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Abstract 

Navigation algorithms integrating measurements from multi-sensor systems overcome the 

problems that arise from using GPS navigation systems in standalone mode. Algorithms which 

integrate the data from 2D low-cost reduced inertial sensor system, consisting of a gyroscope and 

an odometer, along with a GPS via a Kalman filter has proved to be worthy in providing a 

consistent and more reliable navigation solution compared to the standalone GPS. It has been also 

shown to be beneficial, especially in GPS-denied environments such as urban canyons and 

tunnels. The main objective of this research is to narrow the idea-to-implementation gap that 

follows the algorithm development by realizing a low-cost real-time embedded navigation system 

that is capable of computing the data-fused positioning solution instantly. The role of the 

developed system is to synchronize the measurements from the three sensors, GPS, gyroscope 

and odometer, relative to the pulse per second signal generated from the GPS, after which the 

navigation algorithm is applied to the synchronized measurements to compute the navigation 

solution in real-time. 

Xilinx’s MicroBlaze soft-core processor on a Virtex-4 FPGA is utilized and customized for 

developing the real-time navigation system. The soft-core processor offers the flexibility to 

choose or implement a set of features and peripherals that are tailored to the specific application 

to be developed. An embedded system design model is chosen to act as a framework for the work 

flow to be carried through the system life cycle starting from the system specification phase and 

ending with the system release. The developed navigation system is tested first on a mobile robot 

to reveal system bugs and integration problems, and then on a land vehicle testing platform for 

further testing. The real-time solution from the implemented system when compared to the 

solution of a high-end navigation system, proved to be successful in providing a comparable 
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consistent real-time navigation solution. Employing a soft-core processor in the kernel of the 

navigation system, provided the flexibility for communicating with the various sensors and the 

computation capability required by the Kalman filter integration algorithm.  
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Chapter 1 

Introduction 

1.1 Overview 

1.1.1 Navigation 

Navigation is the science of determining the position and the velocity of a craft, whether a 

car, a ship or an airplane [1]. It comprises the methods and technologies to determine the time 

varying position, velocity and attitude of a moving object by utilizing either sensors-based or 

satellite-based measurements or by integrating the measurements from both navigation systems. 

The Global Positioning System (GPS) is a satellite-based, absolute-positioning navigation 

system, developed by the U.S. Department of Defense (DoD) in the early 1970s, used to provide 

time, position and velocity information [2].  Although, the navigation solution that is provided by 

GPS is sufficiently accurate, in the order of meters to centimeters, especially when augmented 

using other satellite-based or ground-based augmentation systems, it is unable to fulfill the 

requirements of continuity and reliability in some situations. As a satellite-based navigation 

system, GPS requires a line-of-sight (LOS) between the receiver’s antenna and the satellites. In 

urban canyons, tunnels, and other GPS-denied environments, the line-of-sight requirement can’t 

be always met, resulting in GPS outages caused by GPS signal blockage, interference, jamming 

and multi-path effects. Signal interruption is one of the main reasons that affects the continuity 

and reliability of the GPS navigation solution. Due to the mentioned reasons, GPS can’t give a 

continuous and reliable solution when used as a stand-alone navigation system, and a better 

navigation solution can be obtained by integrating the measurements from one or more sensor-

based systems, with GPS measurements. 
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Inertial Navigation System (INS) is a sensor-based, self-contained, dead-reckoning 

navigation system in which measurements at a high sample rate, provided by an inertial 

measurement unit (IMU) are used by a navigation processor to compute the position, velocity and 

attitude of the moving object relative to a known starting position, velocity and attitude [3]. The 

IMU consists of a triad of accelerometers and a triad of gyroscopes. Measurements are integrated 

twice for accelerometers and once for gyroscopes to yield position and attitude. The calculated 

navigation states (i.e. position, velocity and attitude) drift with time due to the needed integrations 

and the sensors errors (such as biases, scale factors, and noise) which lead to unbounded 

accumulation of errors. Therefore, inertial sensors alone are unsuitable for accurate positioning 

over an extended period of time. The advantages and disadvantages of INS show that its 

characteristics are complementary with those of absolute positioning systems, such as GPS. Thus, 

proper integration of the measurements from both INS and GPS can provide great value by 

mitigating each other problems. The development of Micro-Electro-Mechanical Systems 

(MEMS) based inertial sensors, made using INS for consumer applications more affordable as 

they can be provided at a lower cost. However, the errors present in the inertial sensors, 

materialize in a greater magnitude in MEMS-based inertial sensors. 

Instead of integrating the GPS with a full IMU, containing three accelerometers and three 

gyroscopes, a reduced inertial sensor system (RISS) which utilizes only one gyroscope and an 

odometer is integrated with GPS to provide a 2D positioning solution [4]. With the assumption 

that the vehicle stays in the horizontal plane most of the time, the vehicle speed derived from the 

odometer is used together with the heading information obtained from the gyroscope to determine 

the velocities along the East and North directions, from which the vehicles’ longitude and latitude 

are determined. The position, velocity and heading errors are estimated by a Kalman filter (KF) 

relying on RISS dynamic error model and GPS position and velocity updates [4]. This method 

requires a dynamic error model for RISS, a measurement model for GPS updates, and a stochastic 
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model of the gyroscope sensor error. Since GPS has a relatively consistent, long-term accuracy, it 

is used to update both RISS position and velocity components and thus prevent the long-term 

growth of the RISS errors. On the other hand, the accurate short-term information provided by the 

RISS is used to overcome GPS outages and multi-path errors. In case a GPS outage occurs, KF 

operates in prediction mode, correcting the RISS information based on the system error model. 
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1.1.2 Embedded Systems 

Embedded systems are data processing systems that are embedded into larger systems (such 

as telecommunication equipment, transportation systems and consumer electronics) and not 

normally visible to the user [5]. Most embedded devices are designed to perform one dedicated 

function [6], which requires collecting data from the surrounding environment via a set of 

sensors, then manipulating the data according a specific algorithm resulting in useful information 

for the users. Embedded systems are different than general purpose computer systems in many 

aspects. These systems differ in that they are required to be dependable, efficient and meet a set 

of real-time constraints, derived from the system to-be designed, in order not to jeopardize the 

quality to-be provided by the system [5]. There exist several hardware platforms that can be used 

for developing an embedded system such as, microcontrollers (µC), digital signal processors 

(DSP), field programmable arrays (FPGA) and application specific integrated circuits (ASIC). 

Choosing one platform over the other depends not only on the requirements of the system to-be 

developed such as the performance, power consumption, cost per chip, but also on the ease of the 

tools accompanied by a specific platform to assist the developers in producing the system within 

the constrained system cost and project time.  

The ultimate goal, after which a navigation algorithm is developed, is the realization of the 

algorithm on an embedded system, where the measurements from the different sensors are 

acquired, and synchronized, then the navigation algorithm integrating these aligned 

measurements can be applied to give a real-time solution at a defined rate.  The transition from 

the algorithm research to realization is a crucial step in assessing the practicality and effectiveness 

of the navigation algorithm and consequently the developed embedded system, either for a proof-

of-concept or to be accepted as a product. In the transition process, there is no unique 

methodology that can be followed to design an embedded system. Depending on the platform of 
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choice, different methodologies are used by the system designers to produce the final product. For 

example, designers which use processor-based cores such as microcontrollers, or digital signal 

processors make use of embedded software1

1.2 Problem Statement 

 oriented methodologies to develop their systems, as 

their main design is revolving around firmware development rather than hardware. However, 

designers which use FPGAs as their development platforms, have the flexibility to use either the 

processor-based approach, developing their system entirely in firmware or hardware-based 

approach, developing their systems entirely in hardware. In other designs in which FPGAs are 

used, the overall system can be partitioned into hardware and firmware. 

Algorithm design and performance evaluation is an important phase, after which the 

realization and embedded system design phase starts, in case the algorithm has proven to be 

worthy. MATLAB, a high-level programming language, is the language of choice for most of the 

researchers and algorithm designers as it enables them to access and visualize huge datasets and 

perform math centric tasks faster2

Figure  1.1

 than other traditional programming languages such as C and 

C++. The datasets are pre-stored data saved on a monitoring computer, to be analyzed and 

processed later-on using MATLAB. 

 shows the flow that is used by the navigation algorithm developers in obtaining 

the data from various low-cost sensors using data acquisition software, synchronizing the data, 

analyzing and algorithm development.  

 

                                                      

 
1 Embedded Software and Firmware will be used interchangeably. 
2 Faster in algorithm development and not in speed, as the interpreted MATLAB scripts are known to run 
slower than the C executable files. 
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Figure  1.1 The Work Flow used by the Navigation Algorithm Designers in Developing their 
Algorithms 

 

Real-time realization of the developed navigation algorithm on an embedded system is the 

phase that follows the algorithm design phase and its verification, for either a concept proof or 

product development. The goal of realization is to choose a convenient hardware platform and 

develop an embedded system that will acquire multi-sensor measurements, synchronize the 

acquired data, and perform the navigation algorithm before new measurements are available. 

Moreover, the computations done by the navigation algorithm has to be optimized to be executed 

efficiently on the system, to save processor time and memory. Other requirements can be related 

to user interfacing as visualizing the navigation solution, and accepting commands from the user. 

Figure  1.2 shows an embedded navigation system which performs the mentioned tasks. The 

single system is partitioned into three parts, related to sensor interfacing, algorithm execution and 

user interaction.  
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Figure  1.2 An Embedded System Interfacing with the Navigation System and providing the 
navigation solution in real-time 

 

One of the main challenges in developing an embedded system is choosing a flexible 

hardware platform and the convenient tools that will smoothen the development phase, for real-

time implementation of mobile multi-sensor systems. The primary objective of this research is 

concerned with this transition from the idea to real-time implementation of the RISS/GPS 

integration navigation algorithm. The RISS/GPS system is considered for realization as it is a low 

cost navigation system for land applications, involving reduced number of inertial sensors 

augmented with the measurements of the vehicle odometer and integrated with GPS, and due to 

the better performance that it achieves, with respect to the low-cost INS/GPS systems. If the 

research is successful, the methodology proposed and used can be applied to develop real-time, 

computation intensive systems that integrate measurements from multi-sensor systems. 
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1.3 Research Objectives and Scope 

The research documented in this paper will cover the following:  

1. Designing an embedded system model/framework to be followed through the thesis work 

flow. 

2. Exploring the tools that use MATLAB-based design flow, automatically and manually, for 

hardware development, by converting the MATLAB algorithm directly to a hardware 

implementation. 

3. Exploring different platforms and deciding on a specific platform that will assist in 

interfacing to multiple sensors, and realizing the chosen navigation algorithm, as well as more 

complex navigation algorithms without the requirement to change the platform. 

4. Synchronizing the measurements from multiple sensors using the pulse per second (PPS) 

signal generated by the GPS receiver.  

5. Examining the 2D-RISS navigation algorithm performance in real-time. 

6. Testing the developed system on a mobile robot and a land vehicle, and comparing the results 

to the offline MATLAB solution. 

7. Evaluating the chosen platform and assessing the effectiveness of the proposed methodology 

and design flow. 

In this research, discussions regarding improving the RISS/GPS navigation algorithm and 

comparing its performance to different navigation algorithms is not covered. The research is only 

focused on the area of designing an embedded system provided the algorithm design phase is 

finished, and it is by no means the concern of the embedded system designer to improve the 

algorithm, however, algorithm optimization to fit within the system requirements is utilized. 
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1.4 Thesis Outline 

  Chapter 2 presents the literature review, discussing the different candidate platforms on 

which the system can be implemented. Comparison between the hardware platforms is outlined, 

along with the tools that are used for development. Methodologies used to convert a floating-

point MATLAB algorithm to a fixed point hardware implementation, automatically and 

manually, are presented. Moreover, the merits and limitations of such methodologies are 

discussed. Using FPGA embedded soft-core and hard-core processors is then examined and 

advantages of using soft-core processors are then demonstrated. Finally, the models that can be 

used in designing an embedded system are discussed.   

 Chapter 3 introduces the relevant background information behind the RISS/GPS navigation 

algorithm. The algorithm is presented to provide understanding of the system to be implemented, 

with the computation requirements. 

 Chapter 4 discusses the selected model for designing the navigation embedded system, 

which will act as a framework for the work flow through the thesis. The phases in the model will 

be outlined, starting from the system specifications phase, where the system and functional 

requirements are detailed and the system and test specifications are acquired. The system design 

and development phases are then illustrated. 

Chapter 5 discusses the system testing phase, one of the crucial phases in the embedded 

system design model, where a mobile robot and a land vehicle are used to test the system, in order 

to reveal any firmware bugs. The real-time results of the implemented low-cost navigation system 

are then compared to a high-end, high-cost, off-the-shelf navigation system, in order to assess the 

system performance. By the end of the testing phase, the embedded system is ready to be 

released. 
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Chapter 6 summarizes the work completed and the conclusions made out of this research. It 

highlights the contributions of this thesis and provides recommendations for future work. 
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Chapter 2 

Literature Review 

2.1 Embedded Systems Hardware Platforms Overview 

Embedded systems are single-purpose data processing systems that are embedded into larger 

products and not directly visible to the user. Embedded systems are different than the traditional 

general purpose computing systems, in that they have stringent requirements on being real-time 

capable, efficient, and power and cost constrained [6, 7, 14, 15, and 16]. Examples of such 

systems include data processing systems in telecommunication equipments, transportation 

systems and consumer electronics. Most of these systems are designed to gather data from the 

surrounding environment via sensors and then manipulate such measurements, from which 

control actions are decided or useful information can be released to the user. 

Embedded systems consist of the hardware and software that defines the system 

functionality. The hardware is composed of the sensors and the platform on which the system is 

implemented. There exist several platforms on which the system can be developed, such as 

microcontrollers (µC) 3

 

, digital signal processors (DSP), application specific integrated circuits 

(ASIC), and field programmable gate arrays (FPGA). In the following sections, an overview and 

a comparison between such platforms is presented. 

 

                                                      

 
3 High-end microprocessor-based platforms such as the OMAP processor which is used in most of the 
smart phones are not discussed. These application processors which are used tightly with operating 
systems are used to build sophisticated embedded systems on which many applications can be running 
simultaneously. 
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2.1.1 Microcontrollers 

Microcontrollers are low cost platforms that provide some flexibility for the system designer. 

A microcontroller is a single chip platform employing a microprocessor in its core, packed with 

memory and programmable input/output peripherals. They are well supported by high-level 

programming such as C/C++, and can be programmed in Assembly as well. This usually allows 

for low system design costs given the wide array of solutions to choose from. However, 

computation-wise, microcontrollers typically lack a math coprocessor, so floating point arithmetic 

is emulated using software libraries. Performing the floating point operations using software 

emulation, takes more clock cycles [7] and more memory space due to the increase in code size, 

compared to using a math coprocessor, which makes using microcontrollers inapplicable for 

performing computation extensive, real-time algorithms. It has to be noted that advances in 

technology is allowing a new breed of microcontrollers to emerge containing floating-point units, 

which will resolve the limitations for running computation extensive applications on them [7, 8]. 

