. Fig. 3.10 is a close-up view of this 

outage. The ability of the proposed system to correct the RISS solution than the ordinary 

one especially in such situation is significantly noticed. The maximum 2D-position error 

reduced from 27.24 𝑚 to 8.24 𝑚 with the Mag/RISS/GPS. 
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Fig. 3.10 Performance of Mag/RISS/GPS (1st Trajectory, Outage No.1) 

A close-up view of the second outage is shown in Fig. 3.11. It has been chosen 

intentionally to be in a right turn with slow average speed of 13 𝑘𝑚/ℎ𝑟, and about 20 𝑠𝑒𝑐 

of full stopping at a road light. The proposed system output keeps the car on track while 

the ordinary system diverges. The maximum 2D-position error reduced from 81.46 𝑚 to 

4.62 𝑚. 

 

Fig. 3.11 Performance of Mag/RISS/GPS (1st Trajectory, Outage No.2) 

The 3rd outage is shown in Fig. 3.12 and has been intentionally chosen to be on a direct 

route with a moderate average speed of 42 𝑘𝑚/ℎ𝑟. The maximum error during this outage 

reduced from 38.85 𝑚 to 2.34 𝑚.  

The fourth and fifth outages both included right turns. Also, they occurred with a 

close average speed of 47 𝑘𝑚/ℎ𝑟 and 52 𝑘𝑚/ℎ𝑟 respectively. The position during both 

outages improved by 36.7% and 35% respectively. This is because they have the same 

circumstances and almost similar. The results also assure the fidelity of the solution 

provided by the proposed system when applied in same or similar situations. Outage 6 is 

a combination of left and right turns with an average slow speed of 16 𝑘𝑚/ℎ𝑟. During 
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this outage, there were no stops and the 2D-position max-error decreased from 7.08 𝑚 to 

4.65 𝑚.   

 

Fig. 3.12 Performance of Mag/RISS/GPS (1st Trajectory, Outage No.3) 

Despite outage 2, the average RMS-error has been reduced from 12 𝑚 to 2.9 𝑚 with 

enhancing ratio of 75.8%. Moreover, the average Max-error has been reduced from 19 𝑚 

to 5.9 𝑚 with an improvement ratio of 68.9%. 

In order to verify the confidence in the proposed approach, an extended outage period 

of 10 𝑚𝑖𝑛 is intentionally introduced. The GNSS outage is selected to contain the most 

challenging dynamics involving several turns. The performance of this extended outage 

is shown in Fig.3.13.   

Over the duration of this GNSS outage, the proposed Mag/RISS/GPS reduced the 

maximum position error from 538.2 𝑚  to 37.5 𝑚  and the RMS position error from 

322.4 𝑚 to 26.5 𝑚. As depicted in the figure, it is obvious that the performance of the 

RISS/GPS has been improved when an azimuth update is added to it. 
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Fig. 3.13 Performance in extended GPS outage for 10 minutes 

The main reason for such superior performance is the existence of the azimuth angle 

update during the absence of GPS updates, which keeps the vehicle’s heading updated, 

thus reducing the drift caused by the error accumulation from relying only on the 

mechanization gyroscope readings for the azimuth.  

3.5.2 The Second Road Trajectory  

This trajectory was conducted on August 21, 2017, in the downtown area of the city of 

Kingston, Ontario, Canada. The purpose of this trajectory is to verify the efficiency of 

the proposed system in cases of various GNSS outage periods and several driving 

dynamics. The GNSS outages were intentionally introduced at locations that involve 

various dynamics and speed. These outages were simulated to vary between 60 𝑠𝑒𝑐 and 

150 𝑠𝑒𝑐. A simulation of six outage periods was applied to the algorithm and the results 

were compared to the traditional RISS/GPS integrated navigation system. The trajectory 

and the outages are shown in Fig. 3.14. 
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Fig. 3.14 Trajectory conducted in Kingston downtown in August 2017 

The azimuth from the magnetometer using the DCT denoising is compared to the LS 

and the wavelet denoising 𝑑𝑏5  which is shown in Fig. 3.15.  

 

Fig. 3.15 Azimuth obtained using several methods versus the reference 
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The proposed calibration approach has the lowest errors compared to the other 

methods. A close-up view of the performance when crossing a challenging magnetometer 

environment is shown in Fig 3.16. The azimuth obtained by the proposed approach is the 

closest to the reference which proves the superiority of the proposed method and validates 

the past trajectory performance. 

 

Fig.3. 16 A zoomed view of the trajectory over the Kingston steel bridge 

Table 3.4 and Fig. 3.17 show a comparative statistical analysis of the azimuth error 

from different approaches. Neglecting the start stationary part, which its data is collected 

in a magnetometer friendly area and the vehicle was in stationary situation. The analysis 

is applied over the remaining trajectory data. The proposed calibration approach 

produced the minimum error among the other methods. 
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TABLE 3.4 STATISTICAL ANALYSIS OF THE MAGNETOMETER CALIBRATION TECHNIQUES 

 

 

Fig. 3.17 Second trajectory azimuth error using various calibration techniques 

A 2D-Magnetic field intensity representation is shown in Fig. 3.18. The DCT approach 

produces less noise and close to the ellipse shape earth magnetic field when compared to 

the raw data and the wavelet denoised data. The results demonstrate the improvement 

added to the data before calibration which led to a better azimuth calculation and less 

errors. 
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Fig. 3.18 Second trajectory 2D-Magnetic field comparison  

The resulted magnetic azimuth was applied to the EKF’s measurement model to 

update the RISS mechanization during the GPS signal block periods. The 

Mag/RISS/GPS performance was compared to the RISS/GPS integrated navigation 

system as shown in Tables 3.5 and 3.6. Table 3.5 and Fig. 3.19 represent the 2D-position 

RMSE, while Table 3.6 and Fig. 3.20 represent the 2D-position Max-error. 

TABLE 3.5 2D-POSITION RMS-ERROR DURING OUTAGE PERIODS 

OUTAGES  DURATION RISS/GPS MAG/RISS/GPS 

Outage 1 60 𝑠𝑒𝑐 53.93 𝑚 5.56 𝑚 

Outage 2 90 𝑠𝑒𝑐 29.60 𝑚 8.95 𝑚 

Outage 3 120 𝑠𝑒𝑐 10.26 𝑚 6.82 𝑚 

Outage 4 60 𝑠𝑒𝑐 14.83 𝑚 7.60 𝑚 

Outage 5 150 𝑠𝑒𝑐 20.25 𝑚 11.36 𝑚 

Outage 6 120 𝑠𝑒𝑐 7.50 𝑚 7.20 𝑚 
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Fig. 3.19 Second trajectory 2D-Position RMSE Comparison 

TABLE 3.6 2D-POSITION MAX-ERROR DURING OUTAGE PERIODS 

OUTAGES DURATION RISS/GPS MAG/RISS/GPS 

Outage 1 60 𝑠𝑒𝑐 99.29 𝑚 12.34 𝑚 

Outage 2 90 𝑠𝑒𝑐 56.38 𝑚 15.64 𝑚 

Outage 3 120 𝑠𝑒𝑐 25.22 𝑚 15.16 𝑚 

Outage 4 60 𝑠𝑒𝑐 22.35 𝑚 11.54 𝑚 

Outage 5 150 𝑠𝑒𝑐 33.85 𝑚 17.13 𝑚 

Outage 6 120 𝑠𝑒𝑐 12.91 𝑚 12.39 𝑚 

 

Fig. 3.20 Second trajectory 2D-Position Max-Error Comparison 
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The performance during GNSS Outage #1 is shown in Fig. 3.21 which lasted for 

60 𝑠𝑒𝑐. The max-error decreased from 99.29 𝑚 to 12.34 𝑚 with improvement ratio of 

87.5%. The reason for such noticeable improvement is that the dynamics of this GNSS 

outage is complicated (stop and go, turns, cross-section road light stop, etc.). 

 The azimuth from the RISS/GPS in this outage suffered from high drift because of the 

poor GPS solution before and after the GNSS outage. On the other hand, the 

Mag/RISS/GPS system hold the vehicle’s position on the correct route by providing an 

accurate update. Such heading update decreased the drift of the gyroscope. 

 

Fig. 3.21 Trajectory 2 First Outage Performance  

The azimuth performance of the two systems is shown in Fig. 3.22. As depicted in the 

figure, the proposed system output is following the reference more accurately while the 

traditional solution is diverging. 
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Fig. 3.22 Trajectory 2, Estimated Azimuth Comparison During the First Outage 

The second outage is shown in Fig. 3.23.  Various motion dynamics are involved in 

this GNSS outage such as straight-line driving, several turns and drive through a curved 

road.  

 

Fig. 3.23 Trajectory 2, Second Outage Performance Comparison 
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The Mag/RISS/GPS decreased the Max 2D-position error from 56.376 𝑚 to 15.6 𝑚 

with improvement ratio of 72.3%. The reason for such improved performance is that the 

gyro drift has been compensated for by the azimuth update from the magnetometers 

during GNSS outages.  

The third outage is shown in Fig. 3. 24 which lasted for 120 𝑠𝑒𝑐. The performance of 

the RISS/GPS during this outage is better than the previous one because of the low 

dynamics involved in it. This part of the trajectory is almost a constant heading driving 

but contained some lane change maneuvers. Despite that, the Mag/RISS/GPS integrated 

navigation system has decreased the max 2D-position error from 25.22 𝑚 to 15.16 𝑚 

with improvement ratio of 39.9%.  

The azimuth performance of this outage is shown in Fig. 3.25.  

 

Fig. 3.24  The Third Outage Performance of the Second Trajectory 
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Fig. 3.25  The Azimuth Performance During Outage No.3, (2nd Trajectory) 

The azimuth from the EKF is closer to the reference than the traditional system. This 

result is reflected directly on the accuracy of the positioning information. 

The performance of the remaining GNSS outages is better than the previous despite 

the long outage because of the straight driving dynamics and the zero-velocity update 

from several road lights. The overall performance of the navigation solution for the second 

trajectory has been enhanced when using the proposed Mag/RISS/GPS system replacing 

the conventional RISS/GPS. The average RMS-error over the total GNSS outages has 

been reduced from 22.73 𝑚  to 7.92 𝑚  with enhancing ratio of 65% . Moreover, the 

average max-error has been reduced from 41.66 𝑚 to 14 𝑚 with improvement ratio of 

66.4%. 

  Finally, an overall performance comparison between the Mag/RISS/GPS system 

and the RISS/GPS system over the two trajectories is shown in Table 3.7. The 

comparison is made for each trajectory by calculating average RMSE and Max-error. 
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TABLE 3.7 OVERALL PERFORMANCE EVALUATION 

SYSTEMS 
TRAJECTORY 1 TRAJECTORY 2 

RMSE Max RMSE Max 

RISS/GPS 12 𝑚 19 𝑚 22.73 𝑚 22.73 𝑚 

MAG/RISS/GPS 2.9 𝑚 5.9 𝑚 7.92 𝑚 7.92 𝑚 

The results show the significant improvement of the positioning information over the 

two different trajectories. 

3.6 Summary 

The presented work discussed the performance of a loosely coupled multi-sensor 

integration algorithm using GPS, magnetometers, and MEMS-based 3D-RISS to obtain 

a more accurate positioning solution when compared with the traditional RISS/GPS 

system. In particular, the introduced system improves the positioning accuracy of the 

existing integration solutions by incorporating azimuth angle updates from a well-

calibrated magnetometer measurement. The calibration process involved two stages. The 

first is a pre-filtering based DCT applied to the noisy raw data, and the second is a 2D-

calibration to remove the bias and scale factor errors. The magnetometer calibration 

process utilized in this paper resulted in a more accurate azimuth computation when 

compared to other methods. The performance of the proposed Mag/RISS/GPS integrated 

system was examined over two real road trajectory data in the downtown area of the city 

of Kingston, ON, Canada. Particular attention was directed towards the performance 

during GNSS outages of various durations. These outages contained different driving 

scenarios and dynamics, such as turning, stopping, and straight route driving. The 

proposed system significantly improved the overall navigation system, especially during 

GNSS outages. For a 60 𝑠𝑒𝑐 GNSS outages, the overall average RMS position error was 

reduced from 12 𝑚 to 2.9 𝑚 when using the proposed Mag/RISS/GPS system. Moreover, 
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the maximum average 2D-position error was reduced from 19 𝑚 to 5.9 𝑚. Furthermore, 

a 10 𝑚𝑖𝑛 outage has been applied to the system to test the performance in a challenging 

environment for an extended period of GPS signal blockage. The proposed systems was 

able to redcue the maximum 2D-position error from 538 𝑚 to 37 𝑚.  The performance 

was further verified on a second trajectory involving six intentionally introduced GNSS 

outages of various durations and of different driving dynamics. The proposed system 

improved the navigation solution during these challenging situations with the average 

RMS position error enhanced by 65% and the average maximum position error enhanced 

by 66%. These results prove the superiority of the Mag/RISS/GPS integrated navigation 

system over the traditional RISS/GPS in improving the navigation solution especially 

during GPS outages that contain challenging dynamics and driving maneuvers. 



  

  

 

Chapter 4 

Adaptive Cruise Control Radar-Based Navigation 
System 

4.1 Introduction     

Adaptive Cruise Control (ACC) which also named as automatic cruise control is 

utilized in both middle and high-class land vehicles besides all autonomous vehicles [20], 

[25]. The ACC system is an essential part of the driving assistance system (DAS) and 

the Advanced DAS (ADAS) [87], [88]. Using the ACC in most of the land and all 

autonomous vehicles reduces the collision rate which results in increasing the road safety 

[89]. In the past two decades, the ACC usage increased to 5% of the overall land vehicles 

all over the world [87]. The essential function of the ACC is to keep a safe distance 

between the ACC equipped  vehicle and the one in front [90][91]. The ACC mainly utilizes 

radar technology in providing the useful information to the vehicle control system. Radars 

are considered an all-weather day and night working system [76]. The radar unit which 

is the fundamental part of the ACC capable of measuring the relative distance and 

velocity between the vehicles. The ADAS system utilizes the ACC to keep a safe distance 

between the vehicles by reducing or increasing the velocity of the vehicle equipped with 

ACC. In this chapter, a novel approach utilizing the ACC radar measurements in 

developing a land vehicle navigation system is introduced. This system can be used during 

the GNSS outage periods, specifically in urban canyons which are characterized by their 

high rising buildings, tunnels, and under bridges that cause LOS blockage to the GNSS 

signals. In testing this system, extreme GPS outage scenarios have been added to increase 

the challenge level encountered during land vehicle navigation. Background to the radar 

systems is introduced in the following two sections focusing on the systems those work 
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with automotive. Afterwards, a detailed explanation of the proposed system and the 

nonlinear error modeling is given in the next sections. 

4.1.1 Radar Basics 

Radar is an abbreviation of “Radio Detection and Ranging” [92].  Also, radars have 

been widely used in various applications since WW2 such as target tracking, collision 

avoidance, navigation, and guidance [93]. The basic concept of radar is to use the reflected 

or scattered signal from an object to determine its range, range rate, elevation and 

azimuth angles from the radar source. Recently,  radar technology is used in the cruise 

control and collision avoidance systems installed on various platforms such as 

autonomous, and non-autonomous land vehicles [76].  The radar systems mainly use the 

Doppler phenomenon in detecting a target speed and Time of Arrival (TOA) in 

determining its range from the radar transmitter [94]. Radars can be categorized into two 

main categories which are imaging or non-imaging radars [35], [92], [95], [96]. The radar 

principle is based on the electromagnetic waves characteristics and its reflection from 

different materials [97]. Thereby, a radio signal of wavelength 𝜆 is transmitted and based 

on the reflected and received signal response, distance, direction, and relative velocity of 

the reflecting target can be determined. The received signal strength (RSS) of the 

incoming signal can determine the distance to the leading vehicle according to known 

specifications of the radar unit. Such specifications can be used in estimating the range 

based on the antenna gain, the antenna cross-section, and the wavelength as in Eq. 

(4.1)[98]. This equation is also called the radar equation [92]. 

 𝑃G = (𝑃V𝐺2

4𝜋𝑅2) ( 𝜎V𝜆2

(4𝜋)2𝑅2) (4.1) 

Where: 

o 𝑃G : The received signal 
o 𝑃V : The transmitted power 
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Furthermore, the free space path loss (FSPL) can be estimated from Eq. (4.2).  

𝐹𝑆𝑃𝐿 = 20 𝑙𝑜𝑔 (𝑃V
𝑃G

) (4.2) 

The FSPL is calculated in dB. Also, Eq. (4.2) represents a half stroke pass loss, for 

radar, the FSPL should be calculated in two ways.  

Doppler radars were utilized in navigation a long time ago in many applications. The 

first one was called “JANUS Doppler radar,” and it was used for aircrafts navigation as 

a self-contained system [99]. In addition, it is utilized in the traffic collision avoidance 

system (TCAS) which is approved by the international civil aviation organization 

(ICAO). Moreover, radars have a high impact on automotive applications, especially the 

frequency-modulated-continuous-wave (FMCW) radar. The FMCW radar is utilized 

because of its capability of precisely determining both the distance and velocity of a 

target. The FMCW consumes less power as compared to the CW radar, has a small size, 

and it is much more affordable. There are several techniques to estimate the relative 

distance and speed of the leading car using the ACC-FMCW radar unit. The technique 

based on the time of arrival (TOA) is one of the most well-known techniques. It 

determines the relative distance from the time difference between the transmission and 

reception of the radar signal. Also, the relative speed can be determined from the Doppler 

shift.  

4.2 Frequency Modulated Continuous Wave (FMCW) Radar  

The FMCW radar is a special type of the CW radar. AS opposed to the CW radar, 

the FMCW radar can change operating frequency during the measurement, a process 

o 𝐺 : The transmitting and receiving antenna gain  
o 𝜆 : The wavelength of the transmitted signal 
o 𝜎V : The radar cross-section (𝑅𝐶𝑆) 
o 𝑅 : The detected range according to the 𝑅𝑆𝑆 
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known as frequency modulation. The change in the operating frequency is called Chirp. 