2.1.2 Digital Signal Processors 

A DSP is essentially a microprocessor specialized to implement math centric applications. 

DSP processor architectures have been shaped by digital signal processing algorithms. As for 

nearly every feature implemented in a DSP processor, there are associated DSP algorithms whose 

computation is in some way made easier by inclusion of that feature [9]. DSPs make extensive 

use of parallelism, Harvard architecture, pipelining and dedicated hardware whenever possible to 

support high-performance, repetitive, numerically intensive tasks [9, 10]. The most cited feature 

in a DSP is the ability to perform a multiply-accumulate (MAC) operation in a single instruction 

cycle. The MAC operation is useful in algorithms that compute vector product operations, such as 

digital filtering, correlation, and Fourier transform. Another feature shared by most DSP 

processors is the ability to complete several accesses to memory in a single instruction cycle, as 

http://en.wikipedia.org/wiki/Math_coprocessor�
http://en.wikipedia.org/wiki/Floating_point�


13 

 

in most applications, the processor-memory communication is considered one of the bottlenecks 

in implementing faster applications which requires higher performance [11]. Today Fixed-point 

and Floating-point DSPs are available in the market, where the Floating-point DSPs, though 

minimize the finite word length effects and facilitate algorithm development, cost more and are 

slower than the Fixed-point DSPs.   

The benefits of using DSPs are stated as follows: 

1. Faster development time and relatively low development cost. 

2. Ease to use: DSPs can be programmed via text-based programming languages such as 

C/C++ or graphically-based programming languages such as Mathworks’ Simulink and 

National Instruments’ Labview. 

2.1.3 Application Specific Integrated Circuits 

ASICs are designed to be used in a specific product of a specific brand. It contains a 

customized combination of standard and/or proprietary blocks. ASICs are high-volume chips 

optimized for power, performance, and both memory and I/O bandwidth. However, there is a 

very large cost associated with custom silicon solutions, as ASICs have a lengthy design, 

fabrication, and validation time associated with them, which makes their time to market quite 

slow [12]. Flexibility is also an issue with ASICs as once a design is fixed in silicon; it is not 

going to change. Generally speaking, ASICs are typically used in high volume applications or 

mission critical applications where meeting performance metrics is of the utmost importance. In 

recent years, the performance gap that exists between ASICs and FPGAs has shrunk making 

FPGAs a better solution for many embedded system designers. It has to be noted that most of the 

time; ASICs are confused with application specific standard products (ASSP) [13]. ASSPs are 

like ASICs in every aspect concerning the design and validation life cycle, power and cost 

constrains. The only difference is that ASSPs are used to point to integrated circuits designed for 
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a specific application area that are sold to more than one customer—hence the name “standard 

product”. By contrast, an ASIC is designed and built to order for a specific customer. ASSPs have 

only standard functionality, allowing them to be used in a variety of embedded systems by a 

variety of companies [13]. 

2.1.4 Field Programmable Gate Arrays 

An FPGA is a device that contains a matrix of reconfigurable gate array logic circuitry. 

When an FPGA is configured, the internal circuitry is connected in a way that creates a hardware 

implementation of the software application. FPGA devices have evolved from being used as glue 

logic to a device that now contains a huge variety of built-in digital components (memory, 

multipliers, transceivers and more) [14].  

Present-day FPGA provides a platform that supports both processor and custom hardware 

approaches for developing embedded systems, giving viable options to the designer either to 

build the system entirely in software, hardware or as a hybrid of both software and hardware. 

Contemporary FPGA devices can be defined by three key elements: configurable logic blocks 

(CLB) (referred to as logic cells in Xilinx terminology and logic elements in Altera’s), routing, 

and input/output blocks. Logic cells are loosely defined as the combination of a multi-input look-

up-table (LUT), flip-flop, and a multiplexer serving as the output. By means of routing, it is 

possible to interconnect arrays of logic cells to perform complex digital logic and then map them 

to input/output blocks. In this manner, an FPGA is tailored for specific applications [12]. 
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Figure  2.1 FPGA Basic Architecture 

2.1.4.1 Advantages and Disadvantages of FPGA Design 

FPGAs offer many benefits over using microcontrollers and digital signal processors such as 

[15-17] 

1. Reliability: FPGA circuitry is truly a “hard” implementation of program execution. Once the 

code is compiled and running on the FPGA it will run without the jitter associated with 

software execution. 

2. Performance boosting: Hardware execution provides great performance and determinism due 

to the parallel nature of the logical gates on the FPGA which allow for very high throughput of 

data.  

3. Flexibility: Several soft-core and hard-core processors are available on FPGAs, with 

associated compilers, simulators and code profilers, which provide a familiar design 

framework for designers. Added flexibility comes from the possibility of customizing the soft 
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processors with specialized instructions, and by adding application-specific processing blocks 

to a soft or hard processor. This flexibility makes FPGAs, one of the most malleable platforms 

to be used in embedded systems design.  

4. High speed: Hardware circuits can run at faster clock rates. Coupled with parallelism, an 

FPGA implementation can outperform processor-based systems. 

Compared to ASIC, FPGA implementation provides lots of benefits as follows: 

5. Reconfigurable: Unlike ASIC, on which the design once implemented is fixed and can’t be 

altered, FPGA devices provide reconfigurability, where designers can integrate modifications 

or completely alter the design even after deployment without the non-recurring expenses 

associated with ASIC design. 

6. Cost: The nonrecurring engineering (NRE) expense of custom ASIC design far exceeds that of 

FPGA-based hardware solutions: the IC manufacturing process is the responsible for a large 

part of the costs (A mask set for an ASIC in the 90nm  process cost about $1M [15]). As 

system requirements often change over time, the cost of making incremental changes to FPGA 

designs are quite negligible when compared to the large expense of re-spinning an ASIC. 

7. Time to market: FPGA technology offers flexibility and rapid prototyping capabilities in the 

face of increased time-to-market concerns. An idea or concept can be tested and verified in 

hardware without going through the long fabrication process of custom ASIC design. 

However, the FPGA is not without some disadvantages. Power requirements are typically 

much higher for FPGAs than other hardware platforms [16]. The design and verification cycle for 

implementing algorithms in hardware, is more complex compared to using microcontrollers or 
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digital signal processors. Compared to ASIC, in mass production the cost per chip is higher4

Table  2.1

. The 

operation speed of a design on an FPGA is slower than the same design on an ASIC, and the total 

resources usage will be higher on FPGA, when implementing the design on an FPGA compared 

to ASIC [15].  provides a qualitative comparison of several of the platforms that can be 

used for implementing math centric applications for embedded systems [17]. 

Technology Performance System 
Design Cost 

Cost per 
chip 

Power Flexibility Memory 
Bandwidth 

I/O 
Bandwidth 

µC Low Low Low Medium Medium Low Low 

DSP Medium Medium Low-

Med. 

Medium Medium Medium Low 

FPGA Med.-High Medium Med.-

High 

Med.-

High 

High High High 

ASIC High High Low Low Low High High 

Table  2.1 Qualitative Comparison of Digital Signal Processing Algorithm Implementation 
Technologies [18]  

2.1.4.2 Algorithm Implementation on FPGAs 

Typically, hardware description languages (HDL), such as Verilog and VHDL (VHSIC 

Hardware Description Language), are used to express digital logic circuits at different levels of 

abstraction (Behavioral, Register-Transfer-Level (RTL), and Structural). An FPGA is then 

programmed by downloading a configuration program called a bit-stream into static on-chip 

random-access memory. Much like the object code for a microprocessor, this bit-stream is the 

product of compilation tools that translate the high-level abstractions (for instance, HDL) 

produced by a designer into something equivalent but low-level and executable. Using HDL gives 

designers, the utmost control when implementing an algorithm; however, the HDL design and 

verification process is relatively long and complex. 
                                                      

 
4 Although the FPGA designed system can be converted to ASIC for mass-production, FPGA can be used as 
a platform for the end-product. 
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Due to the increasing complexity in the circuits to-be designed, another approach is used in 

implementing these circuits, known as high-level synthesis (HLS) (also known as algorithmic 

synthesis). High-level synthesis is an automated design process that interprets an algorithm, 

captures the desired behaviour and creates hardware that implements that behaviour. The high-

level synthesis process entry point is a floating-point algorithm coded in high-level languages 

such as C/C++ or MATLAB. The code is analyzed, converted to fixed-point counterpart, 

architecturally constrained, and scheduled to create a register-transfer-level HDL, ready to be 

synthesized and loaded onto an FPGA. Tools utilizing the hardware synthesis approach, are 

offering DSP algorithm designers a new approach to take their algorithms from the idea to 

implementation gap [19-21], without the need of much knowledge about hardware design5

2.1.4.2.1 Fixed Point versus Floating Point  

. 

Although, most digital signal processing algorithms design their algorithms using high-level 

languages, in which the algorithm utilizes floating-point arithmetic operations, most of the 

circuits that are developed to run on the FPGA devices, are fixed-point circuits. Most practical 

FPGA designs are limited to finite precision signal processing using fixed-point arithmetic due to 

the cost and complexity of floating point hardware [22]. In the next sections, the difference 

between fixed-point and the floating-point representations will be discussed. Then, two 

MATLAB-based approaches to convert floating-point algorithms to fixed-point are presented. 

Finally, FPGA embedded processors will be highlighted with their merits and limitations. 

Fixed-point arithmetic represents and manipulates numbers as integers. Integers can be 

expressed as a series of binary digits under a two’s compliment system. The integers are defined 

by two key characteristics, the number of bits representing the integer portion and the number of 

                                                      

 
5 High-level synthesis tools users still need digital design and hardware experience, to be able to use these 
tools efficiently. 

http://en.wikipedia.org/wiki/Register_transfer_level�
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bits representing the fractional portion. Most commonly a notation known as “Q” notation is 

adopted to describe this relationship. For example, Q3.8 represents a fixed point number with 3 

bits used to describe the integer portion and 8 bits used to describe the fractional portion, 

implying a word length of 11 bits. The point of separation between the integer and fractional 

portions is if often referred to as the binary point [12].  

Each integer bit (all bits to the left of the binary point) represents a power of two that 

increases with each position relative to the binary point. For example if there are m integer bits, 

the most significant bit (MSB) – the furthest bit to the left – represents the value 2(m-1). The MSB 

also denotes the sign in a two’s compliment system, a 1 digit indicates a negative number while a 

0 indicates a positive number. Conversely, each fractional bit (all bits to the right of the binary 

point) represents an inverse power of two with the least significant bit (LSB) – the furthest bit to 

the right – representing the precision of the fixed point number. That is to say, if there are p 

fractional bits, the LSB represents a precision of 2-p. 

 

 

Figure  2.2 Fixed-Point Representation of the value 1.4843740 in the Q3.8 format 

 

Floating-point arithmetic represents numbers in the floating-point format, although they can 

also support integer representation and calculations [23]. In the floating-point format, numbers 
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comprises three basic components: the sign, the mantissa (also known as significand) and the 

exponent [24]. For a single-precision floating point, the word length equals 32 bits, with 1 sign 

bit, 23 mantissa bits and 8 exponent bits, while for a double-precision floating point, the word 

length equals 64 bits, with 1 sign bit, 52 mantissa bits and 11 exponent bits. The mantissa is 

usually a fractional value with a single implied bit (The implied bit is not actually stored as part 

of the data value; rather, it is assumed to be set to ‘1’). The exponent is an integer that represents 

the number of places that the binary point of the mantissa must be shifted left or right to obtain 

the original number represented. The value represented is computed via the expression [11, 25] 

exponent *2value mantissa= ±                     (2.1) 

where 

0 1 2 0( . )   with 1 "implicit bit"mantissa b b b b= =  (2.2) 

For example, 11/2 can be represented as 

2
211/ 2 (1.011) *2=  

That means in the binary format, the mantissa equals (011), while the exponent equals (10) = 210. 

The exact representation is a not quite the same, because there is a bias value that must be added 

to the actual exponent to yield the stored exponent. The single-precision bias is 127, while the 

double-precision bias is 1023 [24]. Thus, to represent the actual exponent 210, in a single-

precision floating-point format, the stored exponent is 12910. 

Floating-point arithmetic is a more flexible and a general mechanism than fixed-point. With 

floating-point, system designers have access to a wider dynamic range (the ratio between the 

largest and smallest numbers that can be represented) and better precision and accuracy [11]. 

Table  2.2 shows a comparison between fixed-point and floating-point arithmetic. 
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Numbers 

Representation 

Fixed-point Single-precision 

Floating Point 

Double-Precision 

Floating Point 

Word Length Platform-dependent 32 bits (4 Bytes) 64 bits (8 Bytes) 

Accuracy Medium High Higher 

Dynamic Range Medium High Higher 

Cost per chip Medium High Higher 

Table  2.2 Comparison between fixed-point and floating-point arithmetic 

 

2.1.4.2.2 MATLAB/SIMULINK-based Flow for Hardware Realization on FPGAs 

Most DSP algorithm designers and researchers use high-level languages, such as C/C++ and 

MATLAB to implement their algorithms. These programming languages make use of the 

floating-point arithmetic which gives more precise results than fixed-point arithmetic. On 

processor-based platforms such as µCs, DSPs, and FPGA embedded processors even if a floating-

point is not present, floating-point arithmetic can be emulated on the fixed-point architecture 

using software libraries provided by the processor manufacturers [11]. So, the designer is not 

burdened by converting the designed floating-point algorithm to a fixed-point counterpart as it is 

done automatically by the platform supported compilers. However, the code density increases and 

more clock cycles are consumed to perform floating-point algorithms on fixed-point architecture.  

For realizing an algorithm in hardware on FPGAs, designers usually implement their 

systems using fixed-point arithmetic due to being a more efficient means of hardware realization 

in comparison to floating-point arithmetic. Fixed-point arithmetic circuits are less complex, 

consume less clock cycles, utilize less FPGA resources, which consequently results in a system 

with less power consumption. However, fixed-point arithmetic introduces many limitations on the 

overall accuracy and precision of the system in the form of quantization errors. Development time 

is also longer as it is harder to program, and the conversion from floating-point is an error-prone 
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process. It should be mentioned that if designers are to develop fixed-point systems that deliver 

the same accuracy as the floating-point algorithms; these developed systems would be huge and 

slower than their floating-point counterparts. Meaning that, the merits of using the fixed-point 

arithmetic are bounded with the limitations regarding the loss of accuracy.  