The chirp could be either up when the operating frequency increases or down when the 

frequency decreases. A typical CW radar device transmits a signal with the same power 

continuously. This radar type has the disadvantage of missing the ability to determine 

target range. The reason is that the transmitted signal is not modulated and the absence 

of modulation prevents the accurate timing needed for distance calculations. So, the CW 

radars can only determine the relative velocity depending on the Doppler shift between 

the radar (observer) and the target. In pulsed radars, distance is determined by the time 

delay between the transmitted and received signal.  Pulsed radars cannot be used for  

long-range coverage because their average power is lower than the CW and the FMCW 

radars. In addition, pulsed radars can also measure the relative velocity between the 

radar and a target using the Doppler shift. On the other hand, the pulsed radar is 

expensive and consumes high-power. In addition to its relatively low-cost, The FMCW 

Radars combine both CW and pulsed radar systems advantages of: 

1) Having the ability to determine the relative distance (by measuring the 

difference in the transmitted signal frequency as pulsed radar). 

2) Having the ability to measure the relative velocity (by measuring the Doppler-

shift as both pulsed and CW radars). 

   Moreover, the FMCW radar consumes less power than both CW and pulsed radar 

systems. accordingly, it can be utilized in longer range applications at the same power. 

 The main disadvantage of the FMCW radar is that any change of the frequency due to 

the Doppler shift affects the distance measurement. Therefore, many frequency 

modulation patterns have been developed to mitigate that error source. Those 

modulations patterns are: 
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1) The triangular wave (increasing and decreasing the frequency). It allows easy 

separation of the difference frequency of the Doppler frequency. 

2) The sawtooth pattern, which is utilized in determining long-range when combined 

with a small effect of Doppler frequency as in maritime radars. 

3) The square wave pattern (Simply a frequency shift keying FSK modulation), which 

can be used for determining an exact distance measurement at short ranges. 

4.2.1 FMCW Radar Equations 

The radar equations are used in determining both relative distance and velocity of a 

target. in case of FMCW radar, a signal is transmitted in a way that increases or decreases 

the frequency periodically. When an echo signal is received, its frequency is different from 

the signal being transmitted at that instant. Such change of frequency gets a delay of  

∆𝑡  (by runtime shift) just like the pulse radar technique. In pulse radar, however, the 

runtime must be measured directly. In FMCW radar it is measured using the differences 

in phase or frequency between the actually transmitted and the received signal instead. 

The FMCW radar provides the relative velocity based on the Doppler shift between the 

observer and the target. A sawtooth transmitted and received modulation pattern 

waveform from the FMCW radar is shown in Fig.4.1.  

The FMCW radar signal is frequency modulated and represented by: 

𝑆V)(𝑡) = 𝐴V)𝑐𝑜𝑠 (2 𝜋 (𝑓1𝑡 + 𝑓2 − 𝑓1
𝑇O

𝑡2)) (4.3) 

𝑆V)(𝑡) = 𝐴V)𝑐𝑜 𝑠(2 𝜋(𝑓1𝑡 + 𝑘𝑡2)) (4.4) 

Where: 

o 𝑆V) : The transmitted chirp signal 
o 𝐴V) : The amplitude of the transmitted signal 
o 𝐵 = 𝑓2 − 𝑓1 : The transmission frequency band (Sweep frequency Band) 
o 𝑇O : The transmission time 
o 𝑘 : The frequency slope and (𝑘 = 𝐵/𝑇O ) 
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Fig. 4.1 Transmitted and Received Signals of  the FMCW Radar Sawtooth Waveform  

The received signal is delayed by ∆𝑡 and can be represented by the waveform denoted 

by Eq. (4.5). 

Where: 

o 𝑆G) : The received chirp signals 
o 𝑓p : The Doppler frequency shift 
o ∆𝑡 : The delay time between transmission and reception 

The distance determination in the FMCW radar is based on the change of frequency 

of the received signal from the transmitted one. As the transmitted signal frequency 

changes linearly, then the time shift(delay) can be determined using Eq. (4.6). 

∆𝑡 = 1
𝑘 ∆𝑓 = ∆𝑓

(𝑑𝑓/𝑑𝑡) (4.6) 

Where: 

𝑆G)(𝑡 − ∆𝑡) = 𝐴G)𝑐𝑜𝑠 (2 𝜋(𝑓1 + 𝑓p)(𝑡 − ∆𝑡) + 𝑘(𝑡 − ∆𝑡)2)) (4.5) 
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o ∆𝑓 : The measured frequency difference or the full bandwidth in case 
of calculating the maximum range covered by the radar unit 

o 𝑘 = (𝑑𝑓/𝑑𝑡)  : The slope of the linearly increasing or decreasing frequency 

Therefore, the range can be measured as in Eq. (4.7). 

𝑅 = 𝑐
2 ∆𝑡 = 𝑐∆𝑓

2(𝑑𝑓/𝑑𝑡) (4.7) 

Where: 

o 𝑅 : The required range measurement. 
o 𝑐 : The speed of light and = 3 × 103	𝑚 𝑠⁄  . 

For maximum range calculations, ∆𝑓 = 𝐵 and the range can be calculated as in Eq. 

(4.8). Also, the range resolution which is the minimum distance between two targets that 

can be detected separately as two and it can be obtained by Eq. (4.9). 

𝑅Eb) = 𝑐(𝑓2 − 𝑓1)
2(𝑑𝑓/𝑑𝑡) = 𝑐𝐵

2(𝑑𝑓/𝑑𝑡) (4.8) 

𝛿𝑅 =
𝑐𝑇O

4𝐵 ∆𝑓 = 𝑐
2𝐵 (4.9) 

Where: 

o 𝑅Eb) : The maximum detected target range by the radar 
o 𝛿𝑅 : The range resolution 

From Eq. (4.9), the relation between the range resolution and the bandwidth is reversely 

proportional.   

The relative velocity can also be calculated as in Eq. (4.10).  

𝑣G = 𝜆∆𝑓
2  (4.10) 

Where: 

o 𝑣G : The relative velocity between the radar and the target 
o 𝜆 : The received signal wavelength.  

The most common modulation pattern, which used in the ACC-FMCW radar, is the 

triangular modulation pattern. Use of this modulation pattern allows flexible separation 
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between the ∆𝑓 and the Doppler frequency 𝑓p . These characteristics give an advantage 

in determining the accurate range between the vehicles. 

The triangular wave modulation pattern transmitted and received signal is shown in 

Fig. 4.2.  Moreover, the range and velocity equations are shown in Eq. (4.10) -(4.13) [33], 

[75]. 

 

Fig. 4.2 FMCW Radar Triangular Waveform Transmitted and Received Signals  

A triangular modulation pattern is shown in Fig. 4.2. The transmit signal in red color 

varies from a lower frequency 𝑓0 to the upper frequency (𝑓0 + 𝐵) with a transmission 

period 𝑇E , where 𝐵  is the bandwidth. A graphical representation of the FMCW 

transmitter and receiver signals behaviour can be seen in the same figure. In particular, 

the transmitter sends a signal with a frequency 𝑓1 at time 𝑡8, then the receiver captures 

it at time 𝑡2 , after a round-trip delay of 𝜏 = ∆𝑡 = 2𝑅/𝑐 , with a 𝑓p  frequency shift. 

Meanwhile, the transmitter frequency is swept to be 𝑓2. Afterwards, the mixer produces 

a base-band signal at the frequency difference between the transmitted 𝑓d)  and the 

received 𝑓M) signals. This base-band frequency is referred to as the beat frequency 𝑓,  =
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 |𝑓d)  −  𝑓M)|. When the target is stationary, the beat frequency level is only related to 

the range and is given by Eq. (4.10). 

On the other hand, when the target is in motion, the Doppler effect deviates the 

received frequencies absolute values. Thus, the down-converted frequencies can be 

represented as 𝑓,1and 𝑓,2. The values of these frequencies are represented in Eq. (4.12) 

and (4.13). 

𝑓,1 = 𝑓M − 𝑓p (4.11) 

𝑓,2 = 𝑓M + 𝑓p (4.12) 

Where: 

o 𝑓,1 : The frequency change in the rising edge (ramp or slope) 
o 𝑓,2 : The frequency change in the falling edge (ramp or slope) 

The change in the frequencies is affecting the range and velocity calculations. 

Therefore, the range and the relative velocity of the moving target can be determined as 

in Eq. (4.14) and (4.15). 

𝑅 = 𝑐(𝑓,1 + 𝑓,2)𝑇E
8𝐵 = 𝑐(2𝑓M)𝑇E

8𝐵 = 𝑐𝑓M𝑇E
4𝐵  (4.13) 

𝑣G = 𝑐(𝑓,1 − 𝑓,2)
4𝑓0

= 𝑐𝑓p𝑇E
2𝑓0

 (4.14) 

4.3 ACC-FMCW Radar-Based Positioning  

As mentioned in the previous sections, the ACC system utilizes a narrow band FMCW 

radar to obtain the relative distance and velocity between the ACC equipped vehicle and 

the vehicle in front. Moreover, the ACC system uses this information to keep a safe 

distance between the two vehicles by increasing or decreasing the following vehicle speed.   

In this section, a novel approach to estimate the following vehicle’s position information 

is proposed. The approach is to utilize the ACC that is mounted in all the autonomous 
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vehicles and in most of the middle and high-class land vehicles to obtain the position 

information. The obtained position information is going to work as updates to an 

integrated INS/GNSS system during the GNSS outage periods. This means that the ACC 

can be a self-contained navigation whose primary function is to help during GNSS outage 

periods. Additionally, there is no extra cost and no extra sensors or systems. 

4.3.1 Position Estimation from ACC-FMCW Measurements 

The ACC measures the distance between two vehicles that are following each other. 

The system is activated by selecting the separation time required between the two cars. 

The target is to keep a safe distance between the vehicles to minimize the collision 

possibilities. The ideal case is to keep 2 to 3 seconds of separation. 

In contrary, urban canyons that suffer from traffic jams and slow-moving vehicles 

during rush hours, the separation time might be reduced to 1 second. As the proposed 

system is utilizing the ACC in urban canyons that have high-rise buildings that cause 

blockage to the GNSS signals, a 1-second separation is satisfying the application purpose. 

Fig. 4.3 presents two moving cars, which are separated by distance 𝑑 and at a constant 

separation time of 1 second.  

 

Fig. 4.3  The ACC separation Distance between two following vehicles 

When two vehicles are following, and the separation distance and the separation 

time is known then the forward speed of the following car can be obtained using the 

equation of motion [100] as in Eq. (4.16). In addition, the traveled distance of that car 

can be obtained from Eq. (4.18) and (4.19). The idea is if the separating time is constant 
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then the two vehicles are traveling at the same speed. Therefore, the following car 

acceleration is zero. 

𝑑 = 𝑣0𝑡 + 1
2 𝑎𝑡2 (4.15) 

Where: 

o 𝑑 : The separating distance between the two cars 
o 𝑣0  : The initial velocity (the last known velocity) 
o 𝑎 : The acceleration 

This equation can be reduced in the ideal case of traveling at the same speed to be. 

𝑑 = 𝑣0𝑡 (4.16) 

From the same equation, if we know the separating time and the velocity, the 

traveled distance can be obtained too. If the cars were not traveling at the same speed, 

then the acceleration 𝑎 will have a value, which is the speed rate (relative speed change/ 

unit time). 

𝑑 = 𝑣0𝑡 + 1
2 𝑣G𝑡 (4.17) 

∆𝑑 = 𝑣G ∆𝑡 (4.18) 

Where: 

o 𝑣G : The relative speed between the two vehicles 
o ∆𝑑  : The traveled distance of the following vehicle 
o ∆𝑡 : The separation time between the two vehicles 

By obtaining the traveled distance of the following vehicle, this distance is transferred 

to the local level frame East(E) and North (N) as shown in Fig. 4.4. Therefore, Eq. (4.19 

and 20) are proposed to transform the distance to the N-frame. 

Where:  

∆𝐸 = ∆𝑑 𝑠𝑖𝑛 𝐴 (4.19) 
∆𝑁 = ∆𝑑 𝑐𝑜𝑠 𝐴 (4.20) 
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o ∆𝐸 : The displacement in the East direction. 
o ∆𝑁  : The displacement in the North direction 
o 𝐴 : The Azimuth angle 

 

Fig. 4.4 Transferring the Travelled Distance into the East and North Directions 

The azimuth angle is measured by the heading gyro as in Eq. (4.22). 

𝐴̇ = −(𝜔s − 𝜔S/ 𝑠𝑖𝑛 (𝜑)) (4.21) 

By knowing the initial position, the new position can be obtained from Eq. (4.23). 

�̇� = ∆𝑁
𝑅v + ℎ         

     �̇� = ∆𝐸
 (𝑅v + ℎ )𝑐𝑜𝑠 (𝜑)

             ℎ̇ = 𝑣W                             

 (4.22) 

Where: 

Accordingly, the obtained position is utilized in the following vehicle navigation by 

using these position components as updates for the INS system during the GNSS outages. 

The position updates are used in a loosely coupled integrated scheme using Extended 

o �̇� : The Latitude rate 
o �̇�  : The Longitude rate 
o ℎ̇ : The Altitude rate, which obtained from the forward speed 
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Kalman Filter (EKF). The next section discusses the integration between the radar and 

the reduced inertial sensor system (RISS).  

4.3.2 Radar Lever-Arm Correction 

Due to the difficulty of installing all sensors at the same place in the host vehicle, a 

lever-arm is measured and compensated. Particularly, the position of the main IMU is 

different from those of the radar and other sensors. Such separation is called the lever-

arm effect. The lever-arm correction for the radar position can be calculated as in Eq. 

(4.24) [16]. 

𝑃�¦K
U = 𝑃Mbp

U −

⎣
⎢
⎢
⎢
⎡

1
(𝑅v + ℎ) 𝑐𝑜𝑠(𝜑) 0 0

0 1
𝑅v + ℎ 0

0 0 1⎦
⎥
⎥
⎥
⎤

𝑅,
U∆𝑃 , (4.23)	

Where: 

o 𝑃Mbp
U  : The radar position in the N-frame. 

o 𝑅,
U̇  : The transformation matrix from the B-frame to the N-frame. 

o ∆𝑃 , : The offset vector of the radar antenna or any other IMU from the center 
of the IMU placed in the Center of Gravity (CG) of the moving platform 
in the B-frame. 

4.4 FMCW-Radar/RISS Integrated Navigation System 

The radar position updates replace the GNSS updates during the outage periods only. 

An overall block diagram of the proposed system is shown in Fig. 4.5. The diagram shows 

that the initial values for the integrated system were the last integrated solution when 

the GNSS signals were available. Also, there is a raw data processing stage for the FMCW 

radar. This step is essential to obtain robust information that leads to a robust positioning 

solution.  RISS can use this processed data as an update during the GNSS outages. 
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Fig. 4.5 ACC-FMCW Radar/RISS Integrated Navigation System 

As the block diagram shows, the integration is accomplished in a loosely coupled 

scheme utilizing an EKF as an integration filter. The EKF is used to correct the RISS 

solution during the navigation process when the GNSS updates are blocked. The state 

vectored is shown in Eq. (4.24) and the system error state model is given as Eq. (4.25).  

𝛿𝑥 = [𝛿𝜑, 𝛿𝜆, 𝛿ℎ, 𝛿𝑣/, 𝛿𝑣U, 𝛿𝑣W, 𝛿𝐴, 𝛿𝑎Gbp , 𝛿𝑏s]d  (4.24) 

Where: 
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Measurments

o 𝛿𝜑 : The position latitude error 
o 𝛿𝜆 : The position longitude error 
o 𝛿ℎ : The position altitude error 
o 𝛿𝑣/ : The East-velocity error 
o 𝛿𝑣U : The North-velocity error 
o 𝛿𝑣W : The Up-velocity error 
o 𝛿𝐴 : The azimuth error 
o 𝛿𝑎TpT : The stochastic odometer scale factor error 
o 𝛿𝑏s : The gyroscope stochastic drift error 
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The equations of the dynamic motion of the RISS system (stated in Chapter 3) are 

linearized to fit the EKF utilization. The Taylor’s expansion is used to obtain the 𝐹  

matrix. In particular, it neglects the higher-order parts and keeps only the first order one 

[11]. The EKF system model is represented in Eq. (4.25). 

𝛿𝑥R
̇ = 𝐹𝛿𝑥R−1 + 𝐺R−1 𝑤R−1  (4.25) 

Where: 

o 𝐹  : The system model design matrix. 
o 𝐺  : The corresponding noise distribution matrix. 
o 𝑤 : The associated noise. 

The 𝐹  matrix of this system model is detailed in Eq. (2.15) to (2.23). For this part, all 

the F matrix elements are the same as represented in chapter 2.  

A first-order Gauss-Markov process was used for the stochastic error modeling for the 

radar positioning information. The model is represented in Eq. (4.26) to (4.28).  

𝛿�̇�Mbp = −𝛽�Å»Æ
𝛿𝜑Mbp + √2𝛽�Å»Æ

𝜎�Å»Æ
2  𝑤(𝑡) (4.26) 

𝛿�̇�Mbp = −𝛽¡Å»Æ
𝛿𝜆Mbp + √2𝛽¡Å»Æ

𝜎¡Å»Æ
2  𝑤(𝑡) (4.27) 

𝛿ℎ̇Mbp = −𝛽ℎÅ»Æ
𝛿ℎMbp + √2𝛽ℎÅ»Æ

𝜎ℎÅ»Æ
2  𝑤(𝑡) (4.28) 

Where: 

o 𝛽�Å»Æ
  : The reciprocal of radar latitude error correlation time 

o 𝛽¡Å»Æ
  : The reciprocal of radar longitude error correlation time 

o 𝛽ℎÅ»Æ
 : The reciprocal of radar altitude error correlation time 

o 𝜎�Å»Æ
 : the radar latitude error standard deviation 

o 𝜎¡Å»Æ
 : the radar longitude error standard deviation 

o 𝜎ℎÅ»Æ
 : the radar altitude error standard deviation 

o 𝑤 : Zero mean, unit variance, white Gaussian noise 

 The measurement model is represented in Eq. (4.29) 

Where: 

𝛿𝑧R,Mbp = 𝐻R,Mbp 𝛿𝑥R + 𝜀 (4.29) 
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However, this noise is considered white Gaussian with zero mean and 𝑅R,Mbp 

covariance matrix. The 𝑅R,Mbp matrix is represented as in Eq. (4.30).  

𝑅R,Mbp = 𝑑𝑖𝑎𝑔[𝜎�Å»Æ
2 , 𝜎¡Å»Æ

2 ,𝜎ℎÅ»Æ
2 ] (4.30) 

The measurement model is represented in Eq. (4.31), and its design matrix is represented 

in Eq. (4.32). 

𝛿𝑧R,Mbp = [
𝜑M��� − 𝜑Mbp
𝜆M��� − 𝜆Mbp
ℎM��� − ℎMbp

] (4.31) 

𝐻R,Mbp = [
1
0
0
    

0
1
0
    

0
0
1
    

0
0
0
    

0
0
0
    

0
0
0
    

0
0
0
    

0
0
0
    

0
0
0
] (4.32) 

4.5 Radar Data Pre-Processing 

Several perturbations are associated with the radar collected data. Therefore, a pre-

processing algorithm has been developed to mitigate them and extract the useful data in 

post-processing. The radar data pre-processing stage algorithm block diagram is shown 

in Fig. 4.6.  

 

Fig. 4.6 Radar Data Processing Stages 

o 𝛿𝑧R,Mbp  : The measurements vector with a matrix size of 3 × 1 
o 𝐻R,Mbp : The measurements model design matrix with a size of  3 × 9 
o 𝜀 : The noise corresponding to the radar position information 
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The proposed pre-processing algorithm is used to mitigate the significant error sources 

that negatively affect the radar collected data. These can be classified as follows: 

1) The ground effect (i.e., The reflection from the ground in case if the following 

vehicle has enough separation from the vehicle in front). 

2) The data outliers. 

3) The useful data (measured distances) extraction. 

4.5.1 Ground Reflection Effect Mitigation 

The ground reflection is considered a primary clutter in the radar collocated data [8], 

[72], [77]. Basically, it is considered an ambiguity source because it might correlate with 

other clutters causing false targets. The ACC-FMCW radar radiation pattern is shown 

in Fig. 4.7.  

 

Fig. 4.7 ACC-FMCW Radar Radiation Pattern 

In this work, a ground reflection extraction method is introduced. The method provides 

the ability to detect and differentiate it from the useful reflection.  

The fact that the ACC-FMCW radar installation position is not changing is the 

motivation for this method. Accordingly, two main properties of the ground reflections 

can help in extracting and discarding: 

1. The ground reflection is occurring at an almost fixed range. 

2. The RSS of the ground reflection is almost the same as the road material 

permeability 𝜀G.  
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Fig. 4.8 ACC-FMCW Ground Reflection Range 

According to the radiation pattern which is, in the ACC case, is a narrow beam 

with a small beam width angle 𝜃3pÈ . Using a combination of the RSS and the 

corresponding relative distance, the ground reflection can be easily detected. Since the 

radar unit is mounted on the front bumper of the vehicle, the range of the ground 

reflection 𝑅2 can be obtained by knowing the height ℎ and the beam angle 𝜃3pÈ as shown 

in Fig. 4.8.  It may be noted that the nature of the ground reflection doesn’t change much 

for the consecutive epochs because it is repeated at each epoch at the same range. 

Furthermore, the ACC system keeps a safe distance between vehicles (i.e., The 3 seconds 

separation) and it is much greater than the ground reflection distance. Moreover, the 

RSS of the ground reflection is almost the same and weaker than the reflection from the 

car in front. The ground range can be determined as in Eq. (4.33) and (4.34). 

𝜃3pÈ = 2 𝑠𝑖𝑛−1 ( ℎ
𝑅2

) (4.33) 

𝑅2 = ℎ
𝑠𝑖𝑛(𝜃3pÈ 2⁄ ) (4.34) 

Where: 

The idea is to capture almost all the equal RSS that occur at the range representing 

the ground reflection 𝑅2 and isolate them from the collected data. 

ϴ3dB/2 

Main beam at range (R1)

h

o 𝜃3pÈ  : The beam width angle 
o ℎ : The radar unit height from the ground (can be measured easily) 
o 𝑅2 : The range of the ground reflection 
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4.5.2 De-noising and Outlier Removal  

The outliers in the data collected by the radar cause considerable damage to the 

collected data if not corrected. The outliers are defined as the high-frequency components 

that occur suddenly [75][101]. The outliers may represent an oncoming vehicle or a 

detected electromagnetic wave reflector with a greater RSS than some standard vehicles. 

The radar cross section (RCS)  is the active area of the target that receives the 

transmitted signal and then reflects it back [74], [92], [102].  It is the effective area of the 

target as seen by the radar. Thus, the strongly detected targets (i.e., Large and reflecting 

targets) must have greater RCS.  

In this work, a Discrete-Cosine-Transform (DCT) is utilized to transfer the detected 

ranges and their RSS to the frequency domain. This step takes place after converting the 

data collected into a radar image, and it removes all the high-frequency components. 

Finally, the inverse-DCT (I-DCT) is used to transfer the rest of the data back to the 

time domain. The DCT and I-DCT are usually employed in image de-noising and pixels 

edge smoothing [81]–[83].  Unlike the Fast-Fourier-Transform (FFT), DCT uses the real 

part of the FT, which keep most of the original signal energy in its low-frequency 

coefficients [82]. 

The primary function of the DCT is to eliminate the outliers and the inherited noise 

that negatively affect the radar measurements.  

4.5.3 Extracting the Measured Ranges 

The ACC- radar sweeps with the beam width angle 𝜃>?@ and collects all the data in 

this swept area. Usually, the targets will have the largest RCS and accordingly the higher 

RSS. Therefore, the final stage is to select the peak RSS and its corresponding range. 

The extracted ranges are then utilized in the navigation algorithm. The criteria used in 

this step is shown in Eq. (4.35) and (4.36) 
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𝑖𝑑(𝑖) = 𝑖𝑑(𝑚𝑎𝑥(𝑅𝑆𝑆(𝑖))) (4.35) 

𝑅(𝑖) = 𝑅(𝑖𝑑) (4.36) 

Where: 

o 𝑖𝑑 : The index of the peak RSS in the 𝑖"# raw 
o 𝑅  : The Extracted Range 

All the previous pre-processing steps will be examined in section 4.8.  

4.6 Radar/RISS/GNSS Integrated Navigation System 

The proposed integrated navigation system block diagram is shown in Fig. 4.9.  

 

Fig. 4.9 Block Diagram of the Radar/RISS/GNSS Integrated Navigation System 

The Rad/RISS integrated system is proposed to work only in GNSS challenging 

environment such as urban canyons with high-rise buildings, under bridges, and tunnels. 
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The ACC-radar-based navigation system provides position information that can be 

used to update the RISS instead the GNSS updates during the outage periods.  

A detailed description of the system flow is illustrated in a flowchart shape in 

Fig.4.10. The flowchart shows every detail of the proposed algorithm to benefit from 

the proposed navigation system.  

 

Fig. 4.10  The Overall Integrated Navigation System Algorithm Flowchart 
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Furthermore, the proposed integrated navigation system algorithm is explained in 

Table 4.1. The algorithm is composed of three main steps [Initialization, Checking the 

GNSS Solution, and Applying the radar/RISS Integrated Navigation System].  

TABLE 4. 1 EXPLAINING THE RADAR/RISS/GNSS INTEGRATION ALGORITHM 

Radar/RISS/GNSS Integration Algorithm 

Step 1: System Initialization 

a) The initial conditions (states) which are the position and velocity information 

are provided either manually or from the GNSS receiver. 

b) Start logging the IMUs inertial sensor. 

c) Execute the INS algorithm based on the IMU measurements and initial 

conditions. 

Step 2: Checking the GNSS Availability 

This step is always done to check if the GNSS is facing an outage or not. The idea 

is that the GNSS solution is much more robust than any other system when it is valid. 

Also, this step is a trigger to the proposed Radar/RISS integrated navigation system 

to join the overall system. 

a) Check the validity and availability of the GNSS solution. This check can be 

accomplished by checking either the DOP error value, available satellites, or 

the differences in the updated solution. 

b) If the GNSS solution is valid, then keep using it as a primary source of updates 

to the EKF navigation filter else go to step 3. 
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C) Apply the integration using EKF and use the integrated solution recursively in 

the next epoch and go to step 2 a).  

Step 3: Applying Radar/RISS Integrated Navigation System 

This step is accomplished when a GNSS outage occurs. 

a) Initialize the system using the last valid RISS/GNSS integrated solution 

(position and velocity). 

b) Carry out the positioning calculation algorithm from the raw radar data. 

c) Use the estimated position to update the EKF navigation filter. 

d) Use the resulted integrated solution recursively to initialize the next epoch. 

e) Go to step 2.   

Finally, the target is to have a position update either from the GNSS or the ACC-

radar. The ACC-radar solution acts as a self-contained system, but the solution is not as 

accurate as the GNSS. On the other hand, that update is much better than relying only 

on the INS or the RISS solution during the GNSS outage periods. For short-term outages, 

the radar provides a good solution, but when the outages start to get longer, the solution 

drifts. In particular, because the system position estimation is relying on the heading 

gyroscope in the RISS. Moreover, this sensor’s measurements drift over time and 

consequently, the position solution from the radar is also drifted.  

The ensuing section describes the experimental work carried out to test the robustness 

of the proposed system solution and to check the performance improvement as compared 

to the traditional approach RISS/GNSS Integration.  
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4.7 Experimental Work 

The experimental work is carried out to verify the effectiveness of the proposed 

navigation system through real road trajectory. The data was collected in the downtown 

area of the city of Kingston, ON, Canada in August 2017. The testbeds mounted inside 

and outside the test van are shown in Fig. 4.11 and 4.12. 

 

Fig. 4.11 Interior and Exterior Testbed Showing the Utilized Equipment Set  

 

Fig. 4.12 SiversIMA FMCW Radar Development Kit (RDK) 



 

4.7 Experimental Work      

 87 

TABLE 4. 2 IMUS SPECIFICATION COMPARISON 

UNIT 
IMU-CPT  

(100HZ) 

CROSSBOW 

(100HZ) 

VTI 

(20HZ) 

GYROSCOPE 

Bias 20 deg/h 2 deg/s 1.5 deg/s 

Angle Random Walk 0.0667 deg/√hr 2.22 deg/√hr 0.86 deg/√hr 

Scale Factor 0.1% 1% 2% 

ACCELEROMETER 

Bias 50mg 30 mg 70 mg 

Angle Random Walk 10g 2g 6g 

Scale Factor 0.4% 1% 1% 

4.7.1 Participating Systems and Sensors Overview 

The participating sensors and systems were divided into Interior and Exterior setups. 

Thus, the utilized systems and sensors in the experimental work can be organized as 

follows: 

1) The Interior Testbed 

The interior testbed is shown in the right-side part of Fig. 4.11. The interior testbed 

was installed inside the van coinciding with the van axes. Moreover, it was rigidly and 

firmly fixed in the rear seat location using a standard seat chassis. The interior testbed 

contained the following units: 

a) A Novatel dual frequency GNSS receiver (SPAN-OEM4) or (SPAN-SE) with an 

output rate of 1 Hz. Also, the receiver antenna is a pinwheel antenna with 5 degrees 

masking angle. 

b) A Novatel tactical-grade IMU-CPT unit (Model number: OM-20000122) with a 

fiber optic (FOG) Gyro. The gyro drift bias of 20 𝑑𝑒𝑔/ℎ𝑟 and the update rate is 

100 𝐻𝑧. This unit installed to be on the longitudinal axis of the vehicle and its y-

axis is with the direction of forwarding motion of the vehicle. 



 

4.8 Results and Discussion      

 88 

c) A MEMS-grade six degree of freedom CROSSBOW MEMS-IMU from Honeywell 

(IMU 300CC-100) with a gyro drift bias of 2 𝑑𝑒𝑔/𝑠𝑒𝑐 and update rate of 100 Hz. 

d) A MEMS-grade VTI IMU (Model number: SCC1300-D04) with a gyro drift rate of 

1.5 𝑑𝑒𝑔/𝑠𝑒𝑐 and with an update rate of 20 𝐻𝑧. 

A detailed specifications comparison between the participating IMUs is expressed in 

Table 4.2. 

2) The Exterior Testbed 

The exterior setup is the shown in the left-side of Fig.4.11. The setup shows how the 

FMCW radar unit was mounted on the van’s front bumper.  

a) The FMCW radar development kit (RDK) from SiversIMA (RK1001K/00) was 

mounted on the front bumper in a horizontal position. The unit itself is shown in 

Fig. 4.12.  The working frequency of the unit is 24.5 𝐺𝐻𝑧  with a maximum 

frequency span of 1.5 𝐺𝐻𝑧 , a maximum update rate of 10 𝐻𝑧 , a maximum 

detectable speed of 215 𝑘𝑚/ℎ𝑟, and a 3𝑑𝐵-beamwidth angle of 8.5 degrees. 

4.8 Results and Discussion 

A real road trajectory was conducted in the downtown area of the city of Kingston, 

ON, Canada to verify the validity of the proposed navigation system. 

The trajectory setup was intended to go through the crowded roads during rush hour. 

The idea was to keep having a car in front of the test van and also, having a real driving 

scenario. The utilized systems and units had some settings and constraints which are 

described next. 

4.8.1 Trajectory Settings  

There are several adjusting parameters for the utilized systems and sensors in addition 

to the ground truth solution. 
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4.8.1.1 Trajectory Reference/Ground Truth   

The reference or the ground truth for this trajectory was obtained from the 

integration between the Novatel SPAN-OEM4 GPS receiver and the Novatel IMU-CPT 

unit. The integration between the two systems is an ultra-tight and accomplished through 

the manufacturer software.  

4.8.1.1.1 GNSS Receiver Lever-Arm 

The SPAN-OEM4 antenna was installed on the roof of the van away from the 

interior testbed. Therefore, a lever-arm correction was needed to compensate for the GPS 

measurements. The antenna lever-arm measurements were entered to the Novatel logging 

software manually before conducting the trajectory.  

The SPAN-OEM4 receiver antenna offset was measured using a laser measuring 

tool with a 2 𝑚𝑚 precession accuracy. The measured offset in the three directions were 

[∆𝑥 = 0.2𝑚, ∆𝑦 = 0.2𝑚, 𝑎𝑛𝑑 ∆𝑧 = 0.86𝑚]. 

4.8.1.2 FMCW-Radar System Installation Settings 

  The FMCW radar unit was installed on the front side of the van bumper some 

distance away from the central IMU unit.  Therefore, a lever-arm correction was required. 

Since the radar unit only provides either distance or velocity, there were some settings to 

be done before the trajectory. 

4.8.1.2.1 The FMCW Radar Unit Offset Measuring 

The radar offset was measured using a laser meter tool with a precision of 2 mm. 

The measured separations in the three directions were [∆𝑥 = 0.005𝑚, ∆𝑦 = 1.82 𝑚,

𝑎𝑛𝑑 ∆𝑧 = 0.01𝑚]. The lever-arm was compensated in post-processing using the criteria in 

Eq. (4.23).  
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4.8.1.2.2 The FMCW Radar Settings  

The FMCW radar unit has been set to measure the distance between the van and 

the in front vehicle. Thus, some other settings were adjusted too. 

o The operating frequency (starting frequency) 𝑓0 = 24.75 𝐺𝐻𝑧. 

o The chirp frequency spans adjusted to be 0.125 𝐺𝐻𝑧. 

o The maximum coverage range 𝑅Eb) = 30 𝑚. 

o The minimum coverage range 𝑅ESU = 0.5 𝑚.  

o The target detected threshold 𝑃G)
dℎG/HℎT-p  = 60 𝑑𝐵. 

4.8.2 Trajectory Evaluation  

The trajectory conducted is shown in Fig. 4.13. The trajectory is projected on a google 

map showing the route of the vehicle. The reference is plotted in red and the black arrows 

mark the direction of motion. 

 

Fig. 4.13 Trajectory Ground Truth with Map Projection 
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As previously explained in sections 4.4 to 4.6 and also as shown in Fig. 4.5 and 4.6 

the radar data require an extra stage of preprocessing. The raw radar measurements are 

RSS with its corresponding distances plus the time. The collected data has several kinds 

of clutters and outliers. Therefore, the valid radar data has to be picked and processed 

from that data before using it in the navigation algorithm. 

The radar detected raw data with no processing is shown in Fig. 4.14. The figure 

is a transformation of the raw data into a radar image. The RSS color bar is on the right 

side, and the range increment index is the y-axis, and the x-axis is the number of samples. 

 

Fig. 4.14 Raw Radar Data in Image Format 

The bottom of the image which appears laterally in orange color is the ground effect that 

covers most of the features or targets in the close ranges. It is clear from the graph that 

dealing with the raw radar data is impossible without the pre-processing steps. 
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The extracted ranges after applying the ground reflection removal algorithm are shown in 

the upper part of Fig. 4.15 in blue color. Also, the final extracted ranges after de-noising 

and outlier removal are shown in the lower part of Fig. 4.15 in red color.  

 

Fig. 4.15 Ranges Extracted from the Raw Radar Measurements 

After applying the pre-processing stage for the radar data, the extracted ranges are ready 

to be utilized in the navigation algorithm. 

The radar positioning algorithm is applied to the ranges in addition to the azimuth from 

the heading gyro.  

4.8.2.1 Standalone Radar-Based Positioning 

The radar position algorithm is applied to assist the RISS system during GPS 

outages. Before that, it was a must to check the effectiveness of the radar position 
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information and compare it with the reference. The radar standalone navigation 

performance is shown in Fig.4.16. 