Xilinx’s6

Figure  2.3

 AccelDSP Synthesis Tool is a high-level MATLAB-based development tool which 

can automatically convert a floating-point algorithm developed in MATLAB to a hardware circuit 

for Xilinx FPGAs [26]. To facilitate this operation, AccelDSP provides the capability to replace 

high-level MATLAB functions with fixed-point C++ or MATLAB models and automatically 

generates test-benches to facilitate fixed-point simulations. When the fixed-point results are 

satisfactory for the designer, it then generates synthesizable VHDL or Verilog code from the 

fixed-point model, and creates a testbench for verification. During the HDL generation process, it 

performs several optimizations including bit-width defining, loop unrolling, and pipelining. For 

instance, the designer may choose to expand a “for loop” into multiple parallel hardware blocks 

or a single hardware block that is reused for several iterations [26, 27]. The designer may also 

provide timing constraints that result in a pipelined design, creating more optimized RTL code. 

 illustrates the lengthy process for converting a floating-point MATLAB code to 

synthesizable hardware circuit, which AccelDSP can automatically perform.  

AccelDSP provides developers with little FPGA design experience with the ability to 

quickly create FPGA implementations of DSP algorithms in a fraction of the traditional RTL 

development times, saving time and cost. However, the disadvantages of using such tool can be 

summarized as following: 

                                                      

 
6 Xilinx and Altera are the two market leaders in FPGA industry. 
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• Limitations and restrictions on the floating-point MATLAB code to be compatible with 

AccelDSP. The MATLAB code to be converted has to be written following specific rules and 

use only a limited subset of the rich MATLAB functions. 

• Limited control on the generated RTL code, which is hard to read and debug. 

• For many algorithms, the amount of resources required by designs generated using AccelDSP 

is greater than the amount of resources required by designs generated using hand-coded 

HDLs. 

• The tool isn’t widely used, so the community revealing the AccelDSP software bugs and 

problems isn’t as active. 

• Further development of the AccelDSP synthesis tool has been discontinued as of version 11.1. 

 

 

Figure  2.3 Xilinx’s AccelDSP Steps to Convert a Floating-point MATLAB Algorithm to 
Synthesizable Hardware Circuit [28] 

 

Xilinx’s System Generator7

                                                      

 
7 Altera’s DSP Builder provides a similar functionality to Xilinx’s System Generator, which is also a 
SIMULINK-based tool for Altera FPGAs. 

 is a high level design tool that utilizes SIMULINK and enables 

designers to develop DSP hardware designs for Xilinx FPGAs [29]. It provides over 90 

parameterized DSP building blocks that can be used in the SIMULINK graphical environment. 
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The designer often starts by building an executable specification using the standard SIMULINK 

blocks without any hardware detail. The executable specification is built from the floating-point 

algorithm designed in MATLAB, and it acts as a golden reference to the fixed-point system to be 

built using System Generator blocks. Once the functionality and the dataflow issues have been 

identified, System Generator can be used to specify the hardware implementation [29]. System 

Generator can then execute all the downstream implementation tools to generate a bit-stream for 

programming the FPGA. 

Simulations using System Generator are bit-true and cycle-accurate. Bit-accurate means that 

the value produced in simulation is bit-for-bit identical to the corresponding value in hardware, 

while cycle-accurate means that values produced at a specific time in hardware are identical to 

that on hardware [30]. That means that the behavior seen in the simulation is to be expected on 

the FPGA, which is one of System Generator merits. 

 

Figure  2.4 Xilinx's System Generator Design Flow [30] 
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As the System Generator blocks are fixed-point blocks, the designer has two options when 

using it starting from a floating-point MATLAB code and a SIMULINK executable specification. 

The designer can iteratively tune the word length and fraction length for every System Generator 

block till the results of fixed-point system compared to that of the golden reference are 

satisfactory, or use the System Generator blocks with specific bit widths, provided that a 

conversion from the floating-point code to the fixed-point code is done previously using an 

external tool. The latter method is more appropriate for large complex designs, while the former 

suits simple designs or algorithms which are mainly developed in fixed-point. However, as 

mentioned previously, the manual floating-point to fixed-point conversion is a complex and error-

prone task.  

2.1.4.2.3 FPGA Embedded Processors 

A processor-based system based on off-the-shelf (OTS) microprocessor/microcontroller 

solutions is the traditional approach that designers have used in creating embedded systems. 

These types of traditional processor-based systems8

                                                      

 
8Also known as discrete or standalone processor-based systems. 

 are available with a wide range of features 

and peripherals from a multitude of vendors. The process of selecting a discrete processor that 

can meet specific cost and functional requirements is time-consuming. It needs all the 

requirements to be gathered and solidified before the project development begins, which is 

seldom the case [31]. Also, some of the low-end discrete solutions lack a dedicated floating-point 

unit which can boost the system performance for math centric algorithms. Due to the above 

reasons, another approach is sought, which can allow the designer to tailor a processor and a 

specific set of features and peripherals to the application to-be implemented. 
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FPGA-based embedded processors can provide the solution to the presented problem, by 

either using a hard-core or a soft-core processor embedded on an FPGA. A hard-core processor is 

built from dedicated silicon on an FPGA, not consuming any of the FPGA resources. Hard-core 

processors can operate with the core-frequency and have a performance equivalent to the 

traditional discrete processors. A benefit of using a hard-core processor is that it exists in a 

configurable environment, where the peripherals can be tailored for a specific application. 

However, it doesn’t provide the ability to customize the core for the application, nor does it allow 

augmenting the existing system into a multi-processor design which can further boost the system 

performance [31, 32]. 

In contrast, a soft-core processor is implemented entirely using the FPGA general-purpose 

logic, allowing the customization of the core and the peripherals according to the design. Unlike 

the hard-core processor, it is described as HDL code or as a netlist which needs to be synthesized 

on an FPGA for development. Soft-core processors provide many advantages compared to 

discrete processor solutions such as [31, 32] 

1. Customization: The designer of the FPGA-based embedded processor system has the total 

flexibility to add any combination of peripherals and controllers. A unique set of peripherals 

can also be designed for specific applications, and the designer has the privilege to add as 

many peripherals to meet the system requirements, which cannot be done when using an 

OTS processor. Future system features that didn’t have reason to exist in the initial release, 

can also be added due to the space that is provided by an FPGA. 

2. Multi-Processor System: As more complex embedded systems can benefit from the 

existence of multiple processors which can execute the tasks in parallel, by using a soft-core 

processor accompanying tools, the system designer can easily create a multi-processor based 
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SOC. The only restriction to the number of processors that can be added is the availability of 

FPGA resources. 

3. Hardware Acceleration: Hardware and software concurrent development and co-existence on 

a single chip, is one of the compelling reasons for choosing a soft core processor. System 

designers need not to worry, if a segment of the algorithm was found to be a bottleneck, as a 

custom co-processor or a hardware circuit that utilizes the FPGA parallelism can be designed 

to eliminate such problem.  

4. Obsolescence Mitigation: Supporting extended project life expectance and component 

obsolescence mitigation is a difficult issue. FPGA soft-processors are an excellent solution 

in this case since the HDL code for the soft-processor can be purchased, and ownership of 

the HDL code can fulfill the requirements for product lifespan extension. 

The soft-core processor is not without disadvantages. The processor will not operate at the 

same speeds or have the same performance as a hard-core processor. Unlike an off-the-shelf 

processor, the hardware platform for the FPGA embedded processor must be designed, where the 

embedded designer becomes the hardware processor system designer when an FPGA solution is 

selected. Also, due to the integration of the hardware and software platform design, the design 

tools are more complex, and the learning curve is steeper. The increased tool complexity and 

design methodology requires more attention from the embedded designer [32].  

Some of the existing hard-core processors are PowerPC on Xilinx FPGAs, ARM922T on 

Altera FPGAs and ARM Cortex-M3 on Actel FPGAs. Examples of the available soft-core 

processors are Xilinx’s Microblaze, Altera’s NIOS II, and Tensilica’s Xtensa. Table  2.3 shows a 

comparison between the mentioned soft-core processors. 
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Soft-core Processor Microblaze NIOS II Xtensa 

Maximum MHz 200 MHz (FPGA) 200 MHz (FPGA) 350 MHz (ASIC) 

Instruction Set 

Architecture (ISA) 

32-bit RISC 32-bit RISC 32-bit RISC 

Cache Memory 

(Instruction/Data) 

Up to 64 KB Up to 64 KB Up to 32 KB 

Floating-point Unit IEEE-754 compatible 

(single-precision) 

IEEE-754 compatible 

(single-precision) 

IEEE-754 compatible 

(single-precision) 

Pipeline 3-stage or 5-stage 6-stage 5-stage 

Custom Instructions NONE Up to 256 Unlimited 

Register File Size 32 32 64 

Implementation FPGA FPGA FPGA,ASIC 

Table  2.3 Comparison of Soft-core Processors [33] 

 

2.2 Embedded Systems Design Models 

Most real-time embedded systems are inherently complex, given that their function 

specifications are rich and they must obey multiple other requirements on cost, performance, and 

other constraints. As a result, methodologies are needed which can guide the decisions of the 

designers when developing larger systems. Having a process which acts as a framework for 

system design is crucial, as without it designers can’t reliably deliver fully functional systems or 

products [34]. When approaching embedded systems design, several models can be applied to 

describe the cycle of embedded system design. The waterfall model and the spiral model are two 

of the models that are used in the software development process.  



29 

 

The waterfall model, utilizes a process for developing a system in steps, where results of one 

step flow into the next step [6]. The waterfall model gets its name from the one way flow of 

information and work from higher levels of abstraction to more detailed steps with a limited 

amount of feedback to the upper higher levels of abstraction [34]. Although top-down design, 

starting from the upper higher-levels of abstraction, is ideal since it implies that a good amount of 

information and knowledge about the lower-levels of abstraction concerned with implementation 

is known, most designs cannot follow the top-down approach of the waterfall model. Most 

designs involve experimentation and changes which require feedback to the higher levels of 

abstraction. Consequently, the waterfall model is cited an unrealistic design process [34]. 

 

 

Figure  2.5 Waterfall Model 

 

The spiral model is considered as a reaction and refinement of the waterfall model. This 

model envisions the design as an iterative process in which several versions of the system, each 

better than the last, are created. At each level of design, the designers go through a 

requirements/implementation/test cycle [16]. The results of one cycle guide the decisions in the 
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next levels of development. This successive refinement approach helps the designers understand 

the system they are designing which allows them to create an improved system through a series of 

design cycles [16, 34]. The spiral model is more realistic and practical than the waterfall model 

because more iterations are often necessary to add enough detail to complete a successful design. 

However, a spiral methodology with many design cycles may consume longer time when the 

project time and cost is a major requirement. 

 

 

Figure  2.6 Spiral Model 

 

Another methodology that can be utilized for combined hardware/software projects is shown 

in Figure  2.7. Front-end activities such as requirements specification and design are 

simultaneously considered for both the hardware and software divisions. Similarly, back-end 

integration and testing is considered for the whole system. However, hardware and software 

development branches are done independently allowing both the hardware and firmware teams to 

work in parallel [34]. In Figure  2.8, another design methodology is presented, which is similar to 
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the methodology in Figure  2.7 with more phases. In this methodology, time flows from the left 

and proceeds through seven phases [35]. In both design processes, a considerable amount of 

iteration and optimization occurs within phases and between phases, constituting a more flexible 

design process unlike the waterfall design process, which will outcome a more reliable system at 

the end. 

 

Figure  2.7 Simple Hardware/Software Co-design Methodology 

 

There are many methodologies that are followed by system designers; each with its own 

advantages and disadvantages. In the previous section, some of these methodologies were 

discussed in order to assist us in choosing a specific model for developing the navigation 
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embedded system. The importance of using a model in the design of an embedded system stems 

from the aid that it can offer by providing a framework that starts from the system requirements 

and ends with a reliable system or product. 

 

Figure  2.8 Embedded Design Life Cycle with Seven Phases [35] 
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Chapter 3 

Integrated RISS/GPS for 2D Land Vehicle Navigation 

3.1 Overview of the RISS/GPS navigation system 

The RISS algorithm involves using a single-axis gyroscope and an odometer or wheel 

encoders to provide a two-dimensional (2D) navigation solution in denied GPS environments. 

The 2D RISS assumes that the vehicle mostly stays in the horizontal plane where the vehicle 

speed derived from the odometer, is used together with the heading information obtained from the 

gyroscope to compute the vehicle’s East and North velocities, from which the vehicle’s latitude 

and longitude are computed. The data fusion of RISS and GPS outputs is then performed using a 

Kalman filter, which estimates the position and velocity errors, relying on the RISS dynamic error 

model and the GPS position and velocity updates. 

3.1.1 MEMS Gyroscopes 

Gyroscopes, like accelerometers, are motion detection devices, which produce signals 

relative9

The main specifications of a gyroscope are full-scale range (expressed in degree/sec or 

degree/hr); scale factor or sensitivity [V/(degree/sec)]; noise, also known as angle random walk 

[degree (sec⋅Hz)]; bandwidth (Hz); resolution (degree/sec); and dynamic range (dB), with the 

latter two being functions of noise and bandwidth. Short- and long-term drift of the output, 

known as bias drift, is another important specification (expressed in degree/s or degree/hr) [37]. 

 to the rotation rate of the moving platform [36]. MEMS gyroscopes contain vibrating 

elements which make use of the Coriolis effect to measure the angular velocity [3].  

                                                      

 
9 Gyroscopes, accelerometers and, in general inertial systems, are called dead reckoning systems because 
these devices produce signals relative to an initial position. 
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The advantages of the MEMS gyroscopes, to be used in different number of applications are 

listed as: 

• Small size and light weight 

• Low power consumption and short start-up time 

• Relatively cheap to produce 

However, the main disadvantage of the MEMS device is that it is far less accurate, as for 

MEMS gyroscopes, angle random walk errors and uncorrected bias errors either due to 

uncompensated temperature fluctuations or an error in the initial bias estimation are usually the 

most important sources of error [3]. 

It has to be noted that the gyroscope is mounted rigidly onto the vehicle, measuring the 

vehicle’s angular speed in the body frame (b-frame) rather than the local-level frame (l-frame) in 

which the final navigation solution will be output. Such inertial systems are called strap-down 

systems [38]. 

3.1.2 Vehicle Odometer 

An odometer is a device from which the instantaneous speed of a land vehicle is derived in 

miles per hour or kilometers per hour. Currently, all automobiles are equipped with an odometer 

where it is fixed to a vehicle's cockpit and usually shares housing with a speedometer [4]. 