 

Fig. 4.16 The ACC-Radar Based Positioning 

The trajectory is showing the radar 2D-position information in blue, and the reference is 

in red. The radar performance for this trajectory is shifted from the reference with large 

amount especially when making turns. This shift is a result of missing the front vehicle 

by the radar unit through turns, especially if the turns take some time because the drift 

increases over time.  

Despite the system’s performance tested with no additional perturbations, the 

radar system drifted from the reference. The 2D-Position root-mean-square-error (RMSE) 

of the radar for the whole trajectory reached 28.7 m.  
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4.8.2.2 Radar/RISS/GNSS System Performance 

The effect of the radar positioning updates to the RISS is to be tested in this section 

during GNSS outages. First, the system performance will be checked for short periods of 

outages. The outages’ periods will be varying from 40 seconds to 3 minutes. Afterward, 

the proposed system performance will be tested overextended outages duration. These 

outages will be 5 minutes, 7 minutes, and 10 minutes. 

The first part of evaluating the system performance is going to be through six 

simulated outages. The outages have been selected to contain several dynamics such as 

turns, consecutive turns, stopping, crossing intersections, and straight driving. 

Furthermore, the outages are occurring at different speed levels. The proposed system 

performance is measured in comparison with the traditional RISS/GNSS integrated 

navigation system. The comparison criteria are both 2D-position RMSE and the 

maximum error. 

The 2D-position RMSE is calculated by taking the square of the error between the 

proposed system solution and the reference solution at every time update and then taking 

the square root of the errors’ mean.  

𝑅𝑀𝑆𝐸 = √
1
𝑛 ∑(𝑃U,M/Ì − 𝑃U,LÍÎ )2

U
 (4.37) 

Where: 

o 𝑛 : The number of epochs 
o 𝑃U,M/Ì   : The reference position  
o 𝑃U,LÍÎ  : The RISS/GNSS or Rad/RISS/GNSS position  

The test utilizes two MEMS-based IMUs, the CROSSBOW, and the VTI units. Both 

units’ specifications are mentioned in Table 4.2. The proposed and the traditional systems 

are facing six simulated outages to measure their performances. The outages involved 
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several driving scenarios in a downtown area. Moreover, the introduced outages occurred 

with different driving speed and maneuvers.  

First, the CROSSBOW (XBOW) and the VTI units were utilized with the FMCW-

radar during the six simulated outages. The introduced outages locations over the 

reference trajectory are shown in Fig. 4.17.  For all cases, the color codes will be as follows: 

o The Reference (Novatel Integrated Solution): Dashed Red 

o The Outage Trajectory Parts: Straight Blue with circle Blue marker 

o The RISS/GNSS: Black 

o The Radar/RISS/GNSS: Blue 

 

Fig. 4.17 Outage Places for the Trajectory with XBOW, VTI, and Radar  

The outages center in Fig 4.17 might not appear in the outage center distance.  Since 

the center is based on the time elapsed, the shift to the outage’s end or beginning depends 
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on the vehicle’s speed.  In particular, if the outage center was shifted to the end, it means 

that the vehicle speed decreased in the second part than the first part and vice versa.  

The outages have been selected in several portions of the trajectory to involve 

various driving scenarios. The first outage consists of 3 turns and with an average speed 

of 21km/hr. The second outage was more prolonged than the first one by 30 seconds but 

does not contain as many maneuvers as the first outage. Furthermore, this outage only 

contained a slight bank to the right with the road direction. The average speed for that 

outage was 16.5 km/hr, because of more than 30 seconds stopping at the end of the outage. 

The third outage was directly after the second and is considered an extended outage. This 

outage lasted for 2 minutes and involved several turns beside straight driving. 

Furthermore, this outage contained 20 seconds of almost stopping time at its final turn. 

The fourth outage is similar to the third and lasted for 60 seconds and contained almost 

the same maneuvers but in the opposite direction. The average speed for this outage was 

28 km/hr which is considered high as compared to the other outages. The fifth outage 

consisted of only one transition in the main street in the city and at almost the same 

speed throughout the outage. This outage was the longest one; it lasted for 150 seconds 

with an average speed of 15km/hr and two road lights stopping of almost 30 seconds for 

the first one and 10 seconds for the last one. The vehicle speed during this outage is 

suitable for downtown and rush hour scenarios. The last outage lasted for 1 minute and 

contained a slow transition due to the traffic jam and stopping for 13 seconds for a road 

light at the turn.  

The suggested outages were selected carefully to fulfill as many driving maneuvers 

and circumstances. Also, the trajectory time was selected to be during a rush hour so that 

the proposed system could have a vehicle in front of it for almost throughout the 

trajectory.  
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4.8.2.2.1 Testing the System Performance with the XBOW unit 

A performance comparison of the 2D-position RMSE between the RISS/GNSS and 

the proposed Radar/RISS/GNSS integrated navigation systems is shown in Table 4.3 and 

Fig. 4.18. Moreover, a 2D-position Max-Error performance comparison is shown in Table 

4.4 and Fig.4. 19. 

TABLE 4.3 2D-POSITION RMS-ERROR FOR THE XBOW UNIT DURING OUTAGES  

 

 

 

Fig. 4.18  XBOW: 2D-Position RMSE Performance Comparison 
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OUTAGE NO. DURATION  RISS/GPS RADAR/RISS/GPS 

1 60 𝑠𝑒𝑐 14.1𝑚 5.88 𝑚 

2 90 𝑠𝑒𝑐 9.8 𝑚 4.88 𝑚 

3 120 𝑠𝑒𝑐 8.5 𝑚 5.04 𝑚 

4 60 𝑠𝑒𝑐 12.8 𝑚 7.66 𝑚 

5 150 𝑠𝑒𝑐 6.8 𝑚 4.1 𝑚 

6 60 𝑠𝑒𝑐 9.5 𝑚 4.25 𝑚 
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TABLE 4.4 2D-MAXIMUM-ERROR FOR THE XBOW UNIT DURING OUTAGES  

 

 

Fig. 4.19 XBOW: 2D-Position Max-Error Performance Comparison 

The results for the XBOW unit show significant improvement in the navigation 

system performance when using the proposed Radar/RISS/GNSS system instead of the 

RISS/GNSS. During all outages whose durations varied from 60 to 150 seconds, the 

proposed system shows superiority over the traditional system.  

The average 2D-Position RMSE has been decreased from 10.3 m to 5.3 m with 

improvement percentage of 48.5 %. Furthermore, the 2D-Position average Max-Error has 

been reduced from 17 m to 10.6 m with improvement percentage of 37.6 %.    
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OUTAGE NO. DURATION  RISS/GPS RADAR/RISS/GPS 

1 60 𝑠𝑒𝑐 21.2 𝑚 11.2 𝑚 

2 90 𝑠𝑒𝑐 16 𝑚 8.5 𝑚 

3 120 𝑠𝑒𝑐 14.9 𝑚 12.2 𝑚 

4 60 𝑠𝑒𝑐 23.2 𝑚 12.3 𝑚 

5 150 𝑠𝑒𝑐 11.7 𝑚 9.2 𝑚 

6 60 𝑠𝑒𝑐 14.8 𝑚 9.9 𝑚 
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Fig. 4.20 XBOW: Performance Comparison During the GNSS Outages 

Fig. 4.20 (a) shows the performance of the proposed system when compared to the 

traditional system. The max drift occurs during the first portion of the outage, and then 

the solution starts to converge.  

Several reasons justify such performance. First, the navigation filter did not trust 

the Radar/RISS solution and relied on its last integrated solution from the RISS/GPS. 

Notably, the system state error covariance matrix 𝑃  continues to reduce as the GNSS 

updates are available. This cause the Kalman gain 𝑘 to be reduced as well and may reach 

zero. On the other hand, the state covariance matrix of the radar is greater than the 

GNSS and 𝑘 ≅ 0. Therefore, the navigation filter ignores the radar updates and keep 
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trusting the last state. After a while, the state error covariance matrix starts to increase, 

and the radar matrix starts to decrease. Thus, the navigation filter trusts it and then the 

solution starts to converge. Secondly, the radar position information mainly depends on 

the change in the azimuth from the heading gyro and the azimuth from the filter. The 

first outage contains several changes in the driving direction and short distance of straight 

driving. This is what makes the solution drifts at the turns. Moreover, at the turns, the 

radar might lose the sight of the vehicle in front which causes false distance measuring. 

Fig. 4. 21 shows Azimuth comparison between the Rad/RISS/GNSS and the RISS/GNSS 

system during this outage.  

 

Fig. 4.21 Azimuth Comparison During the First Outage  

 At the beginning of the outage, both systems Azimuth angles start the same. 

Afterwards, both systems begin to diverge, but the radar system divergence is less than 
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even more. Finally, before the end of the outage, the Azimuth from the radar system was 

converging towards the reference.      

The Azimuth results shown in Fig. 4.21 verify that the Radar/RISS/GNSS system 

performance is closer to the reference. Moreover, it shows the critical effect of the azimuth 

angle on the performance of the system. Accordingly, these reasons justify the performance 

during outages with similar maneuvers.   Outages # 3 and 5 occurred while driving in 

almost a straight route with a slight change in the azimuth angles. Due to the driving 

nature, the drift rate in those outages is smaller when compared to the high dynamic 

outages even if they last longer.  

These results show that the Rad/RISS/GNSS integrated navigation system 

significantly improve the system performance during the short outages. To test the 

system’s performance over additionally difficult circumstances, extended outages were 

inserted in post-processing. In this way, two outages which reached out from 5, 7, to 10 

minutes were reenacted to test the performance of the system in two distinct areas on the 

trajectory.  

The XBOW unit extended outages performance comparison is shown in Table 4. 5 

and Fig. 4.22. The comparison criterium is the 2D-Position RMSE.  

TABLE 4.5 PROLONGED OUTAGES 2DPOSITION-RMSE PERFORMANCE COMPARISON  

OUTAGE NO. DURATION RISS/GPS RADAR/RISS/GPS 

1 

5 𝑚𝑖𝑛 110.4 𝑚 78.7 𝑚 

7 𝑚𝑖𝑛 185.8 𝑚 112.5 𝑚 

10 𝑚𝑖𝑛 312.2 𝑚 156.1 𝑚 

2 

5 𝑚𝑖𝑛 70.9 𝑚 35.2 𝑚 

7 𝑚𝑖𝑛 144.2 𝑚 53.6 𝑚 

10 𝑚𝑖𝑛 226.5 𝑚 71.7 𝑚 
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Fig. 4.22 XBOW: 2D-Position RMSE for Extended GNSS Outages 

The first outage started at epoch number 510 and extended until it reached 10 minutes. 

The results show that the proposed system Rad/RISS/GNSS have superiority over the 

RISS/GNSS. The first 5, 7, and 10 min outages performance is shown in Fig. 4.23. 
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Fig. 4.23 XBOW: First Extended Outage Performance Comparison 

The first outage extended from 5 to 7 and from 7 to 10 minutes as shown in Fig. 

4.23. The whole extended outage consisted of several maneuvers and variable speed limits. 

The proposed system drifted at a lower rate as compared to the traditional system. The 

reason for that is the navigation filter trust the radar position updates but not directly 

at the outage start time. Thus, both systems look close at the first part of the outage. 

However, after almost the first minute the filter trusts the radar updates because of the 

reduction in the 𝑃  matrix. Furthermore, the azimuth from the Radar/RISS/GNSS 

integration is better than the RISS/GNSS. An azimuth comparison between the two 

systems performances during the whole 10 minutes outage is shown in Fig. 4.24.  

The average 2D-Position RMSE has been reduced from 202.8 𝑚 to 115.8 𝑚 with 

improvement percentage of 42.9%. 
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Fig. 4.24 XBOW: Azimuth Comparison for the First Extended Long Outage (10 min) 

The second outage started at epoch number 1060 and extended to 10 minutes. This 

outage is mainly consisting of straight driving in the main street in the city of Kingston. 

Also, there is a smooth transition at the middle of the maximum outage period (10min), 

a turn left at road light intersection, and a turn right after road light stop at the end of 

the 10 min outage. The results of this extended outage prove the superiority of the 

proposed system over the traditional one. A comparison of both systems performance 

through this outage is shown in Fig. 4.25 a, b, and c respectively. The performance 

comparison of these figures show the systems solution versus the reference. In addition, 

the amount of drift for each system is shown too.   
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Fig. 4.25 XBOW: Second Extended Outage Performance Comparison 
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The drift rate in this outage is less than the first one because of the long portion of 

straight driving where the azimuth does not change as opposed to when doing maneuvers. 

Due to that, the Radar/RISS/GNSS has privilege because it uses the azimuth change in 

the navigation algorithm. An azimuth performance comparison is shown in Fig. 4.26 to 

show the behavior of both integrated navigation systems through the second extended 

outage. 

The average 2D-Position RMSE has been reduced from 147.2 𝑚 to 53.5 𝑚 with 

improvement percentage of 63.7%. 

 

Fig. 4.26 XBOW: Azimuth Comparison for the Second Extended Long Outage (10 min) 
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gyroscope. Therefore, it was expected that the VTI provide better performance as 

compared to the XBOW.  Furthermore, as the proposed system Radar/RISS/GNSS is 

depending on the gyro measurement in its navigation algorithm, its performance is 

improved as well. A 2D-Position RMSE comparison is shown in Table 4.6 and Fig. 4.27, 

as well as a 2D-Position Maximum error comparison shown in Table. 4.7 and Fig. 4.28.  

TABLE 4.6 2D-POSITION RMS-ERROR FOR THE VTI UNIT DURING OUTAGES  

 

 

  

Fig. 4.27  VTI: 2D-Position RMSE Performance Comparison 
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OUTAGE NO. DURATION  RISS/GPS RADAR/RISS/GPS 

1 60 𝑠𝑒𝑐 2.7 𝑚 1.5 𝑚 

2 90 𝑠𝑒𝑐 5.2 𝑚 0.8 𝑚 

3 120 𝑠𝑒𝑐 12.7 𝑚 1.5 𝑚 

4 60 𝑠𝑒𝑐 2.6 𝑚 1.4 𝑚 

5 150 𝑠𝑒𝑐 6.9 𝑚 0.8 𝑚 

6 60 𝑠𝑒𝑐 5.4 𝑚 1.4 𝑚 
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TABLE 4.7 2D-MAXIMUM-ERROR FOR THE VTI UNIT DURING OUTAGES  

 

Fig. 4.28 VTI: 2D-Position Max-Error Performance Comparison 

The results show that the solution drift is less when using the VTI unit as compared 

to the system when using the XBOW unit. Furthermore, the robustness of the VTI gyro 

is directly impacting the radar position calculation. Thus, the system performance when 

engaging the Rad/RISS/GNSS during these short-term outages is remarkably improved.  
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OUTAGE NO. DURATION  RISS/GPS RADAR/RISS/GPS 

1 60 𝑠𝑒𝑐 6.9 𝑚 3.7 𝑚 

2 90 𝑠𝑒𝑐 8.3 𝑚 3.9 𝑚 

3 120 𝑠𝑒𝑐 25.9 𝑚 5.4 𝑚 

4 60 𝑠𝑒𝑐 5.8 𝑚 3.3 𝑚 

5 150 𝑠𝑒𝑐 14.9 𝑚 2.7 𝑚 

6 60 𝑠𝑒𝑐 12.5 𝑚 3.5 𝑚 
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Fig. 4.29 VTI: System Performance During Outages 2 and 3 

The outages # 2 and 3 are very close. Furthermore, they were selected to be separated 

by 30 seconds and two consecutive turns during this period to test the filter convergence 

and the effect of the gyro readings with the dynamics. The proposed system performance 

and the standard RISS/GPS performance during those two outages are shown in Fig. 

4.29.  

The results show that the traditional system navigation filter could not provide fast 

convergence after outage 2 and engaged in outage 3 which is 30 seconds longer. In addition, 

the nature of the vehicle dynamics between the two outages (i.e., the consecutive turns) 

made it difficult for the traditional system to converge. Thus, the filter RISS/GNSS 

system navigation filter diverged. On the other hand, the proposed Rad/RISS/GNSS 

system compensates that remarkably. The reason for that is the system behavior during 

outage 2 and the small gap between the two outages. Therefore, the proposed system 𝑃  

matrix becomes smaller and gives smaller 𝐾 compared with the one provided by the 

GNSS before outage 3 which diverges because of the dynamics. Therefore, the navigation 
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filter during outage 3 trusted the proposed system on contrary to the traditional system 

which suffers from divergence due to the dynamics before outage 3.  The azimuth 

performance of the Rad/RISS/GNSS and the RISS/GNSS during outage 3 is shown in 

Fig. 4.30. The traditional RISS/GNS system failed in providing a robust estimation for 

the azimuth during the first half of the outage while the proposed system succeeded. In 

addition, during the final part of the outage, the RISS/GNSS starts to diverge again when 

the vehicle made a left turn. In contrary, the Rad/RISS/GPS compensated the drift due 

to the dynamics.  

 

Fig. 4.30 Azimuth Performance During Outage 3 
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Furthermore, the 2D-Position average Max-Error has been reduced from 12.4 𝑚 to 3.8 𝑚 

with improvement percentage of 69.7 %.  

The proposed system performance was tested over two prolonged outages utilizing the 

XBOW unit. Both outages are extended from 5 min to 7 min and then to 10 min. Table 

4.8 and Fig. 4.31 are showing the performance comparison between the Rad/RISS/GNSS 

and the traditional RISS/GNSS during the two outages. 

TABLE 4.8 EXTENDED OUTAGES 2D-POSITION RMSE PERFORMANCE COMPARISON 

OUTAGE NO.  DURATION  RISS/GPS RADAR/RISS/GPS 

1 

5 𝑚𝑖𝑛 27.3 𝑚 6.9 𝑚 

7 𝑚𝑖𝑛 50.1 𝑚 13.9 𝑚 

10 𝑚𝑖𝑛 78.7 𝑚 21.4 𝑚 

2 

5 𝑚𝑖𝑛 28.6 𝑚 22.5 𝑚 

7 𝑚𝑖𝑛 57.9 𝑚 36.2 𝑚 

10 𝑚𝑖𝑛 94.2 𝑚 44.1 𝑚 

 

 
Fig. 4.31 XBOW: 2D-Position RMSE for Extended GNSS Outages 
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The first outage started at epoch number 510 and extended until it reached 10 minutes.  

The results show that the proposed system Rad/RISS/GNSS have superiority over the 

RISS/GNSS. The first 5 to 10 min outages performance is shown in Fig. 4. 32.  

The results show that the proposed system Rad/RISS/GNSS have superiority over the 

RISS/GNSS. 

 

 

Fig. 4.32 VTI: First Extended Outage Performance Comparison 
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The average 2D-Position RMSE has been reduced from 52 𝑚  to 14.1 𝑚  with 

improvement percentage of 72.9%. The azimuth performance for the 10 minutes outage 

is shown in Fig. 4.33. As depicted in the figure, the result shows the effect of using a 

better gyro with the radar. 

 

Fig. 4.33 VTI: Azimuth Comparison for the First Extended Long Outage (10 min) 

From the results shown in Fig. 4.33 it is clear that the azimuth output from the 

Rad/RISS/GPS system is following the reference. Therefore, the position information 

from the system is more accurate than the RISS/GPS system. Also, this means that the 

navigation filter converges for the Rad/RISS/GPSD system and diverge with the 

RISS/GPS.   

The second outage started at epoch number 1060 and extended two times from 5 

to 10 minutes. The results of this outage and the azimuth performance are shown in Fig. 

4.34 and 4.35 respectively.  
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Fig. 4.34 VTI: Second Extended Outage Performance Comparison 
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Fig. 4.35 VTI: Azimuth Comparison for the Second Extended Long Outage (10 min) 

 The results demonstrate the proposed multi-sensor navigation system superiority. 

The 2D-Position average RMSE for this extended outage has been reduced from 60.2 𝑚 

to 34.3 𝑚 with an improvement percentage of 43%.  

The previous results and analysis for both utilized units in the proposed 

Rad/RISS/GNSS integrated navigation system show the ability of the system in 

mitigating the solution drift during the GNSS outage periods. Moreover, the results show 

the importance of the azimuth angle for the proposed system accuracy. Furthermore, 

during the prolonged outages, the proposed system solution drifts at a lower rate than 

the traditional RISS/GNSS system. In order to keep the system solution drift to be as 

minimum as possible, there is a need to have precise heading information and/or a 

nonlinear error modeling for the system position information.  
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4.9 Summary 

This chapter had many contributions. A new method to estimate the position 

information from an ACC-FMCW radar is presented to establish a self-contained 

navigation system. The measurements of the ACC-FMCW radar had to be pre-processed 

to extract the useful radar data. A target detector and isolator technique is introduced 

to detect and remove the ground reflection. A radar offset canceller is presented to remove 

the lever-arm between the radar and the central IMU.  

This ACC-radar navigation system is used later in the chapter in a new multi-sensor 

integrated navigation system as an update source. The ACC-radar position information 

corrects the inertial system only during the GNSS signals outage periods. The proposed 

system performance was tested on areal road trajectory utilizing two different MEMS-

based IMUs. The results show the superiority of the system as compared to the traditional 

one during several outage periods including several driving scenarios. Moreover, the 

system was tested on extended outages that reached 10 minutes, and it provided a more 

robust solution as compared to the ordinary system.  

 

 



  

  

 

Chapter 5 

Assisting the Rad/RISS/GNSS Using Magnetic- 
Azimuth Updates and Fast Orthogonal Search  

5.1 Introduction 

The Rad/RISS/GNSS integrated navigation system behavior is better than the 

traditional RISS/GNSS as it limits the solution drift over time. During short GPS outage 

periods (less than 3 minutes), the proposed system shows superior performance. However, 

during extended outage periods, the drift still increases, especially when utilizing low-cost 

IMUs. The main problem of the Rad/RISS/GNSS system is its dependence on the 

azimuth computed from the mechanization. This azimuth is drift is mainly due to the 

low-cost gyro in the IMU. Therefore, two methods are presented in this chapter to 

improve the navigation solution from the Rad/RISS/GNSS during the GNSS signal 

extended outages. The first solution is to utilize a better azimuth as an update to the 

system. In chapter 3 a magnetic-azimuth update was introduced to assist the RISS/GNSS 

system, and the results showed significant performance improvement. The integrated 

solution improved according to the robustness of the azimuth angle. The other approach 

is to utilize a system identification technique to generate a nonlinear model for the 

Rad/RISS solution. Accordingly, the produced model is applied to the solution during 

the GNSS extended outages. The nonlinear error modeling can provide a better solution 

and limit the drift to a minimum until the outage ends. The primary purpose is to 

generate a 𝑃 − 𝛿𝑃  architecture between the RISS/GNSS solution and the 

Rad/RISS/GNSS solution. This architecture is based on utilizing the fast-orthogonal-

search (FOS) nonlinear system identification technique [8]. The azimuth assisted 

Rad/RISS system is presented in the following section. Subsequently, the system 
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identification technique is introduced in section 5.3 to generate a model to be used in the 

extended outages situations. Finally, both solutions are applied to real road trajectories 

to test the performance enhancement. 

5.2 Mag/Rad/RISS/GNSS Integrated Navigation System 

The process of obtaining the magnetic azimuth was detailed previously in chapter 3. 

The same process is accomplished with the Rad/RISS system. The final system takes the 

acronym Mag/Rad/RISS/GNSS. As discussed before in chapter 2, the azimuth angle is 

critical in the RISS system [62], [103]. Therefore, having a better azimuth improves the 

overall solution and reduces the error drift. The process is accomplished by assisting the 

Rad/RISS with a more robust azimuth from calibrated magnetometers. The block 

diagram in Fig. 5.1 is a representation of the proposed Mag/Rad/RISS system. 

 

Fig. 5.1 Mag/Rad/RISS Integrated Navigation System Block Diagram 
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The Mag/Rad/RISS system utilizes an EKF to estimate the corrections for updating the 

RISS system. The dynamic system model is the same as stated in chapter 2. The system 

model contains 9 states (3D-position, 3D-velocity, azimuth, acceleration bias drift, and 

gyro bias drift).  However, a new measurement model is created to accommodate the 

update sources (i.e., the Radar and the Magnetometers).  

5.2.1 Mag/Rad/RISS Measurement Model 

The measurement model which represents the update sources for the RISS 

mechanization is represented in Eq. (5.1). 

𝛿𝑧R,¦b^/Mbp/M��� = 𝐻R,¦b^/Mbp/M��� 𝛿𝑥R,M��� + 𝜀 (5.1) 

Where: 

o 𝛿𝑧R,¦b^/Mbp/M��� : The measurements vector 4 × 1 
o 𝐻R,¦b^/Mbp/M��� : The measurements model design matrix 4 × 9 
o 𝜀 : The noise corresponding to the Rad and Mag measurements 

However, this noise is considered as white Gaussian with zero mean, and its covariance 

is represented by the 𝑅R,¦b^/Mbp matrix as in Eq. (5.2).  

𝑅R,¦b^/Mbp = 𝑑𝑖𝑎𝑔[𝜎�Å»Æ
2 , 𝜎¡Å»Æ

2 ,𝜎ℎÅ»Æ
2 ,𝜎¹º»¼

2 ] (5.2) 

The stochastic errors associated with the magnetometer-derived azimuth is modeled 

by a 1st order GM model as in Eq. (5.3) through (5.6). The calculations of the GM model 

parameters are done using the stationary part of the data collected and according to [12], 

[15], [23], [63], [65].    

𝛿�̇�Mbp = −𝛽�Å»Æ
𝛿𝜑Mbp + √2𝛽�Å»Æ

𝜎�Å»Æ
2  𝑤(𝑡) (5.3) 

𝛿�̇�Mbp = −𝛽¡Å»Æ
𝛿𝜆bp + √2𝛽¡Å»Æ

𝜎¡Å»Æ
2  𝑤(𝑡) (5.4) 
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Where: 

o 𝛽�Å»Æ
  : The reciprocal of radar latitude error correlation time 

o 𝛽¡Å»Æ
  : The reciprocal of radar longitude error correlation time 

o 𝛽ℎÅ»Æ
 : The reciprocal of radar altitude error correlation time 

o 𝛽¹º»¼
 : The reciprocal of the magnetic azimuth rate autocorrelation time  

o 𝜎�Å»Æ
 : The radar latitude error standard deviation 

o 𝜎¡Å»Æ
 : The radar longitude error standard deviation 

o 𝜎ℎÅ»Æ
 : The radar altitude error standard deviation 

o 𝜎¹º»¼
2  : The variance of the magnetometer associated noise  

o 𝑤 : Zero mean, unit variance, white Gaussian noise 

The measurement vector and its design matrix are shown in Eq. (5.7), and (5.8). 

The correct azimuth angle is crucial for improved 3D-RISS navigation solution. This 

approach assists the existing position solution from the radar by better azimuth 

information than the MEMS-IMU gyro. Accordingly, the system performance is supposed 

to have some improvement, especially during extended outages. Therefore, this approach 

is applied to a real road trajectory that was tested in chapter 4 and for the same extended 

outages. The test utilizes two MEMS-Based IMUs; the XBOW and the VTI units. Both 

𝛿ℎ̇Mbp = −𝛽ℎÅ»Æ
𝛿ℎMbp + √2𝛽ℎÅ»Æ

𝜎ℎÅ»Æ
2  𝑤(𝑡) (5.5) 

𝛿𝐴¦̇b^ = −𝛽¹º»¼
𝛿𝐴¦b^ + √2 𝛽¹º»¼

𝜎¹º»¼
2  𝑤(𝑡) (5.6) 

𝛿𝑧R,¦b^/Mbp/M��� =

⎣
⎢⎢
⎡

𝜑M��� − 𝜑Mbp
𝜆M��� − 𝜆Mbp
ℎM��� − ℎMbp
𝐴M��� − 𝐴¦b^⎦

⎥⎥
⎤
 (5.7) 

𝐻R,¦b^/Mbp/M��� =
⎣
⎢
⎡
1
0
0
0
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 0
 0
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 0
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0
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0
0
0
0

   

0
0
0
0⎦
⎥
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IMUs specifications are illustrated in Table 4.2. Moreover, the 3D-magnetometer 

specifications are stated in section 3.4.  

As the Mag/Rad/RISS integrated navigation system is not as accurate as the 

Mag/RISS/GNSS system, there is a need to have a new method to mitigate that, 

especially during the GNSS extended outages. This is critical when navigating through 

environments where the magnetometers calibration cannot provide a proper azimuth such 

as through tunnels.  

 Another approach based on the Fast-Orthogonal-Search (FOS) nonlinear system 

identification is presented. The purpose FOS is to generate a nonlinear error model for 

the Rad/RISS or the Mag/Rad/RISS while the Mag/RISS/GNSS solution is available 

(i.e., GNSS signals are available). Afterwards, the generated model is fed to the Low 

accuracy system during the GNSS outages (i.e., Extended Outages) for performance 

improvement.  

The proposed system is explained in the following two sections. 

5.3 Fast-Orthogonal-Search (FOS) 

The FOS is considered a general-purpose modeling technique. The FOS can be 

applied to both spectral estimation and time-frequency analysis.  The algorithm uses an 

arbitrary set of non-orthogonal candidate functions 𝑃E(𝑛)  and finds a functional 

expansion of an input 𝑦(𝑛)  in order to minimize the mean-square-error (𝑀𝑆𝐸) between 

the input and the functional expansion. The functional expansion of the input 𝑦(𝑛)  in 

terms of the arbitrary candidate functions 𝑃E(𝑛) is given by Eq. (5.1) [104]: 

𝑦(𝑛) = ∑ 𝑎E𝑃E(𝑛) +
¦

E=0
𝜀(𝑛) (5.9) 

Where: 
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o 𝑎E : The weights of the functional expansion 
o 𝜀(𝑛) : The modeling error 

By choosing non-orthogonal candidate functions, there is no unique solution for Eq. 

(5.1). However, FOS may model the input with fewer model terms than an orthogonal 

functional expansion [105]. For example, Fast Fourier Transform (FFT) uses a basis set 

of complex sinusoidal functions that have an integral number of periods in the record 

length [106]. For the FFT to model a frequency that does not have an integral number of 

periods in the record length, energy is spread into all the other frequencies, which is a 

phenomenon known as spectral leakage [107].  By using candidate functions that are non-

orthogonal, FOS may be able to model this frequency between two FFT bins with a single 

term resulting in many fewer weighting terms in the model [108]. FOS begins by creating 

a functional expansion using orthogonal basis functions as in Eq. (5.7). 

𝑦(𝑛) = ∑ 𝑔E𝑤E(𝑛) +
¦

E=0
𝑒(𝑛) (5.10) 

Where: 

o 𝑤E(𝑛) : The weights of the functional expansion 
o 𝜀(𝑛) : The modeling error 

The orthogonal functions 𝑤E(𝑛) are derived from the candidate functions 𝑃E(𝑛) using 

the Gram-Schmidt (GS) orthogonalization algorithm.  The orthogonal functions 𝑤E(𝑛) 

are implicitly defined by the GS coefficients 𝛼EG and do not need to be computed point-

by-point. 

The GS coefficients 𝛼EG  and the orthogonal weights 𝑔E can be found recursively using 

the Eq.(5.3) through (5.9) [105], [106]. 

𝑤0(𝑛) = 𝑃E(𝑛) (5.11) 

𝐷(𝑚, 0) = 𝑃E(𝑛)𝑃0(𝑛)̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅ (5.12) 
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In the last stage, FOS calculates the weights of the original functional expansion 𝑎E 

(Eq. 5.1), from the weights of the orthogonal series expansion,  𝑔E and the weights.  The 

value of  𝑎E can be found recursively using Eq. (5.10). 

𝑎E = ∑ 𝑔S𝑣S

¦

S=E
,         𝑣E = 1 (5.18) 

Where, 

𝑣S = − ∑ 𝛼GS𝑣G

S−1

G=E
,           𝑖 = 𝑚 + 1, 𝑚 + 2,…… . , 𝑀 . (5.19) 

The MSE of the orthogonal function expansion has been shown to be as in Eq.(5.12) 

[108], [109]. 

𝜀2(𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑦2(𝑛)̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅̅ − ∑ 𝑔E
2  𝑤E

2 (𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅
¦

E=0
 (5.20) 

It then follows that the 𝑀𝑆𝐸 reduction given by the 𝑚Vℎ candidate function is given 

by [104]: 

𝑄E = 𝑔E
2  𝑤E

2 (𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅ = 𝑔E
2 𝐷(𝑚, 𝑚) (5.21) 

FOS can fit a model with a small number of model terms by fitting terms which reduce 

the mean squared error (𝑀𝑆𝐸) in order of their significance.  The FOS search algorithm 

𝐷(𝑚, 𝑟) = 𝑃E(𝑛)𝑃G(𝑛)̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅ − ∑ 𝛼GS𝐷(𝑚, 𝑖)
G−1

S=0
 (5.13) 

𝛼EG = 𝑃E(𝑛)𝑤G(𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ ̅

𝑤G
2(𝑛)̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ = 𝐷(𝑚, 𝑟)

𝐷(𝑟, 𝑟)  (5.14) 

𝐶(0) = 𝑦(𝑛)𝑃0(𝑛)̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅̅  (5.15) 

𝐶(𝑚) = 𝑦(𝑛)𝑃E(𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅ − ∑ 𝛼EG𝐶(𝑟)
E−1

G=0
 (5.16) 

𝑎𝑛𝑑, 𝑔E = 𝐶(𝑚)
𝐷(𝑚, 𝑚) 

(5.17) 
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is stopped in one of the following three cases. The first is when a certain maximum 

number of terms is fitted. The second case is when the ratio of 𝑀𝑆𝐸 to the mean squared 

value of the input signal is below a pre-defined threshold given by Eq. (5.14) [104]:  

The third case is when adding another term to the model reduces the 𝑀𝑆𝐸 less than 

adding white Gaussian noise. 

5.3.1 FOS Algorithm Steps 

The FOS algorithm can be summarized in the following four points: 

1) The creation of the orthogonal functions (𝑤
𝑚
) from the non-orthogonal functions 

(𝑃𝑚(𝑛)). 

2) The calculation of the GS weights (𝛼EG), the orthogonal weights (𝑔E) and choosing 

the candidates that give us the minimum residual MSE or the candidate that does 

not exceed a specified threshold value. 

3) The repetition of the above two steps until reaching the stopping criteria which 

will be an acceptably small 𝑀𝑆𝐸, a certain number of terms are fitted and when 

remaining candidates failed to give a sufficient 𝑀𝑆𝐸 reduction value. 

4) The calculation of the coefficients (𝑎
𝑚
) from the orthogonal weights (𝑔

𝑚
) and the 

GS weights (𝛼EG). 

5.3.2 FOS Simulation 

The previous steps summarize the FOS algorithm.  A simulation of the FOS is 

developed in the time domain to show its capabilities in identifying nonlinear systems. 

The simulation uses a known nonlinear working system which represents the output 𝑦(𝑛). 

The input nonlinear system is randomly generated data with either zero or 100% gaussian 

𝑀𝑆𝐸VℎG/HℎT-p = 8
𝑁 𝑀𝑆𝐸G/pWQ/p (5.22) 
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noise contamination. FOS model selects from a given group of models to estimate the 

best candidates. In which, it represents the error model for the input system.  

The simulated model for this case is represented in Eq. (5.23): 

Where, the coefficients [ 𝑎0 = 0.5, 𝑎1 = 0.18, 𝑎2 = − 0.09, 𝑎3 =  0.023, 𝑎4 = 0.01,

𝑎5 = 0.015], and 𝑁 (𝑛) is the associated noise, which is assumed to be White Gaussian 

Noise (WGN).	

 Delay models (𝑙, 𝑘) given in the following table (and their 𝑀𝑆𝐸 to extract the best 

one) are used. Where, 𝑙 is the delay in the 𝑥 and 𝑘 is the delay in the 𝑦. Subsequently, 

the system is trained with part of the data to estimate the best model. The whole data 

length in this simulation is 3000 data points whereas only 1000 data points are used for 

training. The training part here means the part of the data that is utilized to generate 

the nonlinear model. 

a) Noise-Free Input Case 

This case represents ideal input data with zero noise effect. The first 1000 points of 

the input and the output are used to generate the best FOS model. Table 5.1 represents 

the MSE and MSE% of the participating models. These models are identified by the 

delays in both x and y.  