The speed of the vehicle is not totally correct because of different errors. The odometer scale 

factor is generally not constant because it depends on the radius of the vehicle’s wheel, which is 

function in many variables such as tire pressure, temperature, tread wear and speed. When a robot 

is used instead of the land vehicle, the speed is derived from wheel encoders. 
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3.1.3 Global Positioning System 

GPS is a satellite-based navigation system. It is owned and operated by the U.S. Department 

of Defense where it was developed mainly for military use in the early 1970s. It was later made 

available to civilians, and now it can be accessed by both military and civilian users. The main 

reason why GPS has become such a success for the civilian use is that being a passive system, 

where the satellites transmit signals and are unaware who is receiving the signal, an unlimited 

number of users having a GPS receiver anywhere in the world can obtain accurate position, 

velocity and time measurements free of charge [2]. 

The GPS consists of a constellation with 24 active satellites that interfaces with a ground-, 

air-, or sea-based receiver. Each satellite transmits data that enables the GPS receiver to provide 

precise position, velocity and time to the user. A GPS receiver calculates its position by precisely 

timing the signals sent by the GPS satellites high above the Earth. Each satellite continually 

transmits messages containing the time the message was sent, precise orbital information (the 

ephemeris), and the general system health and rough orbits of all GPS satellites (the almanac). 

The receiver measures the transit time of each message and computes the distance to each 

satellite. Geometric trilateration is then used to combine these distances with the location of the 

satellites to determine the receiver's location. Four satellites are needed to determine 3D position 

and time to correct for receiver clock errors. GPS receivers provide position and velocity with 

bounded accuracy. The major drawback of GPS is the accuracy degradation due to poor signal 

blockage. Satellite geometry, interference, and jamming are other factors as well. The degradation 

of the accuracy is especially prevalent in urban centers and when encountering tunnels. 

3.2 RISS Mechanization 

RISS Mechanization is the process involved in transforming the measurements of a RISS 

system acquired in the body frame into position, velocity and attitude in a generic frame. It is a 
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recursive process based on the initial conditions, or the previous output and the new 

measurements.  

For a vehicle moving in space (i.e. three-dimensional ‘3D’ navigation), nine navigation 

states need to be determined which are divided into three position parameters, three velocity 

parameters and three orientation parameters. The 3D RISS10

In 2D, the position parameters are the latitude (ϕ) and the longitude (λ), the velocity 

parameters are the East (VEast) and North (VNorth) velocities, and the only orientation parameter is 

the azimuth (A). 

 system used to compute these states 

is comprised of a gyroscope, two accelerometers and an odometer. 

For a vehicle moving in a 2D plane, five navigation states are computed consisting of two 

position parameters, two velocity parameters and one orientation parameter. The 2D RISS system 

readings ( ωz for the gyroscope and Vforward for the odometer ) are given in a coordinate frame 

known as the body frame while the position is expressed in the earth-centered, earth-fixed 

(ECEF) geodetic coordinate frame and the velocity and attitude are usually expressed in another 

coordinate frame known as the local-level frame. The local-level frame coordinates are formed 

from a plane tangent to the Earth's surface fixed to a specific location and hence it is sometimes 

known as a "Local Tangent" or "local geodetic" plane.  

Figure  3.2 shows the measurements of the RISS system in the body frame, with 

respect to the local-level frame in which the results are expressed.  

 

                                                      

 
10 The implementation of the embedded system done in this research uses the 2D RISS system, however, 
the 3D RISS system can be easily implemented using the same methodology discussed in this thesis. 
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Figure  3.1 Earth Centered, Earth Fixed and Local Level Frames. 
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Figure  3.2 The RISS System Measurements in the b-frame 

 

The MEMS gyroscope in the 2D plane doesn’t just measure the direct orientation of the 

body frame with respect to the navigation frame, it measures two other components, a stationary 

L-frame 
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component which results due to the rotation of the earth around itself with angular velocity (ωe = 

15.041 degree/hr); this component will be measured by the gyroscope even if the vehicle is not 

moving, and that is why it is called the stationary component. The other component results due to 

the change of orientation of the l-frame with respect to the ECEF frame because of the motion of 

the vehicle, and is called the non-stationary component. After removing the stationary and non-

stationary components from the gyroscope measurement, the azimuth angle can then be computed 

after which the odometer-derived speed is used to compute the velocity and the position.  

The equations that describe the RISS mechanization, which comprises the computation of 

the vehicle’s position, velocity and orientation, are given below. The rate of change of the yaw 

angle (where Yaw = - Azimuth) equals the gyroscope measurement after removing the stationary 

and non-stationary components, given by 

tan( )sin( )e East
z

N

VdY dA
dt dt R h

φω ω φ ⋅
= − = − ⋅ −

+             (3.1) 

where  

Y = Yaw angle (radians) 

A = Azimuth angle (radians) 

ωz = Angular velocity measured by the gyroscope (radians/sec) 

ωe =Earth’s angular velocity (radians/sec) 

ϕ = Vehicle’s Latitude (radians) 

VEast = Vehicle’s East speed (meters/sec) 

RN = Normal radius of curvature of the Earth’s ellipsoid (meters) 

h = Vehicle’s altitude (meters) 

In the discrete form, the equation can be rewritten as 
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( )
1 ( 1)

tan( )
( . sin( ). . )east k ke

k k z k s k s s

V
A A T T T

R h
φ

ω ω φ+ +

⋅
= − − ⋅ −

+   (3.2) 

where the subscript (k) stands for the previous time epoch; the subscript (k+1) stands for the 

current time epoch and Ts stands for the sampling time, the time after which the gyroscope 

provide a new measurement. Initially, when (k = 0), all the variables with the subscript (k) on the 

right hand side of equation (3.2), are initialized from the GPS measurements. 

The East and North velocities can then be computed using the following 2 equations: 

( 1) ( 1) 1

( 1) 1( 1)

sin( )

cos( )
East k forward k k

forward k kNorth k

V V A
V AV

+ + +

+ ++

  ⋅ 
  =     ⋅    (3.3)

 

where 

VNorth = Vehicle’s North speed (meters/sec) 

Vforward = Vehicle’s speed derived from odometer or wheel encoders in the forward direction of the 

vehicle (meters/sec) 

After computing the East and North velocities of the vehicle, the position of the vehicle is 

then computed, specified by the latitude and longitude from the following equations 

 

( 1)1

1 ( 1)

1

10

1 0
( ) cos( )

East kk k M
s

k k North k

N k

VR h
T

V
R h

φ φ
λ λ

φ

++

+ +

+

 
   +       = + ⋅ ⋅            + ⋅   (3.4) 

 

where 

 λ = Vehicle’s Longitude (radians) 

RM = Meridian radius of curvature of the Earth’s ellipsoid (meters) 



40 

 

3.3 RISS/GPS Data Fusion using Kalman Filter 

3.3.1 Kalman Filter Overview 

The fusion of the position and velocity measurements from the GPS with the RISS computed 

position and velocity is done using the conventional KF method in a closed-loop, loosely coupled 

fashion.  

KF is a state estimation technique that can integrate measurement data to obtain state 

estimate by recognizing that the measurements are noisy, and can have only a small effect on the 

state estimate, or in some cases to be neglected completely. It smoothes out the effects of noise in 

the state variable being estimated, by incorporating more information from reliable data than 

unreliable data. The designer can tune the KF with how much noise there is in the system 

(including the measurements, and the control inputs together with the system model) and it 

calculates an estimate of the state variables taking the noise into account. In addition to an 

estimate of the state variable vector, the algorithm provides an estimate of the state vector 

uncertainty (i.e. how confident the estimate is, given the value for the amount of error in it).  

Figure  3.3 shows where the KF fits in the navigation solution. One of the main advantages of 

the KF, computation-wise, is that it is very convenient for real-time processing [39]. 
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Figure  3.3 Overall RISS/GPS Navigation Solution 

 

KF addresses the general problem of trying to estimate the state of a discrete-time controlled 

process that is governed by the models: 

a- State equation (System model or Process model) 

1 1, .k k k k k kF G+ += +x x w
     (3.5) 

where   

x = Error state vector 

F = State transition matrix 

G = Noise coupling matrix 

w = System/Process noise 
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b- Observation equation (Measurement model) 

.k k k kH= +z x v
     (3.6) 

where   

z = Observation vector (i.e. Measurement vector) 

H = Design matrix 

v = Measurement noise 

The KF algorithm assumes that all the noise is white and has amplitude which can be 

modeled as a Gaussian (or Normal) distribution [40]. In estimating the state of a process at some 

given time, feedback is obtained in the form of noisy measurements (GPS in this case). This 

process of estimation and update can be characterized by a set of mathematical equations known 

as time update (prediction) and measurement update (correction) equations. The time update 

equations are responsible for providing an a priori estimate of the state while the measurement 

update equations incorporate the aspect of feedback in computing a more accurate a posteriori 

estimate. Figure  3.4 shows the prediction and update stages’ equations of the KF. 

A fundamental part of the KF theory is the covariance matrix. The covariance matrix of a 

state variable vector x with zero mean is defined as the expected value of a vector multiplied by 

its transpose E[xxT]. The nth diagonal element of the covariance matrix is the variance of the nth 

element of x and the off diagonal elements are the cross co-variances of the variables [40]. The 

system noise w(t) has a covariance matrix Q and the measurement noise v(t) has a covariance 

matrix R , which are defined by 

[ ]T
k k kE Q=w w   (3.7) 

                                            [ ]T
k k kE R=v v           (3.8) 
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where the basic assumption that the system noise and the measurement noise are uncorrelated. 

Therefore: 

[ ] 0T
k kE =w v

  (3.10) 

 

 

Figure  3.4 Kalman Filter Prediction and Update Stages 

 

One important parameter of the KF is the error covariance matrix (P) of the estimate of the 

error state vector x, which is given as: 

^ ^
[( )( ) ]T

k k k k kE P− − =x x x x
 (3.11) 

P is generally used as an estimate of the uncertainty, where the larger P means there is more 

uncertainty in the estimate of the state variables. The square root of the diagonal elements of P 

gives the standard deviation of the error in the state variables. 
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R (the measurement noise covariance) determines how much confidence to give to the 

measurements. If R is high, the KF determines that the measurement isn't very accurate. When R 

is smaller the KF output will follow the measurements more closely and accept more information 

from them. 

The effect of P (the error covariance matrix) on the KF estimate is that when P is small the 

KF incorporates a lot less of the measurement into the estimate as it is fairly certain of its 

predicted output. Ideally P gets as close to zero as possible to indicate that the model is accurate. 

P is generally reduced by measurements received; as there is more confidence in the estimated 

state if there is a measurement to confirm it. However, the reduction of P is limited by the 

model/input variable error covariance Q which is incorporated at each time step. 

Both P and R are incorporated into the KF through the Kalman gain K. K determines how 

much of the innovation (the difference between the actual measurement and the model 

measurement) is used to correct the estimate. K varies in proportion to the error covariance matrix 

P and is inversely proportional to the measurement covariance matrix R. If the measurement 

noise covariance R is large compared to the error covariance matrix P, then the Kalman gain K 

will be small. This means the certainty of the measurement is small relative to the certainty of the 

current state model and the model output is better compared to the new measurement – minimal 

adjustment to the estimate is required. Alternatively, if P is large compared to R, K will be large 

and the estimate of x is updated to look more like the measurement than the predicted estimate, 

where the innovation is weighted more heavily. 

3.3.2 Kalman Filter for RISS/GPS Data Fusion 

The errors in mechanization output are passed from one estimate to another with the overall 

uncertainty in the precision of the estimated quantity drifting with time. Therefore, error models 

are required for analysis and estimation of different error sources associated with the RISS 
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system. Since the errors in dynamic systems are variable in time, they are described by 

differential equations. Linearization of a non-linear dynamic system is the most common 

approach to derive a set of linear differential equations that defines the error states of a dynamic 

system. 

The error state vector for the RISS system, for velocity and position includes coordinate 

errors (δϕ, δλ), velocity errors (δVEast, δVNorth), azimuth error (δA) and sensor errors as follows. 

                                
(       )T

East North forward zV V A aδφ δλ δ δ δ δ δω=x
 (3.12) 

 

Thus, the time rate of change of the RISS position errors can be described as follow [5]: 
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Similarly, the time rate of change of the RISS velocity errors can be written as follows: 

.

.

sin( ) cos( )
.

cos( ) sin( )
forward forwardEast

forward
North

A a A aV
A a A AV

δδ
δδ

       =      −      
   (3.14) 

where 

 aforward  =  The odometer-derived acceleration (meter/sec2) 

 δaforward  =  The corresponding residual random error. 

 The azimuth errors can be written as: 

.

zAδ δω=
   (3.15) 
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The residual random errors for both the odometer-derived acceleration and the gyroscope are 

modeled as first order Gauss Markov processes as follows: 
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where 

 βωz = the reciprocal of the correlation time of the random process associated with the gyroscope 

measurement. 

σωz = the standard deviation of the random process associated with the gyroscope measurement. 

γaforward = the reciprocal of the correlation time of the random process associated with the 

odometer-derived acceleration. 

σaforward =  the standard deviation of the random process associated with the odometer-derived 

acceleration. 

w(t) = unit variance white Gaussian noise. 

F, the state transition matrix, for RISS system error equations can be written as follow: 
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and G, the noise coupling matrix, for the RISS dynamic model is written as follow: 

2 2(0 0 0 0 0 0 2 2 )
forward forward z z

T
a aG ω ωγ σ β σ=

   (3.18)

 

For the RISS/GPS integrated navigation system, the parameters of the measurement model is 

given a follow: 
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H

 
 
 =
 
  
   (3.20)  

3.4 Summary 

In this chapter, the RISS/GPS navigation system was introduced with its sensors. The RISS 

mechanization was then discussed along with the fusion of the RISS computed position, velocity 

and azimuth with the GPS measurements using KF. The discussion was not detailed; as there are 

whole books discussing the mentioned topics. This chapter was merely an overview on the 

RISS/GPS integration algorithm, consisting of the RISS mechanization and KF for fusion, on 

which the real-time embedded system to-be developed, is based. More information, regarding the 

introduced topics can be found in [3, 4, 39-42]. 
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Chapter 4 

System Design and Implementation 

4.1 Selecting an Embedded System Design Model  

As cited previously in  Chapter 2, due to the complexity of the embedded systems, design 

methodologies are needed to guide the decisions of the designers when developing large systems. 

The selected design process also defines the constraints between different teams that are working 

on the system. Although the work in this thesis is done solely, a methodology acts as a framework 

that will direct the work flow in the thesis, and organize the tasks in relation to the different 

phases in the system life cycle. Figure  4.1 shows the design methodology that is used through the 

thesis.  

 

Figure  4.1 Selected Embedded System Design Life Cycle 

 

The methodology was derived from both Figure  2.7 and Figure  2.8. The third phase in which 

the system is developed, is concerned with the implementation of both the hardware and software, 

according to the partitioning of the hardware and software tasks done in the design phase. It has 

to be mentioned, unlike the waterfall model, the designer is allowed to move from one phase to 

another in the backward direction allowing system refinement and optimization according to the 

experiences gained through the work. 
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4.2 Phases Description and Work Segmentation 

According to Figure  4.1, the embedded system life cycle consists of four main phases before 

the system release stage, at which the embedded system has been validated and verified to be 

working properly according to the requirements and constrains depicted in the system 

specifications phase. The final phase after releasing the system is concerned with providing the 

support for fixing any issues or bugs, exposed by the system users and maintaining the system. In 

the following sections, the first three phases in the model, starting from the system specifications 

phase are described in detail. 