The best model from the seven models is model number 1 with delays (𝑙 = 3, 𝑘 = 4). Model 

No.1 produced the minimum MSE compared to the other models when applied on the 2nd 

1000 data points. Therefore, model number 1 is the selected model to be applied to the 

remaining 1000 data points. 

 

𝑦(𝑛) = 𝑎0 + 𝑎1 𝑥(𝑛 − 1) + 𝑎2 𝑦(𝑛 − 3) + 𝑎3 𝑥(𝑛 − 2) 𝑥(𝑛 − 1)
+ 𝑎4 𝑦(𝑛 − 1) 𝑦(𝑛 − 2) + 𝑎5 𝑥(𝑛 − 2) 𝑦(𝑛 − 1) + 𝑁 (𝑛) (5.23) 
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TABLE 5.1 FOS MODELS COMPARISON IN THE NOISE-FREE CASE 

The output model after applying it on the final data part 𝑀𝑆𝐸 compared to the reference 

is 1.255𝑒 − 07. Moreover, its 𝑀𝑆𝐸 % is 0.000382 %.  

This model is shown in Eq. (5.24). 

A comparison between the MSE of the models is shown in Fig. 5.2. 

 

Fig. 5.2 FOS Generated Models MSE Comparison for Noise-Free Case 
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4 (5,6) 5.3542 × 10−4  1.6366 

5 (6,7) 5.1721 × 10−4 0.0898 

6 (7,9) 2.9442 × 10−5 0.0898 

7 (8,10) 2.6936 × 10−5   0.0822 

𝑦(̂𝑛) = 0.49026 + 0.18𝑥(𝑛 − 1) + 0.023005 𝑥(𝑛 − 1) 𝑥(𝑛 − 2)
+ 0.015521 𝑥(𝑛 − 4) 𝑦(𝑛 − 1) − 0.089953 𝑦(𝑛 − 3)
+ 0.0099463𝑦(𝑛 − 1) 𝑦(𝑛 − 2) 

(5.24) 
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The associated noise and its corresponding histograms are shown in Fig.5.3. A sample of 

the output after applying the selected FOS model to the remaining data compared with 

the reference is shown in Fig 5.4.   

 

Fig. 5.3 Additive WGN and Its Corresponding Histogram 

 

Fig. 5.4 FOS-based Output Compared to the Reference in a Noise-Free Case 
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b) Noisy Input Case 

In this part of the simulation, noise is added to the input. The additional input noise is 

considered Gaussian with zero mean and variance calculated as in Eq. (5.25)  

Where: 

o 𝑃𝑃  : The percentage of noise contamination 
o 𝑌M/Ì  : The reference Output 

In this case 𝑃𝑃 = 100, which means a full noise contamination. The ideal MSE% 

in this case is 50% because the noise and the output variances are the same. The additive 

noise and its corresponding histogram are shown in Fig. 5.5. 

 

Fig. 5.5 Additive WGN and Its Corresponding Histogram 
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The MSE and MSE% comparison between the participating models are presented in Table 

5.2. Also, a comparison between the MSE of the models is shown in Fig. 5.6. 

TABLE 5.2 FULL NOISE CONTAMINATED CASE 𝑃𝑃 = 100 

 

Fig. 5.6 FOS Models Comparison in Full Noise Contamination Case   

The stated results in Table 5.2 and Fig. 5.4 show that the best model to be applied to 

the remaining data points is the fifth model with delays (𝑙 = 6, 𝑘 = 7). This model has 

the lowest 𝑀𝑆𝐸 when compared to the other models when applied on the 2nd data part. 
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3 (4,5) 0.0366 52.3634 
4 (5,6) 0.0368 52.7218 
5 (6,7) 0.0364 52.0884 
6 (7,9) 0.0366 52.1939 
7 (8,10) 0.0386 54.9717 
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The fifth model 𝑀𝑆𝐸 is 0.0364 and the 𝑀𝑆𝐸%ETp/-1 =  52.0884%. This model is then 

selected to be applied on the remaining data points. Furthermore, the output model is 

shown in Eq. (5.26).  

A sample of the output after applying the FOS model to the remaining input data 

points is shown in Fig. 5.7. The output MSE compared to the reference is 0.034213 with 

𝑀𝑆𝐸 % of 50.498 %. 

 

Fig. 5.7 FOS-based Output Compared to the Reference in Full Noise Case 

5.3.3 FOS Advantages 

One major advantage of FOS is its ability to choose both the candidate functions 

representing the system together with obtaining their coefficients, as opposed to some 

other methods that just obtain coefficients for known model structures. FOS is a 

remarkably efficient method of system identification that can find accurate models of 
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systems even from vast numbers of candidate basis functions. FOS can choose candidates 

from an over-complete set since it has the ability to choose the most significant 

candidates.  

 Identifying candidate functions and their corresponding coefficient is the main 

advantage of FOS which is an excellent motivation to use FOS in position error 

estimation.  

Finally, due to FOS’s low computation demand compared to the artificial neural 

network (ANN), and since ANN neither provide the only practical solution nor gives a 

more efficient and easy solution, FOS is preferred over ANN in this research.  

5.4 A New Multi-Sensor Integrated Navigation System  

The proposed system implements a decentralized integration approach by fusing the 

navigation solutions obtained from two integrated navigations systems as shown in 

Fig.5.6.  

 

Fig. 5.8 New Multi-Sensor Integrated Navigation System Block Diagram 
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The proposed system primary aim is to obtain a high accuracy navigation solution. 

The proposed navigation system sensors package include: 

1) GNSS receiver (i.e., GPS) 

2) 3D-RISS 

3) ACC-FMCW-Radar  

4) 3D-Magnetometer  

The navigation information obtained from these sensors is divided into two clusters 

of data. Each data cluster represents a navigation system. The decentralized processing 

is implemented by fusing the navigation solutions of the two navigation systems to 

generate the overall system navigation solution.  The first system is a magnetic-based 

RISS/GNSS integrated navigation system. In particular, it integrates the RISS, GPS, 

and 3D-magnetometer navigation information using EKF. This system uses GNSS 

navigation solution to update the RISS solution and uses the azimuth angle from a 

calibrated magnetometer to update the RISS measured azimuth.  The second system is 

a Mag/Rad/RISS integrated navigation system, which replaces the GPS navigation 

information with radar position information.  An EKF is utilized to generate the inertial 

system corrections.  The Mag/Rad/RISS system is initialized using information from the 

GNSS receiver and the 3D-magnetometer.  

The Mag/Rad/RISS system solution is not as accurate as the Mag/RISS/GNSS. 

Therefore, a nonlinear error modeling based on FOS is utilized to estimate the radar 

navigation solution error during the availability of the GNSS signals. This phase is 

considered a system training/update phase. During GNSS system outage, the 

Mag/Rad/RISS will act as an alternative navigation system providing the land vehicle 
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with the required navigation information. This information is corrected with the 

estimated corrections during the training phase. This phase is the prediction phase. 

The proposed approach can be categorized into two stages as follows: 

1) Update stage (Generating the proper model during GNSS availability) 

2) Prediction Stage (Applying the model to the Rad/RISS during the GNSS outages) 

The approach is a 𝑃 − 𝛿𝑃  scheme between a superior system (RISS/GNSS) and a lower 

accuracy system (Rad/RISS). The proposed system is detailed in the following 

subsections. A general block diagram for the nonlinear error modelling process is shown 

in Fig.5.9. 

 

Fig. 5.9 Decentralized-Cascaded EKF/FOS Block Diagram 

5.4.1 The 𝑷 − 𝜹𝑷  Integration Scheme  
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to bridge the GPS outage by training the INS system during the GPS available time and 

use the trained INS during the GPS outage. The secondary aim was to mitigate both 

linear and nonlinear INS error parts instead of only the linear parts using KF or EKF.  

The proposed approach in this research is based on augmenting EKF with FOS instead 

of NN. The FOS has various advantages over the NN. The primary advantage is the less 

complexity and the lower need for extensive data for training the lower performance 

system. Also, in this research, the lower accuracy system is not drifting as the standalone 

INS.  

The update stage of the proposed system is shown in Fig. 5.10.  

 

Fig. 5.10 The Update Stage of the EKF/FOS Error Modeling  

The errors used to train the FOS model is demonstrated in Eq. (5.27). 

∆𝑃 = 𝑃¦b^/Mbp/M��� − 𝑃¦b^/M���/���  −   𝛿𝑃2 (5.27) 

When GPS is available, the EKF2 in Fig. 5.9which represents the Mag/Rad/RISS 

navigation filter operates in a standard loosely coupled scheme to predict and compensate 
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for the linear Mag/Rad/RISS error parts. Simultaneously, EKF2 predicts the linear 

position errors (𝛿𝑃 ). These predicted errors are used together with Mag/Rad/RISS 

position solution and Mag/RISS/GPS aiding to compute the true nonlinear position 

errors. 𝛥𝑃  are applied as the desired model outputs to train the FOS modeling of higher 

order errors. The EKF2 predictions are used as inputs to FOS to build the possible 

candidate functions.  

The best model is the one that fulfills the cost function in Eq. (5.28). 

𝐹𝑂𝑆¦Tp/- = 𝑀𝑖𝑛(∆(𝛿𝑃2))2 (5.28) 

During GPS outages, the EKF2/FOS module works in the prediction mode as shown 

in Fig. 5.11.  

 

Fig. 5.11 Prediction Stage of the Proposed EKF/FOS Error Modeling 

The latest best pre-built FOS model outputs its estimation of nonlinear errors  𝛥𝑃 ∗ 

in terms of linear Mag/Rad/RISS error predictions that comes from the EKF2. The 

corrected 𝑃  can be obtained by Eq. (5.29). 

𝑃 = 𝑃MbpbG/¦b^/M���  −   𝛿𝑃2 −  𝛥𝑃 ∗ (5.29) 

These errors will be used to update the Radar/Mag/RISS during the GPS outage 

period to produce a more robust, accurate, and continuous navigation solution. When an 

outage occurs, the EKF2/FOS module works in the prediction mode. The latest pre-built 

FOS model for the nonlinear position  𝛥𝑃 ∗ and Mag/Radar/RISS error predictions from 
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𝐸𝐾𝐹2 will be used to correct the Mag/Radar/RISS system. The corrected position can 

be obtained by Eq. (5.29).  These errors will be used to update the Mag/Rad/RISS during 

the GPS outage period to produce a more robust navigation solution. 

5.5 Experimental Setup 

The first trajectory experimental setup is the same as in chapter 4. The setup for the 

second and third trajectories has been changed because of using a different vehicle. Also, 

the participating equipment set is the same. The specifications of the utilized IMUs are 

stated in Table 4.2.  

The second trajectory setup is shown in Fig. 5.12. 

 

Fig. 5.12 Setup for the Second Real Road Trajectory 

The difference between the two trajectories are as follows: 

1) Different vehicle. 

2) Different lever-arm for both the radar and the GPS. 

3) The interior set was installed and fixed in the van’s trunk.  



 

5.6 Results and discussion      

 137 

The trajectory was intentionally accomplished during rush hour to ensure the availability 

of a front vehicle.  

5.6 Results and discussion 

Two real road trajectories were conducted to test the proposed approach. The first 

trajectory is the same as in chapter 4. Both trajectories faced extreme outage situations 

in the downtown area of the city of Kingston, ON, Canada.  

The test is divided into two steps as follows: 

1) Test the effect of the calibrated azimuth from the 3D-Magnetometer assistance on 

the Rad/RISS system Performance. 

2) Test the performance improvement when applying the FOS nonlinear error model 

during the outages on the Mag/Rad/RISS. 

5.6.1 First Real Road Trajectory 

This trajectory is introduced in chapter 4. Moreover, two MEMS-based IMUs are 

utilized to test the Rad/RISS/GPS system during both short and extended GNSS 

outages. The units utilized in this evaluation are the XBOW and the VTI units. The 

trajectory is shown in Fig. 4.13. 

The results in chapter 4 show that the Rad/RISS/GPS system performance during 

the extended outage situations is drifting but at a lower rate than the RISS/GPS system. 

Therefore, compensation for this drift is needed to have a more accurate solution. In this 

work assisting the Rad/RISS with magnetic-based azimuth is tested on extended GNSS 

outages as a first step. Afterwards, a nonlinear error modeling for the Rad/RISS is 

introduced using FOS.  

In the following subsections, the system performance using these solutions is presented 

and discussed. The performance metric is the 2D-position RMSE.  
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5.6.1.1 Azimuth Updates Testing Using XBOW Unit 

The magnetic-based azimuth that is utilized to assist the Rad/RISS system during the 

GNSS extended outages is obtained from a calibrated magnetometer. The calibration 

technique is discussed in chapter 3.  

The results of the system performance are presented in Table 5.3 and Fig. 5.13. The 

two extended outages start with 5𝑚𝑖𝑛 then extended to 7𝑚𝑖𝑛 and finally to 10𝑚𝑖𝑛. 

TABLE 5.3 XBOW: EXTENDED OUTAGES 2D-POSITION RMSE COMPARISON 

Outage No. Duration RISS/GPS Radar/RISS/GPS Mag/Rad/RISS/GPS 

1 
Outage1, 5 min 110.4 𝑚 78.7𝑚 8.7𝑚 

Outage1, 7 min 185.8 𝑚 112.5𝑚 15.2𝑚 
Outage1, 10 min 312.2 𝑚 156.1𝑚 26.8𝑚 

2 

Outage2, 5 min 70.9 𝑚 35.2𝑚 14.2𝑚 

Outage2, 7 min 144.2 𝑚 53.6𝑚 29𝑚 

Outage2, 10 min 226.5 𝑚 71.7𝑚 40.1𝑚 

 

Fig. 5.13 XBOW: 2D-Position RMSE for Extended GNSS Outages  
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enhancement of having a position updates from the ACC-radar system is not quite 

sufficient. Thus, the additive source of azimuth is added to introduce more accuracy to 

the solution.  

The performance of the three systems during the first extended outages is shown in 

Fig. 5.14. The Mag/Rad/RISS/GPS is in dashed green color. 

 

 

 Fig. 5.14 XBOW: Performance Comparison During the First Extended  
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The effect of the Mag/Rad/RISS/GPS system on the XBOW unit is significant 

compared to the other systems. the azimuth which is a critical parameter in both the 

RISS and the radar positioning information has been improved when robust azimuth 

updates were added to the algorithm. The drift rate has been reduced from an average 

2D-position RMSE of 202.8𝑚 when using the RISS/GPS to 115.7𝑚 when using the 

Rad/RISS/GPS to 16.9𝑚 when using the Mag/Rad/RISS/GPS system. The system’s 

performance has been improved by 91% when using the Mag/Rad/RISS/GPS while it 

improved by 43% when using the Rad/RISS/GPS system.  

The Azimuth comparison for the enormously extended outage (10 𝑚𝑖𝑛) is shown in 

Fig.5.15. 

 

Fig. 5.15 XBOW: First Extended Outage Azimuth Comparison (10 min) 
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azimuth is almost following the reference which means that the update source is also close 

to the reference.  

The second outage has the same situations as the first outage. It included GNSS outage 

period extended from 5𝑚𝑖𝑛 to 7 𝑚𝑖𝑛 and then to 10𝑚𝑖𝑛. The performance comparison 

of the three systems during this outage is shown in Fig. 5.16. 

 

Fig. 5.16 XBOW: Performance Comparison During the Second Extended Outage  
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The azimuth comparison over this extended outage is shown in Fig. 5.17. 

 

Fig. 5.17 XBOW: Second Extended Outage Azimuth Comparison (10 min) 

The results show a significant improvement when using azimuth updates during 

the extended outage to assist the ACC-FMCW radar positioning. The azimuth 

convergence can be noticed from the beginning of the outage as in Fig. 5.17. Moreover, 

The Mag/Rad/RISS output azimuth is closer to the reference as compared to the other 

systems during the whole outage. Therefore, more robust positioning information from 

the ACC-radar is achieved, and the drift rate has been reduced.  

Finally, the average 2D-position RMSE error has been decreased from 147𝑚 to 
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the ACC-FMCW radar position updates and the RMSE decreased to be 27.8𝑚 with 81% 

enhancement as compared to the traditional RISS/GPS system. 

The performance of the proposed system during the first outage is better than the 

second outage because of the nature of the trajectory’s surrounding environment. The 

second outage contained the most crowded road in the city of Kingston and had nearby 

steel buildings and cars on both sides. Therefore, the magnetic azimuth could not provide 

accurate measurements as the first outage. another approach based on FOS nonlinear 

system identification technique to aid the system in such conditions is presented in the 

following subsection. 

5.6.1.2 XBOW/ACC-Radar Position Improvement using FOS    

 The second approach utilizes the FOS nonlinear system identification technique to 

generate a model for the Mag/Rad/RISS system during the availability of the GNSS. 

Afterwards, this model is applied to the Mag/Rad/RISS during the extended. The 

positioning information is expected to be improved by minimizing the error occurring 

through the outage time extension. This is particularly so in the harsh magnetic field 

environments as the tunnels of steel buildings.  

The FOS technique uses a 1𝑚𝑖𝑛 search window to generate a robust model for the 

Mag/Rad/RISS system. As the GNSS signals are available, the FOS keeps generating 

robust models. Once the GNSS signals are blocked, the last nonlinear model is applied to 

the Rad/RISS system to improve the position information. A comparison of the 2D-

position components (Latitude and Longitude) is shown in Fig. 5.18. The Figure shows a 

zoomed in a portion of the first extended outage. The generated model applied to the 

Rad/RISS system produces a better position solution as compared to the original 

Rad/RISS position. The FOS-based radar position components are shown in dashed-
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dotted black line while the original Rad/RISS position components are shown in dashed 

blue. The reference is in dashed red.  

 

Fig. 5.18 FOS-Based Radar Position Components  

The proposed approach can take the place of the Mag/RISS/GPS when traveling 

through a harsh magnetic field environment. Furthermore, it can reinforce its 2D-position 

solution in other situations.  

The proposed method performance as compared to the other approaches is shown in 

Table 5.4 and Fig. 5.19. The results show the significant improvement of the system 

performance when using the proposed method.  In particular, the first outage occurred 
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extended outage (i.e., the 10𝑚𝑖𝑛 outage). This allows the FOS to produce a robust model 

that, when applied to the lower accuracy system (Mag/Rad/RISS), makes it produce a 

more accurate position solution during the GNSS outages.   

TABLE 5.4 XBOW: 2D-POSITION RMSE COMPARISON 

Outage No. Duration  RISS/GPS Radar/RISS/GPS Mag/Rad/RISS/GPS 
FOS-

Rad/RISS/GPS 

1 
Outage1, 5 min 110.4𝑚 78.7𝑚 8.7𝑚 4.4𝑚 
Outage1, 7 min 185.8𝑚 112.5𝑚 15.2𝑚 9.5𝑚 
Outage1, 10 min 312.2𝑚 156.1𝑚 26.8𝑚 20.1𝑚 

2 
Outage2, 5 min 70.9𝑚 35.2𝑚 14.2𝑚 13𝑚 
Outage2, 7 min 144.2𝑚 53.6𝑚 29𝑚 26.6𝑚 
Outage2, 10 min 226.5𝑚 71.7𝑚 40.1𝑚 36.4𝑚 

  

 

Fig. 5.19 XBOW: 2D-Position RMSE Comparison for Extended GNSS Outages  

A performance comparison is shown in Fig. 5.20 to illustrate the validity of applying 

the proposed technique over the extended outages. The figure shows the performance 

during the 5𝑚𝑖𝑛 outage in the Fig. 5.20 (a), the 7𝑚𝑖𝑛 outage in (b), and the 10𝑚𝑖𝑛 

outage in (c). 
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Fig. 5.20 XBOW: Performance Comparison During the First Extended Outage 



 

5.6 Results and discussion      

 147 

A zoomed in view for the performance of the FOS-based Rad/RISS and the 

Mag/Rad/RISS position solution as compared to the reference is shown in Fig. 5.21. The 

FOS-Based Rad/RISS solution is in violet color and the Mag/Rad/RISS is in dark green 

color. 

 

Fig. 5.21 A Zoomed in View for the Systems Performance  

The results show that utilizing the FOS technique in generating a nonlinear model 

for the Rad/RISS system position solution is capable of improving the solution during the 

GNSS extended outages. Thus, in harsh magnetic field environments, this approach can 

replace the Mag/Rad/RISS. Moreover, it can reinforce the Mag/Rad/RISS solution when 

modeling its position solution. The azimuth comparison during this outage is shown in 

Fig. 5.22. The FOS-based azimuth is almost equal to the one from the Mag/Rad/RISS.  

The improvement of the position solution is because of the improvement of the position 

solution from the Rad/RISS which have a high impact on the system output during the 

outage. Finally, the 2D-position average RMSE has been reduced to reach 11.3𝑚 using 

the FOS-based system with improvement percentage of  94.4%. This improvement is 

better than using the Mag/Rad/RISS which produced an average 2D-position RMSE of 

16.9𝑚 with improvement percentage of 91.7%.  
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Fig. 5.22 XBOW: Azimuth Comparison During the First Extended Outage 

During the second outage and using the FOS-based Rad/RISS the solution has 

been improved by 82.8% while when using the Mag/Rad/RISS the solution improved by 

81.1%. The improvement here is not as significant as the first outage because of the 

varying gyro bias drift at the beginning of the outage.   The gyro bias drift of this outage 

is shown in Fig. 5.23. 

 

Fig. 5.23 Gyro Bias Convergence at the Beginning of the Second Outage  
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The performance comparison during the second extended outage is shown in Fig. 

5.24. The results demonstrate the ability of the proposed method to produce a more robust 

position solution as compared to the other systems.  

 

Fig. 5.24 XBOW: Performance Comparison During the Second Extended Outage 
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5.6.1.3 Azimuth Updates Testing Using the VTI Unit 

The VTI is the other MEMS-based IMU which was utilized during this test. The 

specifications of the unit are mentioned in chapter 4 in Table 4.2. This unit’s gyro is 

slightly better than the XBOW unit. Therefore, the traditional RISS/GPS system results 

are better than the XBOW when using the same approach. The results for the same two 

extended outages are shown in Table 5.5 and Fig. 5.25.   

TABLE 5.5 VTI: EXTENDED OUTAGES 2D-POSITION RMSE COMPARISON 

Outage No.  Duration  RISS/GPS Radar/RISS/GPS Mag/Rad/RISS/GPS 

1 

Outage1, 5 min 27.3 𝑚 6.9 𝑚 6.7 𝑚 

Outage1, 7 min 50.1 𝑚 13.9 𝑚 13.6 𝑚 

Outage1, 10 min 78.7 𝑚 21.4 𝑚 21.1 𝑚 

2 

Outage2, 5 min 28.6 𝑚 22.5 𝑚 22.2 𝑚 

Outage2, 7 min 57.9 𝑚 36.2 𝑚 35.5 𝑚 

Outage2, 10 min 94.2 𝑚 44.1 𝑚 43 𝑚 

 

Fig. 5.25 VTI: 2D-Position RMSE Comparison Over Extended Outages 

The azimuth update in the case of the VTI unit does not have a significant impact as 
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particular, the VTI unit gyro is much better than the XBOW gyro. Thus, it produces a 

more robust azimuth measurement, and the compensated drift is minimal as compared 

to the XBOW. Accordingly, this justifies the small amount of improvement when using 

magnetic azimuth updates to assist the Rad/RISS system during the GNSS outages. Fig. 

5.26 shows the performance of the first extended outage. 

 

Fig. 5.26 VTI: Performance Comparison During the First Extended Outage 
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The Mag/Rad/RISS behavior is repeated in the second extended outage. Thus, the 

enhancement is only a few centimeters when using the Magnetic azimuth updates. 

Therefore, to achieve more significant improvement in the system position solution, 

either using a better azimuth source is essential or utilization of another technique. The 

azimuth behavior comparison during a portion of this outage is shown in Fig. 5.27.  

 

Fig. 5.27 VTI: Azimuth Performance Comparison During the First Extended Outage 

The azimuth comparison in Fig. 5.27 shows that both Rad/RISS and Mag/Rad/RISS 

have almost the same behavior. 
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During the second extended outage, the same behavior is repeated, and only a few 

centimeters of error reduction is achieved. Thus, the proposed solution using the Magnetic 

azimuth updates may not fit in this case (i.e., an IMU with a small gyro bias drift). The 

systems behavior comparison during this outage is shown in Fig. 5.28 (a), (b), and (c). 

 

Fig. 5.28 VTI: Performance Comparison During the Second Extended Outage 
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The system performance has been improved when using the Rad/RISS system by 43% 

and the average 2D-position RMSE reduced from 60.23𝑚 to 34.3𝑚. Moreover, more 

improvement was added to the performance when using the Mag/Rad/RISS which was  

44.3% and the average 2D-position RMSE decreased to reach 33.6𝑚. 

5.6.1.4 VTI/ACC-Radar Position Improvement using FOS  

The other solution tested over this outage is the FOS nonlinear system identification 

technique. As previously explained in this chapter the FOS is used to generate a nonlinear 

error model for the Rad/RISS system when the GNSS system is available. Afterwards, 

this model is applied to the Rad/RISS during the GNSS outages to compensate this 

system solution error. Table 5.6 and Fig. 5.29 show the performance comparison when 

using the FOS-based Rad/RISS system during the extended outages. According to the 

results, the FOS-based Rad/RISS/GPS solution has a significant advantage over the 

Mag/Rad/RISS/GPS. The improvement of the position components from the Rad/RISS 

system has leveraged the overall solution even with a unit like the VTI.  

The performance during the first outage has been improved significantly and the 

average 2D-position RMSE reduced from 14.1 𝑚  to be 10.8 𝑚  with improvement 

percentage of 79.2%  when using the FOS-based Rad/RISS/GPS system. The 

performance improved by 5.7% than the Mag/Rad/RISS. 

TABLE 5.6 VTI: 2D-POSITION RMSE COMPARISON 

Outage No. Duration  RISS/GPS Radar/RISS/GPS Mag/Rad/RISS/GPS 
FOS-

Rad/RISS/GPS 

  1 

Outage1, 5 min 27.3𝑚 6.9𝑚 6.7𝑚 5.01𝑚 

Outage1, 7 min 50.1𝑚 13.9𝑚 13.6𝑚 10.6𝑚 

Outage1, 10 min 78.7𝑚 21.4𝑚 21.1𝑚 16.9𝑚 

  2 

Outage2, 5 min 28.6𝑚 22.5𝑚 22.2𝑚 17.1𝑚 

Outage2, 7 min 57.9𝑚 36.2𝑚 35.5𝑚 28.3𝑚 

Outage2, 10 min 94.2𝑚 44.1𝑚 43𝑚 36.3𝑚 
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Fig. 5.29 VTI: 2D-Position RMSE Comparison for Extended GNSS Outages 

Such improvement occurred because of the better position components that have been 

estimated using the FOS model which has a direct impact on the gyro bias drift. Fig. 

5.30 shows the drift rate comparison. The FOS output demonstrates a better performance 

in the bias and the bias drift rate.  

 

Fig. 5.30 VTI: Gyro Bias Drift Convergence 
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The trajectory’s first extended outage performance is shown in Fig. 5.31 a, b, and c. 

 

Fig. 5.31 VTI: Performance Comparison During the First Extended Outage 

The second extended outage performance is shown in Fig. 5.32 a, b, and c. The 

average 2D-position RMSE during this outage has been reduced from 60.2𝑚 to 34.3𝑚 
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when using the Rad/RISS and to 33.6𝑚 when using Mag/Rad/RISS and when using the 

FOS-based Rad/RISS it has been reduced to 27.23𝑚 . The FOS has enhanced the 

performance of the navigation solution by 54.5% while the Mag/Rad/RISS only improved 

the solution by 44.3%. 

 

Fig. 5.32 VTI: Performance Comparison During the Second Outage 
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5.6.2 Second Real Road Trajectory 

The second trajectory and the outage locations are shown in Fig. 5.33. Three outages 

were simulated on this trajectory with a duration of  2, 5, and 10 𝑚𝑖𝑛 respectively. These 

outages contained several dynamics and various average speeds. The trajectory was 

conducted in the downtown area of the city of Kingston, August 2017. 

 

Fig. 5.33 Second Real Road Trajectory and the Outage Places 

Only the XBOW IMU unit is utilized with the radar and the magnetometer during 

these outages. A performance comparison is shown in Table 5.7.  
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1 Outage1, 2 min 44.9 16.6 10.3 11.1 
2 Outage2, 5 min 182.4 94.5 67 18.8 
3 Outage3, 10 min 209.2 163.6 174 20 
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The system's behavior during the introduced extended outages is shown in Fig. 5.34. 

 

Fig. 5.34 XBOW: Performance Comparison During Trajectory No.2 Extended Outages  
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The Mag/Rad/RISS, which is supposed to provide a robust magnetic azimuth to 

the Rad/RISS system, has a high 2D-position RMSE during the third extended outage. 

This performance is because of the nature of the surrounding environment and the small 

gap between this outage and the previous one. The third outage lasted for 10 𝑚𝑖𝑛 and 

contained the most severe magnetic disturbances (i.e., very large steel structures and 

crowded road). This outage represents a scenario where the magnetic azimuth is not a 

robust updating source even with calibration. Therefore, the FOS-based Rad/RISS system 

is providing a better performance through this outage. In addition, the second and third 

outages are subsequent and the time gap between them is very small and less than the 

FOS window to generate a new nonlinear model. Thus, the model that applied to the 

Rad/RISS system during those two outages is the same model.  

 It is apparent that the FOS-based Rad/RISS system can provide a better performance 

even in severe conditions. Moreover, because the outages occurred after almost half of 

the trajectory, a robust FOS model was provided and had a noticeable effect on the 

system performance.   

Finally, the average 2D-position RMSE has been improved by 37% when using the 

Rad/RISS and 42.4% when using the Mag/Rad/RISS and by 88% when using the FOS-

based Rad/RISS system. Accordingly, the decentralized and cascaded EKF/FOS 

proposed methodology is providing a better positioning solution than the other 

approaches. Moreover, it can be used in magnetometer’s harsh environments. The 

Rad/RISS system position components comparison with and without the FOS nonlinear 

identification model is shown in Fig. 5.35. 
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Fig. 5.35 Rad/RISS Position Components using FOS 

5.7 Summary 

Several approaches to enhance the navigation solution of the Rad/RISS system have 

been introduced.  

The first approach included a loosely coupled integrated navigation system utilizing 

the ACC-FMCW radar, 3D-Magnetometer, and the 3D-RISS system. The approach 

utilized the magnetometer to provide the system with azimuth angle during the GNSS 

outage periods. This approach demonstrated significant enhancement of the system 

behavior during the extended GNSS outage periods for the low-cost MEMS crossbow 

IMU. Moreover, it had a little effect on the VTI MEMS IMU because it has a more stable 
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The second approach, which is utilizing a decentralized EKF/FOS to build a 𝑃 − 𝛿𝑃  

Scheme, is introduced. This approach utilized the FOS as a nonlinear system 

identification technique to generate a robust model that minimizes the MSE between the 

Rad/RISS system and the RISS/GNSS system.   This model is fed to the Rad/RISS 

system during the GNSS outages to help in compensating this system error. This 

approach showed a significant improvement of the position solution during all the testing 

situations. The results have been improved with percentage ranged between 54% to 88%. 

Two real road trajectories were conducted to evaluate the performances of both 

approaches.  



  

  

 

Chapter 6 

Conclusions  
6.1 Summary 

This work gave a detailed discussion of current positioning and navigation systems 

that rely on INS/GPS integration. This included an overview of the GPS architecture, 

an exposition of inertial sensors and the 3D-RISS algorithm, and a presentation of the 

extended Kalman filter. A detailed algorithm of calibrating the magnetometer to produce 

a robust azimuth in presented. Then, a multi-sensor navigation system involving 

Mag/RISS/GPS is developed. The azimuth from a well-calibrated magnetometer is used 

in assisting the integration scheme. The effect of the Mag/RISS/GPS is then presented 

with experimental results showcasing its significant impact on a land vehicle driving 

through an urban area.  

Next, a novel algorithm for extracting the position information from the ACC-FMCW 

radar measurements is presented. Furthermore, a novel algorithm of using the radar-

based position information instead of the GPS updates during the GPS periods is 

developed and tested over real road trajectories. The new multi-sensor system involved 

the ACC-FMCW radar with 3D-RISS and the GPS in a loosely coupled scheme. The 

developed system is termed as Rad/RISS/GPS.  

Next, the radar-based position is assisted with azimuth from a calibrated 

magnetometer. The multi-sensor system involved 2D-magnetometer, radar, 3D-RISS, and 

GPS. The presented system worked as a modified version of the Rad/RISS/GPS and 

named Mag/Rad/RISS. For extended GPS outages, the radar system drifts but not as 

severely as the traditional RISS/GPS because it depends on the azimuth from the IMU 
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gyroscope in the position calculation. However, for extended and consecutive outages, the 

Mag/Rad/RISS drifts too. 

As a solution to this problem, a decentralized multi-sensor system was developed and 

realized using a cascaded EKF and FOS to model the linear and nonlinear errors 

associated the Rad/RISS and the Mag/Rad/RISS systems. Consequently, the FOS model 

is applied to the lower accuracy systems during the GPS outages. 

6.2 Thesis Conclusions 

The work done in this thesis has several contributions, but the primary one is utilizing 

the already installed systems/sensors to produce a more robust navigation solution for 

the land vehicles. The contributed units were the magnetometer and the ACC-FMCW 

radar. 

In chapter 3, a two stages magnetometer calibration process was introduced to 

produce a robust azimuth measurement. The calibration process involved the DCT-IDCT 

as prefiltering step augmented with a 2D-error ellipse to remove the outliers and reduce 

the effect of the magnetometer inherited noise. Then, a multi-sensor system consisting of 

3D-RISS, GPS, and 2D-magnetometer was developed and realized to improve the overall 

navigation solution, especially during the GPS outages. The proposed system was tested 

on two real road trajectories. These trajectories envolved different motion dynamics at 

different speeds to mimic real driving scenarios.  

For the first trajectory, the average 2D-position RMS error reduced from 12 𝑚 to 

2.9 𝑚 when using the proposed system. Also, the maximum average 2D-position error 

reduced from 19 𝑚 to 5.9 𝑚. These results were from equal 60 𝑠𝑒𝑐 duration outages. 

Furthermore, a 10 𝑚𝑖𝑛 outage was applied to the system to test the performance in an 
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extreme situation for an extended period of GPS signal blackout; the 2D-position max-

error reduced from 538 𝑚 to 37 𝑚.  

For the second trajectory, different outage durations were introduced to test the 

system performance. The average RMS-error enhanced by 65%  and decreased from 

22.73 𝑚  to 7.92 𝑚 . The average Max-error enhanced by 66%  and decreased from 

41.66 𝑚 to 14 𝑚. A significant improvement occurred but still the maximum outage 

period for a multiple outage scenario never exceed 3 minutes.  

In chapter 4, a novel algorithm to derive the position information from the ACC-

FMCW radar was proposed. Also, an algorithm of utilizing this information during the 

GPS outages was introduced. Furthermore, a multi-sensor system to produce a robust 

navigation solution in urban districts or tunnels was developed and realized. The 

proposed system was tested over a real road data. Furthermore, the proposed system 

performance was tested over several outages durations starting from 1 𝑚𝑖𝑛  to a 

maximum outage of 10 𝑚𝑖𝑛. Moreover, the proposed system was integrated with RISS 

system using two different IMUs. The results show the significant improvement as 

compared to the traditional RISS/GPS system. First, the system tested by introducing 

outages similar to those in chapter 3 and the longest outage of them never exceed 3 𝑚𝑖𝑛. 