4.2.1 System Specifications Definition Phase 

  The process of designing an embedded system starts with the definition of the system – the 

goal of the thesis. The system definition describes what the embedded system is to be and do. The 

output of this phase is a documentation that defines the system specifications, which will tell the 

engineering team what will be implemented focusing on the constraints that should be followed. 

To define the specifications of the system to be developed, establishing the correct requirements 

is required [43]. The requirements that will be presented are as follows: 

1. System Requirements: What will the system do? 

The embedded system to-be developed is a real-time navigation system that computes the 

2D position of a vehicle by applying the KF for 2D RISS/GPS navigation algorithm, presented in 

 Chapter 3, to fuse measurements from three sensors. The three sensors are a Global Positioning 

System receiver, an Inertial Measurement Unit, and a land vehicle’s odometer or mobile robot 

wheel encoders. 

2. Functional Requirements: What the system must do? 

This real-time navigation embedded system must do the following: 
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a. Interface with the NovAtel SPAN unit which includes a GPS receiver, a Crossbow IMU, 

and an ElmScan vehicle speed scan tool or a mobile robot’s encoders, using the UART 

serial communication interface. For each sensor, a UART channel is required. The 

NovAtel SPAN unit contains a GPS receiver and a high-end IMU, which can provide a 

reference solution to compare the developed system solution with another navigation 

solution from a high-cost system. 

b. Synchronize the data from the three sensors using the pulse per second signal from the 

GPS, for a more reliable fusion solution. 

c. Extract the information required from these sensors to get the position, velocity and 

azimuth from the GPS receiver; the azimuth rate from the IMU; and the vehicle’s speed 

from the odometer and the encoders. 

d. Once the synchronized extracted information is available, the KF for 2D RISS/GPS 

navigation algorithm is applied, to yield a consistent navigation solution per second. The 

navigation solution has to be available before the new incoming GPS PPS synchronizer 

signal and measurements from the three sensors are available. 

e. The system is required to communicate with a PC via the UART interface to upload the 

measurements and the computed navigation solution to retrieve, visualize, and analyze 

the data. 
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Figure  4.2 Measurements Synchronization, Information Extraction and Processing 

 

From the above presented requirements, the system specifications can be defined as follows: 

1. The embedded system should have at least four UART serial communication interfaces to 

communicate with the three sensors and the host machine. The availability of other 

peripherals such as the Serial Peripheral Interface (SPI) or Inter-Inter Integrated Circuit (I2C) 

interfaces, will be also useful, in case one of the sensors is replaced with another that don’t 

use the same communication interface or if more sensors are added, such as a barometer or 

an imaging sensor. 

2. The computational power of the system should be capable of executing the navigation 

algorithm in the least time possible to produce a consistent navigation solution every second 

before the new synchronization signal and measurements are available.  

Finally, the test specifications are defined, which describe how the developed system will be 

tested. To test the system two approaches will be adopted: 

1. Using the measurements that are uploaded to a host machine, the solution of the navigation 

system in real-time is compared to the post-processing solution computed using the main 
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algorithm that is coded in MATLAB which makes use of the uploaded measurements. If the 

results from both solutions are comparable, then the navigation system has succeeded in 

delivering a real-time navigation solution. 

2. For testing the implemented system in real-time to reveal and eliminate bugs, a flexible 

mean to iteratively test the system needs to exist to ease the way by which the developer can 

debug the implemented system before testing the system on a land vehicle, which is 

considered costly and requires more man-power. For the mentioned reason, a mobile robot is 

used which can be controlled with the developer, where the system behaviour can be 

debugged. The wheel encoders on the mobile robot replace the odometer on the land vehicle. 

Once the system is fully tested on the robot, the system can then be tested on the land 

vehicle. 

3. The reference solution, which is generated from the NovAtel SPAN unit, will be also used as 

a general reference, for assessing the performance of the low-cost developed navigation 

solution and the pre-processed MATLAB solution. 

4.2.2 Design Phase 

In the design phase, two questions are answered. The first is concerned with the platform to 

be chosen that will fulfill the specifications of the embedded systems acquired in the first phase. 

The designer has the option to choose a micro-controller, a DSP, an FPGA, or a combination of 

these platforms for the application to be developed. Once the platform is chosen, the designer has 

to decide on the tools that will assist the developers in programming a specific platform. The 

second question depends on the choice of the platform and is concerned with the hardware and 

software partitioning. Moreover, if the brands of the sensors weren’t defined previously, the 

designer would have to choose the sensors that satisfy the system requirements and specifications. 
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According to the system specifications defined in the first phase, and from the discussion in 

 Chapter 2, in which various platforms have been presented, an FPGA has been chosen for 

interfacing with the sensors and developing the real-time navigation algorithm. Low-end 

microcontrollers lack the computation power for implementing the navigation algorithm, which 

entails longer processing time, and larger code density for math centric algorithms. Although, 

digital signal processors have the computation power in the form of the use of high clock rates 

and the presence of hardware accelerators and co-processors to perform computation extensive 

applications, the platforms that use digital signal processors lack the availability of the peripherals 

required for this application. 

FPGAs give the developers the flexibility to develop the system using a hardware-based 

approach which utilizes the parallelism nature of FPGAs, or a processor-based approach utilizing 

the embedded soft-core or hard-core processors. FPGAs are also considered a perfect platform for 

developing the system as a combination of hardware and software on a single chip. The need for 

high processing power can be solved by building the whole system as a hardware circuit or by 

using the floating-point units that are supplied with the embedded processors or by building 

hardware accelerators that can be used along with an embedded processor. Furthermore, FPGAs 

give the flexibility to customize a set of peripherals for the given application. When FPGAs are 

used, the problem of having extra space for adding extra logic or another processor (i.e. 

headroom) to the system is eliminated by using the same design and a higher density FPGA. 

For this thesis, an evaluation kit (Virtex-4 ML402) powered by the high-end Xilinx Virtex-4 

SX35 FPGA was utilized for building the real-time navigation embedded system. Xilinx Virtex-4 

family of FPGAs represents the 4th generation in the Virtex series of FPGAs. Virtex-4 family 

offers higher performance, higher logic density, lower power, lower cost and more advanced 

capabilities over the previous Virtex families [44].  
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Xilinx offers various software tools for the developers to program their FPGAs, by utilizing 

either a hardware-based approach or software-based approach. The tools are presented in Figure 

 4.3, which includes AccelDSP, System Generator and Xilinx Integrated Software Environment 

(ISE) for building hardware circuits. In addition, Xilinx Embedded Development Kit offers the 

developers building a processor-based approach utilizing Xilinx MicroBlaze soft-core processor 

or the PowerPc hard-core processor. 

In consonance with the navigation algorithm giving better results if utilizing floating-point 

arithmetic rather than fixed-point, and the floating-point to fixed-point conversion being a 

complex process if done automatically using AccelDSP tool or manually using tools such as 

MATLAB fixed-point toolbox, Xilinx MicroBlaze soft-core processor was selected for 

developing the embedded system. Using a soft-core processor, rather than a hard-core processor, 

adds one flexibility regarding immigrating the same design to lower-cost FPGAs, which doesn’t 

include a hard-core processor, such as Xilinx Spartan Family FPGAs. 

 
Figure  4.3 Xilinx Software Tools to Program FPGAs 
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Due to the selection of the MicroBlaze soft-core processor in developing the system, the 

process of partitioning the hardware and software tasks is eliminated, as most of the peripherals 

or coprocessors that will be used to customize the processor for the application are provided by 

Xilinx EDK tool. Thus, the developer will be concerned with customizing the MicroBlaze-based 

system, from Xilinx provided resources, for the navigation algorithm and sensors interfacing and 

then implementing the software will be the next step. 

4.2.2.1 MicroBlaze Soft-core Processor 

The MicroBlaze is a 32-bit reduced instruction set computer (RISC) for use in FPGA designs 

targeting supported Xilinx Spartan
 
or Virtex

 
families of physical FPGA devices. Figure 4.4 shows 

a functional block diagram of the MicroBlaze core [45]. 

 

Figure  4.4 MicroBlaze Core Block Diagram [45] 
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The MicroBlaze soft core processor is highly configurable, allowing the selection of a 

specific set of features for the system to be designed. Xilinx XPS software tool version 10.1.3 is 

used which corresponds to MicroBlaze version 7.10.d11

• Thirty-two 32-bit general purpose registers 

. 

The fixed feature set of the processor includes:  

• 32-bit instruction word with three operands and two addressing modes 

• 32-bit address bus 

• Single issue pipeline 

In addition to these fixed features, the MicroBlaze processor can be parameterized to allow 

selective enabling of additional functionality [45]. Some of the optional features are introduced in 

Table  4.1. 

Feature MicroBlaze version 7.2 
Processor pipeline depth 3/5 

Hardware barrel shifter option 

Hardware divider option 

Hardware debug logic option 

Pattern Compare Instructions option 

Fast simplex link interfaces Single-precision 

Instruction and Data cache memory option 

Hardware exception support option 

Floating Point Unit option 

Area or speed optimized option 

Floating-point conversion and square root instructions option 

Table  4.1 MicroBlaze Optional Features 

                                                      

 
11 For every Xilinx EDK version, there is only one corresponding MicroBlaze version which can be used. 
Newer MicroBlaze versions can be used only with a new Xilinx EDK release. 
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MicroBlaze is implemented with Harvard memory architecture, where instruction and data 

accesses are done in separate address spaces. Both instruction and data interfaces of MicroBlaze 

are 32 bits wide and use big-endian, bit-reversed format. MicroBlaze supports word, half-word, 

and byte accesses to data memory. It is configurable for performance-optimized (5-stage pipeline) 

or area-optimized (3-stage pipeline) applications [45]. 

The following three memory interfaces are supported by the MicroBlaze: Local Memory Bus 

(LMB), the IBM Processor Local Bus (PLB) or the IBM On-chip Peripheral Bus (OPB), and 

Xilinx CacheLink (XCL). The LMB provides single-cycle access to on-chip dual-port block 

RAM. The PLB and OPB interfaces provide a connection to both on-chip and off-chip 

peripherals and memory. The PLB is used to communicate with high-bandwidth master and slave 

device, while the OPB is a less complex protocol that can be used to decouple low-bandwidth 

devices from the PLB. The CacheLink interface is intended for use with specialized external 

memory controllers. The CacheLink interface is only available on the MicroBlaze when caches 

are enabled by the system designer [45, 46]. 

MicroBlaze also supports up to 16 Fast Simplex Link (FSL) ports, each with input and 

output port [45]. The FSL is a unidirectional point-to-point FIFO-based communication channel. 

It is a dedicated channel that can link high-speed co-processors or hardware accelerators to the 

MicroBlaze processor [46]. The performance of the FSL interface can reach up to 300 MB/sec. 

and is ideal for MicroBlaze-to-MicroBlaze or streaming I/O communications [47]. 
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Figure  4.5 MicroBlaze Input/output Bus Interfaces [46] 

 

An optional IEEE-754 compatible single precision floating-point unit (FPU) is available for 

the MicroBlaze. The tightly integrated FPU combines high performance and low latency. Using 

MicroBlaze floating-point unit provides a huge boost in performance (in some cases up to 40x 

speedup over emulated floating-point using fixed-point arithmetic) [48]. The floating unit can 

operate in two modes: basic and extended. In the basic mode, floating-point arithmetic and 

comparison operations are available. In the extended mode, floating-point square root operation, 

and the conversion operations from signed integer to floating-point and from floating-point to 

signed integer are available. 

Regarding the system memory used for storing the instructions and data, the MicroBlaze has 

access to a fast local memory, as well as an interface to slower, secondary memory. The fastest 

possible memory option is to put everything in local memory. Xilinx local memory is made up of 

large FPGA memory blocks called BlockRAM (BRAM). MicroBlaze accesses to BRAM happen 

in a single bus cycle. Since the processor and bus run at the same frequency in MicroBlaze, 
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instructions stored in BRAM are executed at the full MicroBlaze processor frequency.  BRAM is 

essentially equivalent in performance to a Level 1 (L1) cache. If the program fits entirely within 

local memory, then the designer achieves optimal memory performance. However, many 

embedded applications surpass this capacity [32]. 

The second option is to use external memory devices. The three types of volatile memory 

supported by Xilinx are SRAM, single-data-rate SDRAM, and double-data-rate (DDR) SDRAM. 

The SRAM controller is the smallest and simplest inside the FPGA, but SRAM is the most 

expensive of the three memory types. The DDR controller is the largest and most complex inside 

the FPGA, but fewer FPGA pins are required, and the DDR is the least expensive per megabyte. 

In addition to the memory access time, the peripheral bus also experiences some latency, resulting 

in achieving the worst program performance if the whole code resides in the external memory 

devices [32].  

To enable the use of the large space provided by the external memory and achieve a better 

performance, instruction and data cache controllers can be added to the processor code. When 

these controllers are included, the cache memory is built from BRAM, consuming the BRAM that 

could have otherwise been used for local memory. As using the local memory architecture solely 

is sometimes not practical for the application, the designer have the option to partition the code 

between the internal, external and cache memory. Like other processors, the memory usage in an 

embedded processor can be manipulated with a linker script [32]. 

4.2.3 Development Phase 

For developing an embedded system based on a soft-core processor, unlike the discrete 

processors where the hardware is already defined, the developer needs to start by customizing the 

soft-core processor to fit the application. Specific optional features and interfacing peripherals 

tailored for the application are added to the processor’s core. 
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Xilinx’s Embedded Development Kit (EDK) is a suite of tools and Intellectual Property (IP) 

that enables designing a complete embedded processor system for implementation in a Xilinx 

FPGA device. The EDK enables the design and integration of both the hardware and software 

using two main tools, Xilinx Platform Studio (XPS) and Software Development Kit (SDK). 

The Xilinx Platform Studio is the development environment or graphical-user interface 

(GUI) used for designing the hardware portion of the embedded processor system. The Software 

Development Kit is an integrated development environment, complimentary to XPS, that is used 

for C/C++ embedded software application creation and verification. SDK is built on the 

Eclipse™ open-source framework, so this software development tool might appear familiar to 

software developers12 Figure  4.6 [49].  illustrates the hardware design flow, starting from the 

hardware customization and resulting in the processor bit-stream, and the software design flow 

starting from C/C++ code development and resulting in the object code. The system bit-stream 

which contains both the processor bit-stream and the object code is then downloaded to the 

FPGA.  

                                                      

 
12 Prior to EDK version 12.1 released in 2010, the designer had the option to use only XPS to develop both 
the hardware and software. Starting from 12.1, XPS is used for customizing the system hardware only, 
and the software has to be implemented on SDK. 
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Figure  4.6 Hardware Customization and Software Development Flows Using Xilinx's EDK 
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4.2.3.1 Hardware Customization 

In the current sub-phase, we’ll define the peripherals and features required to be added to the 

MicroBlaze core running at 100Hz via the XPS tool as follows: 

1. Sensors Interfacing:  

 The overall system should communicate with three sensors via three UART interfaces, 

and upload the measurements and results to a host machine via a fourth UART interface. The 

XPS offers two UART IPs, UART (lite) and UART (16550-style). The main difference 

between the two UART interfaces is that the UART (lite) uses less hardware resources and 

doesn’t support much of the configurations built in UART (16550-style). For the sensors 

interfacing, four UART (lite) interfaces are added to the processor core. Three of the four 

UART interfaces will utilize interrupts for an efficient communication with the sensors, which 

require also an interrupt controller to be added to the system. 

2. Measurements Synchronization: 

The pulse per second signal which is generated from the GPS receiver is used to 

synchronize the measurements from the three sensors. A general purpose input/output (GPIO) 

core will be added to the system, and connected to the interrupt controller signaling an 

interrupt every time an edge transition occurs from the low-level voltage to the high-level 

voltage. 

3. Navigation Algorithm Code Development: 

For the computation extensive operations that will be used for implementing the code, all 

the optional features that will accelerate the processing are added. The hardware barrel shifter, 

integer multiplier, and the integer division are enabled. The IEEE-745 compatible single-

precision floating-point unit is added to the system, operating in the extended mode. 
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Furthermore, the MicroBlaze processor core is optimized for speed, which results in the 

consumption of more FPGA hardware resources.  

Regarding the memory that will be used to store the instructions and data, the local 

memory, which utilizes the BRAM is selected over the choice to use the external memory 

combined with the cache option. Two memory cores of 128 KB each are used for storing the 

instructions and data. 

4. Additional Interfaces and Peripherals 

For user interfacing, a GPIO core is added to be used with the push buttons and dip 

switches available on the Virtex-4 evaluation kit. Another general purpose input/output core is 

added to be used with LEDs which can be used as state indicators. A timer IP is also utilized 

to profile the processing time for the algorithm, by tracking the time taken for the algorithm to 

complete, before new measurements are available. 

 

Figure  4.7 Customized Microblaze-based Navigation Embedded System 
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4.2.3.2 Software Development 

In designing the software, the bottom-up approach is used, where low abstraction modules 

are coded first, before moving to higher abstraction modules. We started by interfacing the 

sensors, and synchronizing the measurements according to the PPS signal, and then we moved to 

convert the MATLAB code to C and optimize the code for performance and code density. The 

lower level modules are tightly coupled with the system peripherals, while the higher level 

modules are generic modules that aren’t tied to specific hardware. Due to the use of interrupts, the 

system is event-triggered that is invoked when specific events occur such as acquiring one byte or 

one whole data packet from one of the UARTs that are used for interfacing the sensors, or the 

transition of the PPS signal from the low-level to high-level used for synchronization. 

Instead of using an operating system to control the hardware resources, the standalone Board 

Support Package (BSP) is used to access the board/processor features directly without the use of a 

kernel or an operating system. 

 

Figure  4.8 Bottom-up vs. Top-down Embedded Software Design Approaches 
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4.2.3.2.1 Sensors Interfacing 

A. Crossbow IMU300CC-100 Inertial Measurement Unit 

The Crossbow MEMS grade low-end IMU300CC-100 is a six-axis measurement systems 

designed to measure linear acceleration along three orthogonal axes and rotation rates around 

three orthogonal axes. It uses three accelerometers and three angular rate sensors to make a 

complete measurement of the dynamics of the vehicle.  

The IMU have both analog outputs and an RS-232 serial link. Data may be requested via the 

serial link as a single measurement (i.e. polled mode) or streamed continuously (i.e. continuous 

mode). The IMU is designed to operate in one of two modes: voltage mode, or scaled sensor 

mode. The measurement mode selects the information that is sent in the data packet over the RS-

232 interface [50]. The serial interface settings are 38400 baud, 8 data bits, 1 start bit, 1 stop bit, 

no parity, and no flow control. 

Commands can be sent to the IMU via the RS-232 link, to verify the communication, 

configure the IMU to work in one of the measurement modes, and configure the IMU to send the 

data either in the polled or continuous mode. Table  4.2 presents the commands used for 

communicating with the Crossbow IMU. 

For the on-going application, the measurement mode selected is the scaled sensor mode, 

where the analog sensors are sampled, converted to digital data, temperature compensated, and 

scaled to engineering units. The IMU is configured to send the measurements in the continuous 

mode which results in a maximum of 200 packets per second. The polled mode is not selected, as 

the number of samples that can be polled from the IMU is far less than that in the continuous 

mode. Table  4.3 shows the structure of the IMU packet. Each data packet will begin with a header 

byte (0xFF) and end with a checksum, that is used to indicate if the received packet is valid or 

not. The digital data representing each measurement is sent as a 16-bit number. The Most 

Significant Byte is sent first before the Least Significant Byte [50]. 
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Character 
Command 

Character 
Response 

Description 

R H Pings DMU to verify communications  

r R Changes measurement type to Voltage Mode. The IMU outputs 
raw sensor voltage in the data packet.  

c C Changes measurement type to Scaled Mode. DMU outputs 
measurements in scaled engineering units.  

P none Changes data output mode to Polled Mode. DMU will output a 
single data packet when it receives a "G" command.  

G One 
 Data packet 

"G" requests a single data packet, where the IMU will respond 
with one data packet.  

C   Data packets Changes data output mode to Continuous Mode. DMU will 
immediately start to output data packets in continuous mode.  
Sending a “G”, will return the IMU to polled mode. 

Table  4.2 Crossbow IMU300 Commands and Responses 

 

It has to be mentioned that the application requires only the measurements of the gyroscope 

along the z-axis. However, interfacing with the full IMU can assist in implementing other 

navigation algorithms which can make use of the full IMU measurements. 

 

Packet Byte 
Number 

Data Packet Structure in 
Scaled Sensor Mode 

Packet Byte 
Number 

Data Packet Structure in 
Scaled Sensor Mode 

0 Header (0xFF) 9,10 Acceleration Y [MSB,LSB] 

1,2 Roll Rate [MSB,LSB] 11,12 Acceleration Z [MSB,LSB] 

3,4 Pitch Rate [MSB,LSB] 13,14 Temperature Voltage [MSB,LSB] 

5,6 Yaw Rate [MSB,LSB] 15,16 Time [MSB,LSB] 

7,8 Acceleration X [MSB,LSB] 17 Checksum 

Table  4.3 Crossbow IMU Data Packet Structure in the Scaled Sensor Mode 

 

Figure  4.9 shows a flow chart for the MicroBlaze interfacing with the Crossbow IMU. 

Before synchronizing the IMU measurements with the PPS signal from the GPS receiver, the 

IMU data is streamed for 30 seconds to the MicroBlaze processor, where the yaw rate 



67 

 

measurement is extracted and all the measurements are averaged, resulting in the systematic bias 

which should be subtracted from all the consequent synchronized yaw rate measurements. 

The interrupt handler linked with the UART on the processor that communicates with the 

Crossbow IMU, responds when one data packet of 18 bytes is received. In the bias calculation 

stage, the interrupt handler is utilized to signal that a new packet is received which is used to 

calculate the bias. After the bias is calculated, and when the PPS signal flags a new second, the 

interrupt handler is used to acquire all the data packets till a new PPS signal is detected. At that 

time, when the new PPS signal is detected, the yaw rate measurements from all the data packets 

are averaged, resulting in down-sampling the yaw rate measurements to a rate of 1 sample/second 

rather than a rate of 200 samples/second. The down-sampling operation acts as a filter for the yaw 

rate measurements, and gives the flexibility for the navigation algorithm to process the 

measurements at a rate of 1 second. 
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Figure  4.9 A Simplified Flowchart presenting the communication between the Processor 
and the IMU 
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B. NovAtel SPAN Unit 

NovAtel SPAN unit consists of a Propak-G2-plus GPS receiver and a high-end Honeywell 

HG1700 IMU. The SPAN unit offers an accurate and reliable navigation solution by integrating 

the GPS and INS solutions. The GPS receiver is connected to the IMU enclosure with an RS-232 

link. The NovAtel SPAN provides another RS-232 links to communicate with a host machine for 

logging the GPS measurements, the IMU measurements or the integrated GPS/INS solution [51]. 

Another I/O port is available on the SPAN unit which provides TTL-compatible I/O strobe lines, 

such as the PPS signal, which is used to synchronize the sensor’s measurements. 

Commands can be sent to the SPAN via one of the two RS-232 links available, to configure 

the SPAN unit to output the GPS position and velocity measurements and the integrated GPS/INS 

navigation solution at a rate of 1 sample/sec. The serial interface settings used are 115200 baud, 8 

data bits, 1 start bit, 1 stop bit, no parity, and no flow control. Table  4.4 presents the commands 

that are used for the on-going application. 

The SPAN unit handles all the incoming and outgoing NovAtel data in three different 

message formats: Abbreviated ASCII, ASCII, and Binary [51]. For the on-going application, 

ASCII commands are used to invoke the SPAN unit to send binary logs. Binary logs are more 

convenient for real-time interfacing and data extraction as each log (i.e. data packet) has a field 

from which the length of the data packet can be determined. ASCII logs don’t contain the log 

length in bytes, and the end of the message is indicated by using specific characters. Moreover, 

binary logs use less number of bytes to convey the same information if abbreviated ASCII or 

ASCII logs are used. All message formats have a message ID field which indicates the type of the 

message. For example, the BESTGPSPOSB message ID is 423, the BESTGPSPOSB message ID 

is 506, and the INSPVAB message ID is 507. 
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Command Description 
INTERFACEMODE COM1 

NOVATEL NOVATEL OFF 
Configures COM1 port on the SPAN unit to accept and generate 
NovAtel commands and logs, and turn off the responses that the 
SPAN unit sends after each command received. 

LOG BESTGPSPOSB ONTIME 1 Requests the binary BESTGPSPOSB log synchronously to the 
PPS signal at a rate of 1 Hz. The BESTGPSPOSB log is used to 
obtain the GPS position measurements (Latitude, Longitude, and 
Height) along with the number of the satellites that are available 
at the current measurement. The message ID is 423 and the log is 
104 bytes long. 

LOG BESTGPSPOSV ONTIME 1 Requests the binary BESTGPSVELB log synchronously to the 
PPS signal at a rate of 1 Hz. The BESTGPSVELB log is used to 
obtain the GPS velocity measurements (Horizontal, Vertical and 
Up velocities) from which are used to compute the East and North 
velocities. The azimuth measurement is also extracted from this 
log. The message ID is 506 and the log is 76 bytes long. 

LOG INSPVAB ONTIME 1 Requests the binary INSPVAB log synchronously to the PPS 
signal at a rate of 1 Hz. The INSPVAB log is used to acquire the 
integrated GPS/INS navigation solution. The message ID is 507 
and the log is 120 bytes long. 

UNLOG ALL Requests the SPAN unit to stop sending any logs.  

Table  4.4 Commands used to communicate with the NovAtel SPAN Unit 

 

Although, the navigation algorithm being developed needs to acquire only GPS 

measurements, the NovAtel SPAN unit is used to acquire the highly accurate navigation solution 

as well, that is generated from combining the GPS and INS solutions. The NovAtel integrated 

solution acts as a reference to the accuracy of the real-time embedded navigation solution and the 

post-processed MATLAB solution computed on a PC. 

Figure  4.10 shows a simplified flowchart for interfacing with the NovAtel SPAN. Once the 

SPAN is powered, the PPS signal is generated. However, the streaming of the data packets is 

delayed till the computation of the systematic bias of the z-axis gyroscope is finished. The 

interrupt handler for the UART communicating with the SPAN unit is invoked at first when 28 

bytes, indicating a message header, are received. From this message header, the message ID can 

be determined, and the rest of the packet can be acquired as the message ID is known. Once, the 
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whole message is acquired, the SPAN UART interrupt handler then again is invoked when 

another 28 header bytes are received and so on. Once, the three messages, BESTGPSPOSB, 

BESTGPSVELB, and INSPVAB are received, a flag is generated signaling that the GPS data is 

ready. 

 

 

Figure  4.10 A Simple Flowchart used to configure the NovAtel SPAN unit 

 

C. ElmScan Vehicle Scan Tool 

The ElmScan 5 compact scan tool is used to acquire diagnostic information from the vehicle, 

via the RS-232 interface. The tool main core is an IC, the ELM327, which is designed to act as a 

bridge between the on-board diagnostics (OBD) ports and a standard RS-232 interface. A host 

machine can send the tool two types of commands: AT and OBD commands [52]. The AT 

commands are used for configuring the tool, while the OBD commands are used to acquire 
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specific information from the vehicle. Table  4.5 shows the two main commands that are used in 

interfacing the ElmScan tool. 

Character 
Command 

Character 
Response 

Description 

AT Z 23 Bytes Resets the ElmScan tool and verifies the communication 
once the 23 bytes, indicating the ELM327 firmware 
version, are received. 

010D 17 Bytes Requesting the vehicle speed measurement. This 
command has to be invoked every second to get the 
vehicle’s speed at 1Hz rate synchronized with the PPS 
signal. 

Table  4.5 ElmScan 5 Compact Scan Tool Interfacing Commands 

 

The ElmScan tool acquires the vehicle’s speed when it receives the OBD command “010D”. 

To get a speed that is synchronized with the measurements from the other sensors every second, 

the PPS signal is used. With every new PPS signal received, the “010D” command is sent to 

acquire the vehicle’s speed at that second. 

D. Mobile Robot Wheel Encoders’ Micro-processor 

To acquire the robot’s speed, a processor is used which interfaces with the robot’s wheel 

encoders and communicates with a host machine via an RS-232 link. Similar to the speed scan 

tool, a command ‘G’ is sent every second synchronized with the PPS signal to acquire the robot’s 

speed. 

4.2.3.2.2 Measurements Synchronization 

Time synchronization between GPS, IMU and odometer measurements is a common concern 

when implementing integrated systems. Since the NovAtel SPAN unit, the Crossbow IMU and 

the ElmScan 5 compact scan tools are three separate (self-contained) subsystems, the clock 

difference and data transmission latency could cause data alignment discrepancies during the data 

fusion stage, using KF. Such alignment discrepancies may render the data fusion suboptimal. In 
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some applications, the time synchronization of additional sensors, such as a barometer, or 

imaging sensor, might also be necessary [53]. 