Subsequently, two extended outages from 5 𝑚𝑖𝑛 to 7 𝑚𝑖𝑛 and then to 10 𝑚𝑖𝑛 was used. 

For the XBOW unit, the first test results show that the average 2D-Position RMSE 

has been decreased from 10.3 𝑚  to 5.3 𝑚  with improvement percentage of 48.5 % . 

Furthermore, the 2D-Position average Max-Error has been reduced from 17 𝑚 to 10.6 𝑚 

with improvement percentage of 37.6 %.  In addition, the second test results show that 

the average 2D-Position RMSE has been reduced from 175 𝑚  to 84.6 𝑚  with 

improvement percentage of 51.6 %. 
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For the VTI unit, the first test results show that the average 2D-Position RMSE 

has been decreased from 5.9 𝑚  to 1.2 𝑚  with improvement percentage of 79.7% . 

Furthermore, the 2D-Position average Max-Error has been reduced from 12.4 𝑚 to 3.8 𝑚 

with improvement percentage of 69.7 %.  

  Furthermore, the second test results show that the average 2D-Position RMSE 

has been reduced from 56.1 𝑚 to 24.2 𝑚 with improvement percentage of 56.8 %. 

In chapter 5, for further improving the navigation solution of the Rad/RISS 

system especially during the extended GPS outages, two solutions were proposed and 

realized. First, a new multi-sensor system utilizing the azimuth from a calibrated 

magnetometer and the Rad/RISS/GPS was developed and realized. The system provides 

azimuth update in addition to the position update from the radar system generating a 

Mag/Rad/RISS system.  It was noticed that the solution had been significantly improved 

because the position information derived from the radar was corrected using the azimuth 

from the RISS system. The first approach was applied to extended outages from 5 𝑚𝑖𝑛 

to 10 𝑚𝑖𝑛 . The results show a significant improvement of the solution. The other 

approach was developing and realizing a decentralized integrated navigation system 

between the RISS/GPS (High accuracy) and the Rad/RISS (Low accuracy) using a FOS-

based nonlinear system identification technique. The proposed system utilized the 

RISS/GPS during the GPS availability periods to generate a nonlinear model for the 

Rad/RISS system behavior. Afterwards, the last generated model is applied to the 

Rad/RISS during the GPS outages. The system was developed and realized and tested on 

two real road trajectories.  

The first road trajectory involved two IMU units with a gyro of different grade 

types. Those units are the XBOW and the VTI units. The results of the first approach 
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Mag/Rad/RISS were compared to both the traditional RISS/GPS and the 

Rad/RISS/GPS.  

For the XBOW, the 2D-position RMSE reduced from 175 𝑚 when using the 

RISS/GPS to 84 𝑚  when using the Rad/RISS/GPS and to 22.3 𝑚  when using the 

Mag/Rad/RISS/GPS system. The solution improved by 87.2 % as compared to the 

RISS/GPS and by 73.5 % as compared to the Rad/RISS/GPS for the extended outages.  

The second approach, FOS-based Rad/RISS/GPS improved the solution, and the 

2D-position RMSE reached 18.3 𝑚. The system solution improved by 89.5 % as compared 

to the RISS/GPS and 78.2 % as compared to the Rad/RISS/GPS and by 17.9 % as 

compared to the Mag/Rad/RISS/GPS system.  

For the VTI unit, there was no significant improvement when assisted with 

magnetic-azimuth updates because the VTI gyro is better and stable than the XBOW 

one. The 2D-position RMSE was reduced from 56.1 𝑚 when using the RISS/GPS to 

24.2 𝑚  when using the Rad/RISS/GPS and to 23.6 𝑚  when using the 

Mag/Rad/RISS/GPS system. The solution improved by 57.9 % as compared to the 

RISS/GPS and by 2.5 % as compared to the Rad/RISS/GPS for the extended outages.  

The second approach, FOS-based Rad/RISS/GPS has improved the solution, and 

the 2D-position RMSE reached 19 𝑚 . The system solution improved by 66.1 %  as 

compared to the RISS/GPS and 21.5 % as compared to the Rad/RISS/GPS and by 

19.5 % as compared to the Mag/Rad/RISS/GPS system.  

For the second road trajectory, three consecutive extended outages were 

introduced. The first outage duration was 2 𝑚𝑖𝑛, the second outage lasted for 5 𝑚𝑖𝑛, and 

the third outage lasted for 10 𝑚𝑖𝑛. This trajectory involved many motion dynamics before 

and during the outages, which increase the challenge to the proposed solutions. This 

trajectory utilized the XBOW unit only. The performance of the Mag/Rad/RISS system 



 

6.3 Recommendations for Future Work      

 168 

deteriorated in the third outage because of the short period between this outage and the 

second outage. This short time could not allow the filter to converge, while the FOS-based 

Rad/RISS system converged smoothly. 

The average 2D-position RMSE has been reduced from 145.5 𝑚 when using the 

RISS/GPS to 91.6 𝑚 with improvement ratio of 37% when using the Rad/RISS and to 

83.8 𝑚 with improvement ratio of  42.4% when using the Mag/Rad/RISS system.  

Finally, there was a significant improvement when using the FOS-based Rad/RISS 

system where the 2D-position RMSE reduced to 16.6 𝑚 with improvement by 88% as 

compared to the RISS/GPS and 80%  as compared to the Rad/RISS and 81.9%  as 

compared to the Mag/Rad/RISS system.  

6.3 Recommendations for Future Work 

Although this work has good results, further work may be required to improve the 

navigation solution in GNSS challenging environments like urban canyons. In this way, 

the Mag/RISS/GNSS system in chapter 3 can be modified to fit more applications and 

platforms such as hover crafts and helicopters that work in traffic, road monitoring, 

search and rescue. To do that, the provided calibration technique can be modified to be 

in three dimensions instead of two. As a result, autonomous heading update will always 

be provided mainly in the hovering mode.   

In chapter 4, the position information obtained from the ACC-FMCW radar data can 

be augmented with map matching to produce a better solution. Moreover, the velocity of 

the ACC equipped vehicle can be obtained by using another radar unit works at a 

different frequency measuring that vehicle’s ground velocity.  

In chapter 5, the proposed system can produce a better solution if the self-contained 

Rad/RISS system solution was more accurate. This can be achieved if the positioning 
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information used another azimuth source rather than the MEMS-based IMU gyroscope. 

A dual antenna radar unit can be used to obtain the angle of arrival better than the low-

cost gyroscope. Also, a more developed ITS can be achieved when road capacity, safety, 

and trip time are enhanced. In this way, the proposed Rad/RISS system can be utilized 

in the vehicular network architecture works in urban areas with high rise buildings.  

Finally, that system can be integrated with vision sensors to obtain better position 

information. Additionally, an expert system can be developed to select the most accurate 

solution from the radar and the cameras. 
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Appendix A 

 

o Global Positioning System (GPS) 

The American System that was developed and operated by the United States 

Department of Defense (DOD). GPS or NAVSTAR-GPS is intended for both military 

and civilian use. The civilian signal SPS (standard positioning service) can be used freely 

by the general public, while the military signal PPS (precise positioning service) is 

available only to authorized government agencies. The first satellite was placed in orbit 

on February 22, 1978, and it was planned to have up to 32 operational satellites orbiting 

the earth at an altitude of 20,180 𝑘𝑚 in 6 different orbital planes. The orbits are inclined 

at 55° to the equator, ensuring that at least 4 satellites are in radio communication with 

any point on the planet. Each satellite orbits the earth in approximately 12 hours and 

has four atomic clocks onboard [10]. The GPS system working frequencies are 𝐿1 =

1575.42 𝑀𝐻𝑧  and 𝐿2 = 1227.6 𝑀𝐻𝑧 , and now the modernized GPS uses a new 

Frequency 𝐿5 = 1176.45 𝑀𝐻𝑧. The GPS transmit 2 signals C/A code and P-code.  The 

C/A is for civilian and the P-code is encrypted for Military which is used for PPP. 

o Globalnaya Navigazionnaya Sputnikovaya Sistema (GLONASS) 

The Russian defense ministry Operates GLONASS. The abbreviation GLONASS 

stands for Globalnaya Navigazionnaya Sputnikovaya Sistema (Global Navigation 

Satellite System). The Program was first started by the former Soviet Union and is today 
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under the auspices of the Commonwealth of independent states (CIS). The first three 

test-satellites were launched into orbit on October 12, 1982. The most important 

specifications of this system are [113]: 

1) 24 Planned satellites (21 Standard + 3 Reserve Satellites). This number has 

never been achieved. The relatively short lifespan of the individual satellites of 

3 to 4 years hampered the completion of the system.   

2) 3 Orbital levels with an angle of 64.8° from the equator (this is the highest angle 

of all the GNSS systems and allows better reception in Polar Regions). 

3) Orbital altitude of 19,100 𝐾𝑚. 

4) The orbital period of 11 ℎ15.8 𝑚𝑖𝑛. 

5) Every GLONASS satellite transmits two codes (C/A and P-Code) on two 

frequencies. Every satellite transmits the same codes (PRN), but at different 

frequencies in the vicinity of 1602 𝑀𝐻𝑧 and 1246 𝑀𝐻𝑧. 

 

o European Union System (GALILEO) 

GALILEO is the European GNSS system, and it is named after the Italian 

astronomer Galileo Galilei. The European Union (EU), in close cooperation with the 

European Space Agency (ESA) is developing this system. The EU and the ESA have 

founded an umbrella organization called GALILEO Joint Undertaking (GJU, 

headquartered in Brussels). The GJU oversees and coordinates all phases of development, 

testing and implementation. The GJU guarantees that a single body is responsible for 

the administration of this program. The governments of Germany, Italy, France, the UK, 

Spain and Belgium assume approximately 85% of all the costs [53].  

GALILEO is supposed to consist of a constellation of satellites orbiting on 3 circular 

orbitals at the altitude of 23,616 km above the earth. These satellites are to be supported 
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by a worldwide network of ground stations. It is expected the Initial services to be made 

available by the end of 2018 [114]. 

o Chinese System (BeiDou)  

The Chinese Navigation Satellite System is called BeiDou System for short, with 

the abbreviation as BDS. When fully deployed, the space constellation of BDS will consist 

of 35 satellites. Those satellites will be distributed as five Geostationary Earth Orbit 

(GEO) satellites, twenty-seven Medium Earth Orbit (MEO) satellites and three Inclined 

Geosynchronous Satellite Orbit (IGSO) satellites. The GEO satellites are operating in 

orbit at an altitude of 35,786 Km and positioned at 58.75°E, 80°E, 110.5°E, 140°E and 

160°E respectively. The MEO satellites are operating in orbit at an altitude of 21,528 km 

and an inclination of 55° to the equatorial plane. The IGSO satellites are operating in 

orbit at an altitude of 35,786 km and inclined on to the equatorial plane with 55°. As 

announced, by the end of 2012, there are five GEO, four MEO and five IGSO BeiDou 

navigation satellites in orbit. In-mid 2015, China started the build-up of the third 

generation BeiDou system (BDS-3) in the global coverage constellation. The first BDS-3 

satellite was launched 30 September 2015 [115], [116]. As of March 2016, 4 BDS-3 in-

orbit validation satellites have been launched [117]. As estimated by 2020 the BeiDou 

system will be globally providing its services [118].  

Moreover, the GNSS receivers are vulnerable to spoofing and jamming as any 

communication system. Therefore, an overview of the GPS receivers spoofing and 

jamming and the methods of avoiding their effect are discussed below. 

o Spoofing 

Spoofing is the transmission of a false GPS signal to deceive a local GPS receiver.  In 

particular, spoofing transmitter affects the C/A code signals because its structure is known 



 

Appendix A       

 187 

as shown in Fig 1. On the other hand, it does not affect the Y-Code because it is encrypted. 

Depending on the receiver ability to discriminate between the real and spoofed signals, 

the receiver will or will not be a spoofing victim [43], [44]. 

There are several ways to mitigate spoofing. The simplest one is to use P-code receiver 

which isn’t available for civilian, or use one of the following methods [45]: 

1. Using multiple constellation systems like GLONASS, GALILEO, and BeiDou 

simultaneously as the spoofer cannot generate all the frequencies at the same 

time. 

2. Aiding the GPS Receiver by the INS which is immune to the electromagnetic 

signals attack. 

3. Using Multiple Antenna Receiver (DF (Direction Finder) for the spoofing 

transmitter). 

4. Monitoring the C/N0 Ratio all the time (Correlator check). 

5. Using SAASM (Selective Availability Anti-Spoofing Module) Receivers. 

 

Fig. A.1 Spoofing Repeater Block diagram  

Receiver-Spoofer Target-Receiver

Authentic Signal Authentic Signal
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o Jamming 

It is defined as overpowering GPS satellite signals locally so that a receiver can 

no longer operate (i.e., covering or hiding the GPS Signal using the fact that the signal 

is weak at the receiver antenna and the transmitting frequencies are known) as shown in 

Fig. A.2. In this case, both civil and military receivers can be jammed. Moreover, the 

SAASM receiver can no longer isolate the jammer as in anti-spoofing [46]. 

 

Fig. A.2 Jammer Action Towards the GPS Receiver 

The solution for jamming could be [43], [45], [46]: 

1. Fast and selective filtering of the RF received signals at the GPS receiver. This is 

a very effective method but only works for the out of band signals. 

2. Aiding the GPS receiver with the INS system, but the error will still grow with 

time. 

GPS Receiver
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3. Using multiple antenna elements equally spaced to find the jammer direction (i.e., 

making triangulation towards the direction of the higher power signal). Afterwards, 

using adaptive antennas array to generate “null” or low gain loop towards the 

jammer (i.e., Novatel GAJT antenna). 
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o Inertial Navigation System Mechanization 

An overall block diagram of the strap-down INS is shown in Fig. B.1. 

 

Fig. B.1 Inertial Navigation System Mechanization 

ú
ú
ú

û

ù

ê
ê
ê

ë

é
=
ú
ú
ú

û

ù

ê
ê
ê

ë

é

Z

Y

X

n
b

D

E

N

f
f
f

C
F
F
F

initial postion in the n-frame
initial velocity in the n-frame

initial attitude of the aircraft given in Euler angles
Initial

condition

Velocity

( )ylf

( )hlj
( )DEN vvv

( )ylflj DEN vvvh

y
l
fAttitude

( )fw-fw=q cossin zy
!

( )fw+fwq+w=f cossintan zyx
!

( )
q

fw+fw
=y

cos
cossin zy!

[ ]

÷
÷
÷

ø

ö

ç
ç
ç

è

æ

qfqfq-
yqf+yf-yqf+yfyq
yqf+yfyqf+yf-yq

´+j´-´-
j-
j+

=

j-
=

j-
-

=

=

---

coscoscossinsin
sinsincoscossinsinsinsincoscossincos

cossincossinsincossinsinsincoscoscos
C

h10072.0hsin100044.0100877.3
)sinE1(

sing1
gg

)sinE1(
r

N
)sinE1(

)E1(r
M

n
b

212266
2/122

2
1WGS

0WGS

2/122

e

2/322

2
e

inertial
measurement

unit
(IMU)

NDEeN Fvv)sin()2(v +j+jw+l-= !!!

EDeNeE Fv)cos()2(v)sin()2(v +jw+l+jw+l= !!!

gFv)cos()2(vv DEeND ++jw+l-j-= !!!

hM
vN

+
=j!

j+
=l

•

cos)hN(
vE

Dvh -=
•

Position

h
l
j

D

E

N

v
v
v

1Z-

V
elocity

A
ttitude

P
osition

Velocity
rate

Position
rate

Attitude
rate

transformtion
accelerations from
B-frame to N-frame

T
zyx )fff(

 frame-Bin 
 ions)(accelerat

  forces 
specified

tMeasuremen

T
zyx )(
 frame-Bin 

  (gyros)
ratesAngular 

t Measuremen

www



 

Appendix B       

 191 

o Reference Frames  

There are different types of reference frames such as: 

(a) Earth center Inertial (ECI) or Inertial frame (I-Frame) has its origin at the 

center of the Earth and axes are non-rotating with respect to the fixed stars. These 

axes are defined by the (𝑥S, 𝑦S, 𝑧S) where its 𝑥C axis points in the vernal equinox 

direction , its 𝑧C axis is directed along the North Pole, and 𝑦C produced from the 

cross product of 𝑦S = 𝑧S × 𝑥S		 as shown in Fig.B.2 (a) [119]. 

(b) Earth Center Earth Fixed (ECEF) frame is denoted by (𝑥D, 𝑦D, 𝑧D) where 	𝑧D is in 

the same direction of 𝑧C  in the I-frame , 𝑥Dpoints towards the earth’s prime 

meridian means zero longitude ,	𝑦D is given by right hand rule , and this frame is 

rotating with the earth as shown in Fig.B.2 (b) [119]. 

(c) The Navigation frame (N-frame) is a local geodetic frame. its origin is coinciding 

with that of the sensor frame. Furthermore,  its x-axis is pointing towards geodetic 

north, its z-axis is orthogonal to the reference ellipsoid pointing down, and its y-

axis is completing a right-handed orthogonal frame, (i.e., the north-east-down 

(NED)). As shown in Fig.B.2 (b) the benefit of the east-north-up (ENU) system is 

that altitude increases in the upward direction. The advantages of NED system are 

that the direction of a right turn is in the positive direction concerning a downward 

axis, and the axes coincide with vehicle-fixed roll-pitch-heading coordinates when 

the vehicle is level and headed north. Furthermore, the NED system is prevalent 

and therefore more research results can be found and incorporated into one’s own 

directly [10]. 

(d) The body frame (B-frame) is an orthogonal axis set which is aligned with the roll, 

pitch and heading axes of a vehicle, i.e., forward-transversal-down as shown in 

Fig.B.2 (c). 
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      a) I-frame                  b) ECEF and N-frame           c) B-frame and N-frame 

Fig. B.2 Navigation Coordinate Frames 
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