The GPS time is typically used as a time reference for multi-mobile sensor systems [59]. 

In addition to outputting positioning data and time messages through a serial data link, the 

NovAtel GPS receiver provide a one pulse-per-second electrical signal indicating the time of the 

turnover of each second. The alignment of the PPS signal edge to the standard GPS time is 

accurate to +/- 50ns [54]. The width of the PPS signal is 1 msec. Figure  4.11 shows the PPS 

signal with respect to the measurements from the three sensors. 

 
Figure  4.11 Timing Diagram showing the PPS Signal with respect to the GPS, IMU and 

speed data derived from either the odometer or the wheel encoders 

 

For synchronizing the measurements, the PPS signal is connected to a GPIO core which is 

linked to an interrupt controller. When an edge transition occurs on the line of the GPIO, from 

low-level to high-level, an interrupt occurs signaling the occurrence of a new second. The 

occurrence of the new second results in 2 operations, down-sampling all the yaw rate 

measurements from the z-axis gyroscope and requesting a new speed measurement from the 

ElmScan tool or the robot’s wheel encoder processor. Shortly after the PPS signal is generated, 

the GPS data is received. When the GPS data is received, along with the down-sampled yaw rate 

measurement and the instant vehicle’s speed, the navigation algorithm processing can start. While 
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the navigation algorithm is processing the synchronized measurements, the processor is forced to 

switch context to the IMU UART interrupt handlers in order to acquire the high-rate gyroscope 

measurements which occur at the rate of 200 Hz. Thus, no yaw rate measurements are lost. 

4.2.3.2.3 Navigation Algorithm Conversion from MATLAB to C and Optimization 

The conversion from MATLAB to C is done manually, instead of automatically using, for 

instance, the Embedded MATLAB approach. The embedded MATLAB approach, although is a 

faster way for algorithm conversion, needs the main MATLAB code to be altered in order to be 

compatible for the conversion process. It provides also less control over the generated C code, 

where the developer might need to optimize the code for a specific processor. 

Although, the floating-point unit used in the MicroBlaze core is a single-precision, the 

algorithm was developed making use of the double-precision arithmetic. Consequently, the 

double-precision arithmetic operations are emulated using software libraries on the single-

precision FPU, resulting in a slightly denser code but far better navigation solution. It has to be 

noted, that if the double-precision arithmetic was to be emulated on fixed-point hardware, the 

code would have been much denser. 

After the navigation C code is implemented, the process of optimizing the code starts, that 

can result in faster code execution and less code density. For instance, instead of using the math 

power() function provided in C, to raise a specific variable to a power of 11
2
 , and using another 

sqrt() function, which is equivalent to raising a variable to the power of 1
2
 , the developer can 

choose the power() function to be used instead of the sqrt() function, Thus, extra memory that is 

needed to add the code space for both functions is eliminated resulting in a smaller code density. 
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4.2.3.3 Hardware Resources and Software Profiling 

Table  4.6 presents the hardware resources that are utilized for building the whole 

navigation system. The logic cells used are 20% of the total available and the BRAM is 33.3 % of 

the total available, which means that a lower-density FPGA can be used for implementing the 

system. Furthermore, if the same FPGA is used, then there is additional space to augment the 

system with more peripherals and coprocessors.  

The code used on the MicroBlaze consumes 92% of the customized available memory 

and one iteration of the code takes a maximum of 35 milliseconds. The code profiling was done 

using the profiling timer which was initiated at the beginning of each iteration, and the number of 

clock cycles was then saved at the end of the iteration, to be sent to the host machine. 

 

Resource Used Total Available Utilization % 

Hardware Resources 

Logic 5,935 30,720 19.3 

Input/output 36 450 8.0 

Block RAM 64 192 33.3 

DSP 7 192 3.6 

Software Memory Profiling 
Instruction Memory 117.3 KB 128 KB 91.6 

Table  4.6 Hardware Resources and Memory Profiling 
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Chapter 5 

System Testing: Experiments and Results 

5.1 Overview 

In the previous chapter, system design and development was presented, where the 

MicroBlaze soft-core FPGA processor was used to implement the system. System testing phase is 

one of the most important phases that follow the unit testing, where each component of the 

software designed is tested and verified to be working properly. Whole system testing is a more 

challenging phase as it reveals the bugs and problems that occurred due to integrating the 

components altogether. 

This chapter introduces the experimental setup on a mobile robot and a land vehicle, and 

the specifications of the sensors used. The test specifications developed in the system 

specifications phase are followed, where the navigation solution from the developed real-time 

navigation system is compared to the solution from the MATLAB algorithm which processes the 

logged data from the system on a PC in the offline mode. The reference solution, which is 

generated from the high-cost high-end NovAtel SPAN unit, is also used as a general reference, 

for assessing the performance of the low-cost developed navigation solution and the offline 

MATLAB solution. The mobile robot is used to iteratively test the system and reveal any bugs, 

due to the flexibility and ease of system debugging and testing offered by the robot compared to 

using a land vehicle. The results of the robot and vehicle trajectories acquired are then presented 

and discussed. 
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5.2 Data-acquisition Sensors 

The specifications of the Crossbow IMU300CC-100 IMU, the NovAtel SPAN unit which 

consists of the OEM-4 GPS receiver and the high-end Honeywell HG1700 IMU are presented as 

follows: 

5.2.1 Crossbow IMU300CC-100 Inertial Measurement Unit 

The Crossbow IMU300CC-100 IMU is a six degree of freedom inertial system that uses 

solid state devices to measure angular rate and linear acceleration. The three angular rate sensors 

are bulk micro-machined vibratory MEMS sensors that make use of Coriolis force to measure 

angular rate independent of acceleration. The three accelerometers are surface micro-machined 

silicon devices that employ differential capacitance to sense acceleration. Table  5.1 shows the 

specifications of the Crossbow IMU. 

 

Specifications IMU 300CC-100 
Update Rate ~ 200 Hz 

 Gyroscope 
Range ±100 deg/s 
Bias < ±2.0 deg/s 

Scale Factor < 1% 
Angle Random Walk < 2.25 deg/ hr  

 Accelerometer 
Range ± 2g 
Bias < ±30mg 

Scale Factor <1% 
Velocity  Random Walk <0.15 m/s/ hr  

Linearity < 1% 

Table  5.1 Specifications Of the Crossbow IMU300CC-100 IMU and the [50, 51] 
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5.2.2 NovAtel SPAN Unit 

The NovAtel Propak-G2-plus SPAN unit consists of a high end NovAtel OEM4 GPS 

receiver and a high-end Honeywell HG1700 IMU. The SPAN unit offers a very accurate 

navigation solution by integrating the GPS and INS solutions, which is used as a reference 

navigation solution for the developed real-time solution using the low-cost MEMS IMU. The 

GPS receiver measurements are used both internally in the reference solution provided by the 

NovAtel SPAN unit and externally in the real-time navigation solution developed in this thesis. 

The Honeywell HG1700 is a high-end tactical grade IMU that measures angular rate and linear 

acceleration in three dimensions using three ring-laser gyroscopes and three accelerometers 

mounted orthogonally. Table  5.2 and Table  5.3 shows the specifications of the Honeywell IMU 

and the NovAtel SPAN unit specifications, respectively. 

 

Specifications IMU HG1700 
Update Rate 100Hz 

 Gyroscope 
Range ±1000 deg/s 
Bias 1.0 deg/hr 

Scale Factor 150 ppm 
Angle Random Walk 0.125 deg/ hr  

 Accelerometer 
Range ± 50g 
Bias 1.0 mg 

Scale Factor 300 ppm 
Velocity  Random Walk 500 ppm 

Linearity  

Table  5.2 Specifications of the Honeywell HG1700 IMU [51] 
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Specifications NovAtel Propak-G2-plus 
Max Data Rate 100Hz 

Positional Error  
Horizontal 0.09 m 

Vertical 0.02 m 
Velocity Error  

Horizontal 0.012 m/s 
Vertical 0.002 m/s 

Attitude Error  
Pitch 0.004 m 
Roll 0.004 m 
Yaw 0.006 m 

Table  5.3 NovAtel Propal-G2-plus SPAN Unit Specifications [51, 54] 

 

5.3 Mobile Robot Testing Platform 

5.3.1 Experimental Setup 

A mobile robot that was designed previously to acquire the sensor measurements was 

used for the real-time system debugging and testing. The Xilinx FPGA evaluation board ML402 

featuring Virtex-4 SX35 was used. The real-time navigation system was implemented on this 

board and connected to the various sensors for acquiring the measurements. Figure  5.1 presents 

the MicroBlaze processor connections with the robot’s sensors, while Figure  5.2 presents the 

experimental setup of the sensors and the FPGA evaluation kit on the robot. 

Figure  5.3 shows the wiring connections of the sensors mounted on the robot with the 

ML402 evaluation board. The power connections to the sensors and the evaluation board are also 

shown. It has to be mentioned that the host machine is not externally powered and depends on 

batteries which made the experiments on the mobile robot limited to a maximum of 1-1.5 hours. 

 



80 

 

 

Figure  5.1 The MicroBlaze Connections with the Mobile Robot Sensors and the Host 
Machine 

 

 

 

 

Figure  5.2 The Mobile Robot Testing Platform 
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Figure  5.3 Mobile Robot Equipment Wiring Connections 
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5.3.2 Results 

A total of fifty trajectories were acquired using the mobile robot around the Royal 

Military College of Canada over 45 days, which were used in debugging the firmware on the 

navigation system. This number of trajectories would have been hard to acquire for testing and 

debugging the system using a land vehicle, which is more costly and requires more man power. 

5.3.2.1 Trajectory (1) 

Trajectory (1) was acquired in an open sky area, where no natural GPS outages can be 

experienced and simulated GPS outages were not inserted. Figure  5.4 shows the trajectory that 

was computed by the developed real-time navigation system, and its comparison with the 

NovAtel SPAN reference solution and the GPS navigation solution. The duration of trajectory (1) 

is 9.6 minutes. 

 
Figure  5.4 Mobile Robot Trajectory (1): Open Sky Area, with no Natural or Simulated GPS 

Outages 

-  Reference (SPAN) 

- GPS 

- MicroBlaze (Real-time) 
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Figure  5.5 Mobile Robot Trajectory (1): Comparing the MATLAB Double-Precision offline 

Solution to the MicroBlaze Real-Time Solution 

 
Figure  5.6 Mobile Robot Trajectory (1): Zooming-in the trajectory to compare MATLAB 

offline solution to the Real-Time Solution 
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Figure  5.5 shows trajectory (1) where the MATLAB double-precision offline solution is 

compared to the MicroBlaze real-time embedded solution, with Figure  5.6 zooming in for a closer 

view. In Figure  5.7, the difference between the positioning solutions from the C double-precision 

offline algorithm and the C single-precision offline algorithm is presented, were the difference is 

in the range of half a meter. The results show that the choice of emulating the double-precision on 

the MicroBlaze core is far more convenient in terms of accuracy, compared to using single-

precision arithmetic which would have consumed less memory and less processing time. 

 

Figure  5.7 Mobile Robot Trajectory (1): Difference between C Double-Precision Post 
Processing and C Single-Precision Post Processing Solutions 

 

In Figure  5.8, the difference between the C double-precision post-processing solution 

evaluated on a PC and the MicroBlaze real-time solution is presented, were the difference is in 

the magnitude of 10-9 meters. The difference can be due to the emulation of double-precision 

floating-point operations on the single-precision floating point unit present in the MicroBlaze 

core; however, the difference is negligible. 
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Figure  5.8 Mobile Robot Trajectory (1): Difference Between C Double-Precision Post 

Processing and MicroBlaze Real-Time Solutions 

 

The difference between the MATLAB post-processing solution and the MicroBlaze real-

time solution is shown in Figure  5.9, were the difference is in the magnitude of 10-5 meters. The 

difference can be due to using different implementations for the functions to handle specific 

operations, such as the matrix inverse operation which is used in both codes but with different 

implementations and the double-precision arithmetic emulation. Finally, the difference between 

the NovAtel SPAN reference solution and the real-time solution is shown in Figure  5.10. Both 

solutions are real-time, and the difference is due to the use of the low-cost MEMS-based IMU in 

the developed solution while the SPAN unit uses the high-end tactical grade HG1700 IMU. 
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Figure  5.9 Mobile Robot Trajectory (1): Difference between MATLAB Double-Precision 

Post Processing and MicroBlaze Real Time Solutions 

 

Figure  5.10 Mobile Robot Trajectory (1): Difference between NovAtel SPAN Reference and 
MicroBlaze Real Time Solutions 
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The RMS and maximum errors in the east velocity, north velocity, North position and East 

position over trajectory (1) entirely are presented in Table  5.4 and Table  5.5. 

 

East Velocity 
 (m/s) 

North Velocity 
 (m/s) 

North Position 
(m) 

East Position 
(m) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
4.12788e-002 7.98887e-003 2.96969e-001 4.91848e-001 

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 

1.66366e-006  8.07182e-007 9.37090e-006 1.25816e-005 

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
7.83599e-010              1.44185e-009 4.16753e-009 1.85211e-009 

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 

9.60578e-002              1.11987e-001 9.05270e-001 9.39925e-001 

Table  5.4 RMS Error in the East Velocity, North Velocity, Latitude and Longitude over 
Mobile Robot Trajectory (1) 

 

 

East Velocity 
 (m/s) 

North Velocity 
 (m/s) 

North Position 
(m) 

East Position 
(m) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
7.49309e-002  3.54033e-002 6.65903e-001 8.85448e-001 

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 

2.30737e-006 1.58719e-006 1.88065e-005 1.72378e-005 

Maximum Error between the C Double-Precision Offline and MicroBlaze Real-Time 
Solutions 

1.15944e-008 2.82925e-008 9.18873e-009 1.11810e-008 

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 

4.06407e-001              4.43351e-001 3.34354e+000 2.56632e+000 

Table  5.5 Maximum Error in the East Velocity, North Velocity, Latitude and Longitude 
over Mobile Robot Trajectory (1) 
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5.3.2.2 Trajectory (2) 

Trajectory (2) and the incoming trajectories are different from trajectory (1) as simulated 

outages are inserted in the code at specific instants during the real-time processing. Simulated 

outages are used to imitate the effect of a GPS outage in areas where natural GPS outages aren’t 

experienced. Outages are introduced in the code to test how the navigation algorithm will perform 

in the absence of an update from the GPS. The duration of all the simulated outages is 60 

seconds. Trajectory (2) follows the same path as trajectory (1), and its duration is 9.3 minutes. 

Four outages were inserted at the seconds 120, 230, 400 and 525 respectively. 

 
Figure  5.11 Mobile Robot Trajectory (2): Open Sky Area with Four Simulated GPS 

Outages 

 

Figure  5.11 shows trajectory (2) on an aerial map, from which the open sky area where the 

trajectory was acquired can be seen; the simulated outages locations are circled on the map. In 

-  Reference (SPAN) 

- GPS 

- MicroBlaze (Real-time) 

- GPS outage 

4 

3 

2 

1 
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Figure  5.12, the real-time position and the MATLAB post-processed solutions can be seen. As 

expected, they both deviate from the reference solution in areas where simulated outages are 

inserted because of the use of low-cost inertial sensors. 

 
Figure  5.12 Mobile Robot Trajectory (2): Comparing the MATLAB Double-Precision Post-

Processing Solution to the MicroBlaze Real-Time Solution 

 

In Table  5.6, the RMS and the maximum horizontal position13

Table  5.7

 errors during the four 60 

second outages are presented, which indicate the performance of the real-time solution with 

respect to the NovAtel SPAN reference solution during the absence of the GPS update. The RMS 

error between the real-time and reference solutions reaches a maximum of 2.16 meters through 

outage (4). The RMS and maximum errors in the North and East positions over the four outages 

in trajectory (2) are presented in  and Table  5.8 respectively, where it can be seen that 

                                                      

 
13 The horizontal position error is the square root of the square of the North and East position errors. 

3 

4 

2 

1 
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the RMS in positioning between the MATLAB offline solution and the real-time solution is in the 

magnitude of 10-4 meters.  

Outage (1) Outage (2) Outage (3) Outage (4) 
RMS  Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 
9.38501e-001  1.40681e+000 1.06658e+000 2.16077e+000 

Maximum Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 
1.65584e+000  2.48860e+000 1.79489e+000 3.08822e+000 

Table  5.6 RMS and Maximum Horizontal Position Error for the Four 60 seconds Outages 
Introduced in Mobile Robot Trajectory (2) 

 

 North position (m) East position (m) 

O
ut

ag
e 

(1
) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
3.00674e+000  6.42866e+000  

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
1.20307e-004  3.38640e-004  

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
1.37906e-008  4.92348e-008  

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
7.91314e-001  5.04586e-001  

O
ut

ag
e 

(2
) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
3.39406e+000 4.07745e+000 

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
1.33554e-004 2.76381e-004 

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
1.38649e-006 4.47223e-007 

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
4.42573e-001 1.33538e+000 

O
ut

ag
e 

(3
) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
1.45689e+000 3.67700e+000 

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
6.34897e-005 2.63320e-004 

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
3.14829e-007 2.40989e-007 

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
7.32207e-001 7.75539e-001 

O
ut

ag
e 

(4
) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
8.03891e-001 3.30091e+000 

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
4.86610e-005 1.84162e-004 

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
6.60678e-009 2.16253e-009 

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
1.84932e+000 1.11755e+000 

Table  5.7 RMS Error in the Latitude and Longitude Solutions over the Four Outages 
introduced in Mobile Robot Trajectory (2) 
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 North Position (m) East Position (m) 

O
ut

ag
e 

(1
) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
4.35580e+000  1.01454e+001  

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
1.89046e-004  5.24423e-004  

Maximum Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
4.24095e-008  1.90075e-007  

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
1.36074e+000  9.43503e-001  

O
ut

ag
e 

(2
) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
5.97153e+000 8.10422e+000 

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
2.07378e-004 4.96686e-004 

Maximum Error between the C Double-Precision and MicroBlaze Real-Time Solutions 
2.47106e-006 7.70511e-007 

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
1.18762e+000 2.18693e+000 

O
ut

ag
e 

(3
) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
2.53141e+000 6.87484e+000 

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
1.02382e-004 3.73802e-004 

Maximum Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
5.59806e-007 6.35288e-007 

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
1.17442e+000 1.35734e+000 

O
ut

ag
e 

(4
) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
1.40603e+000 4.42106e+000 

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 
6.44689e-005 2.44558e-004 

Maximum Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
1.27229e-008 4.06583e-009 

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 
2.57894e+000 1.69888e+000 

Table  5.8 Maximum Error in the Latitude and Longitude Solutions over the Four Outages 
introduced in Mobile Robot Trajectory (2) 

 

For an intentionally inserted GPS outage of 9 minutes over the whole trajectory which was 

initiated 40 seconds after the trajectory was started, the RMS of horizontal position error was 

computed in offline mode to be less than 10.5 meters. 
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5.3.2.3 Trajectory (3) 

Trajectory (3) is presented in Figure  5.13, where three 60-second simulated outages are 

introduced.  The duration of trajectory (3) is 8.6 minutes. The trajectory was collected in the 

parking lot of the Royal Military College of Canada.  Figure  5.14 shows the MATLAB post-

processed solution in comparison to the MicroBlaze real-time solution. 

 

Figure  5.13 Mobile Robot Trajectory (3): Open Sky Area with three Simulated GPS 
Outages  

 

In Table  5.9, the RMS and the maximum horizontal position errors during the three 60-

second outages are presented. During the first outage, the error between the high-cost reference 

solution and the developed low-cost real-time solution is less than 1.25 meter for 67% of the time. 

During the second and third outages, the error was less than 0.8 meters and 1.5 meters for 67% of 

the time. 

-  Reference (SPAN) 

- GPS 

- MicroBlaze (Real-time) 

- GPS outage 
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Figure  5.14 Mobile Robot Trajectory (3): Comparing the MATLAB Double-Precision Post-
Processing Solution to the MicroBlaze Real-Time Solution 

 

Outage (1) Outage (2) Outage (3) 
RMS  Horizontal Position Error between the SPAN Reference and 

MicroBlaze Real-Time Solutions (m) 

1.24421e+000  7.83314e-001 1.48251e+000 

Maximum Horizontal Position Error between the SPAN Reference and 
MicroBlaze Real-Time Solutions (m) 

2.22047e+000  2.03415e+000 2.33107e+000 

Table  5.9 RMS and Maximum Horizontal Position Error for the Three 60 seconds Outages 
Introduced in Mobile Robot Trajectory (3) 

 

For this trajectory, an intentionally introduced GPS outage of 10 minutes which was initiated 

80 seconds after the trajectory started yielded an RMS in horizontal position error of less than 

5.248 m. 
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5.3.2.4 Trajectory (4) 

Figure  5.15 shows trajectory (4), where three simulated outages were introduced. The 

duration of the trajectory is 7.5 minutes. It can be noticed that during the second outage, the GPS 

solution deviated for a while due to the presence of the trees. Since this portion of the trajectory 

contained a simulated outage, the real-time navigation solution didn’t follow the false GPS 

solution. Even if the simulated outage wasn’t inserted in this portion, the developed system would 

have detected the presence of unreliable GPS solution, and would have given an integrated 

navigation solution better than the standalone GPS. 

 

 
Figure  5.15 Mobile Robot Trajectory (4): Open Sky Area with three Simulated GPS 

Outages 

 

 

-  Reference (SPAN) 
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- MicroBlaze (Real-time) 
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Outage (1) Outage (2) Outage (3) 
RMS  Horizontal Position Error between the SPAN Reference and 

MicroBlaze Real-Time Solutions (m) 

2.88304e+000  1.28800e+000 2.54783e+000 

Maximum Horizontal Position Error between the SPAN Reference and 
MicroBlaze Real-Time Solutions (m) 

4.57561e+000  1.96863e+000 4.44257e+000 

Table  5.10 RMS and Maximum Horizontal Position Error for the Three Simulated Outages 
Introduced in Mobile Robot Trajectory (4) 

 

5.3.2.5 Trajectory (5) 

Figure  5.16 shows trajectory (5), which is different from the previously presented 

trajectories, in having a portion of the trajectory acquired inside of a building. A natural GPS 

outage of 100 seconds occurred, which is equivalent to the time taken by the mobile robot from 

the entrance to the exit of the building. The natural outage was detected by the system which 

acted accordingly in providing a better position. The RMS error in the horizontal position during 

the outage is 2.38924e+000 meters, while the maximum error is 1.025328e+001 

meters. Figure  5.17 and Figure  5.18 show the error in North and East positions between the 

high-end reference solution and the developed low-cost real-time solution. 
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Figure  5.16 Mobile Robot Trajectory (5): Inside a building with a natural GPS Outage of 

100 seconds duration 

 

 
Figure  5.17 Latitude Solution and Error in North Position between the Real-time and 

Reference Solutions during Trajectory(5) 

-  Reference (SPAN) 

- GPS 

- MicroBlaze (Real-time) 

- GPS outage 
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Figure  5.18 Longitude Solution and Error in East Position between the Real-time and 

Reference Solutions during Trajectory(5) 

 

5.3.3 Summary 

A mobile robot was first used to debug and test the real-time navigation solution. A large 

number of trajectories were performed, which revealed many system bugs and integration 

problems. Consequently, the system was iteratively redefined by moving back to the development 

process. Five robot trajectories were presented, where no outages, simulated outages and natural 

outages were introduced to test the system in different environments. The low-cost real-time 

navigation solution was compared to the MATLAB offline, C double-processing offline and the 

SPAN reference real-time solution, where it was concluded that the real-time solution was as 

accurate as the C double-processing offline solution and close to the high-cost reference solution. 

The following step is to test the real-time navigation system on a land vehicle platform. 
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5.4 Land Vehicle Testing Platform 

After the firmware of the navigation system was debugged on the mobile robot and 

proven to give the same results as the MATLAB offline solution, the next step was to test the 

navigation system on a land vehicle where the wheel encoders on the mobile robot are replaced 

with the ElmScan vehicle speed scan tool. 

5.4.1 Experimental Setup 

Figure  5.19 presents the MicroBlaze processor connections with the land vehicle sensors 

and the host machine that monitors the solution provided by the FPGA-based real-time system. 

The experimental setup of the sensors and the FPGA evaluation kit on the land vehicle platform is 

shown in Figure  5.20. 

 

 
Figure  5.19 The MicroBlaze Connections with the Land Vehicle Sensors and the Host 

Machine 
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Figure  5.20 The Land Vehicle Experimental Setup 

 

Figure  5.21 shows the wiring connections of the sensors with the ML402 evaluation board 

featuring Xilinx Virtex-4 FPGA on which the MicroBlaze soft-core processor is running. The 

power connections to the sensors and the evaluation board are also shown.  
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Figure  5.21 Land Vehicle Equipment Wiring Connections 

 

5.4.2 Results 

The trajectories obtained on the land vehicle were acquired around Kingston. In the 

following subsections, three trajectories are demonstrated. 

5.4.2.1 Trajectory (1) 

Trajectory (1) was acquired in an open sky area in Kingston around Queen’s University, 

where a small number of natural GPS outages can be experienced and simulated GPS outages 

were not inserted. Figure  5.22 shows the trajectory that was computed by the developed real-time 

navigation system, and its comparison with the NovAtel SPAN reference solution and the GPS 

navigation solution. The duration of the trajectory is 9.2 minutes. 
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Figure  5.22 Land Vehicle Trajectory (1): Open Sky Area, with Minimum Natural Outages 
and no Simulated GPS Outages 

 

The difference between the positioning solutions from the C double-precision the C single-

precision offline algorithms is presented again for this trajectory in Figure  5.23, were the 

difference is in the range of a meter. Once again, the results illustrate the necessity of using 

double-precision arithmetic over single-precision in providing a more accurate navigation 

solution.  
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Figure  5.23 Land Vehicle Trajectory (1): Difference between C Double-Precision Post 

Processing and C Single-Precision Post Processing Solutions 

 

Figure  5.24 presents the difference between the positioning solutions implemented in C 

and post-processed on a PC and real-time processed on the MicroBlaze core. The difference in 

meters is trivial, illustrating that the emulated double-precision results are reliable and precise to a 

great extent.  

The difference between the MATLAB post-processed solution and the real-time solution is 

also shown in Figure  5.25, where the difference in the positioning solution is in the magnitude of 

millimeters. The difference is because of the use of different function implementations in both the 

MATLAB and C codes. The error between the low-cost real-time solution and the high-cost 

reference solution is then presented in Figure  5.26. The difference in performance during some of 

the natural outages is due to the low-cost of the inertial sensors used in the developed solution as 

compared to the high-cost high-end tactical grade IMU used in the reference. 
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Finally, to summarize the discussed differences between the offline, real-time and reference 

navigation solutions; the RMS and maximum errors in the east velocity, north velocity, East 

position, and North position over the whole trajectory are presented in Table  5.11 and Table  5.12. 

 

 
Figure  5.24 Land Vehicle Trajectory (1): Difference between C Double-Precision Post 

Processing and MicroBlaze Real-Time Solutions 
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Figure  5.25 Land Vehicle Trajectory (1): Difference between MATLAB Double-Precision 

Post Processing and MicroBlaze Real-Time Solutions 

 

 
Figure  5.26 Land Vehicle Trajectory (1): Difference between NovAtel SPAN Reference and 

MicroBlaze Real-Time Solutions 
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East Velocity 
 (m/s) 

North Velocity 
 (m/s) 

North Position 
(m) 

East Position 
(m) 

RMS Error between the C Double-Precision and C Single-Precision Offline Solutions 
1.78523e-002             9.60298e-003 3.76213e-001 4.98008e-001 

RMS Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 

2.44548e-005              1.34539e-005 6.39036e-004 1.48101e-003 

RMS Error between the C Double-Precision Offline and MicroBlaze Real-Time Solutions 
5.85936e-008              1.48418e-008 1.19570e-007 3.67245e-007 

RMS Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 

6.73738e-001 5.757354e-001 6.42297e+000 7.79358e+000 

Table  5.11 RMS Error in the East Velocity, North Velocity, North and East Positions over 
Land Vehicle Trajectory (1) 

 

 

East Velocity 
 (m/s) 

North Velocity 
 (m/s) 

North Position 
(m) 

East Position 
(m) 

Maximum Error between the C Double-Precision and C Single-Precision Offline Solutions 
1.405039e-001 6.68926e-002 1.24497e+000 2.82222e+000 

Maximum Error between the MATLAB Offline and MicroBlaze Real-Time Solutions 

1.81829e-004  8.64284e-005 4.02859e-003 6.56330e-003 

Maximum Error between the C Double-Precision Offline and MicroBlaze Real-Time 
Solutions 

4.55655e-007 1.47957e-007 1.02348e-006 3.84857e-006 

Maximum Error between the NovAtel SPAN Reference and MicroBlaze Real-Time Solutions 

4.50865e+000               3.02078e+000 2.01342e+001 3.63886e+001 

Table  5.12 Maximum Error in the East Velocity, North Velocity, North and East Positions 
over Land Vehicle Trajectory (1) 
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5.4.2.2 Trajectory (2) 

Trajectory (2) and trajectory (3) are different from trajectory (1) as simulated outages are 

introduced in the code at specific instants during the real-time processing. Four 60-second 

simulated outages are inserted in trajectory (2) at the seconds 300, 600, 1000 and 1300 

respectively. The duration of the trajectory is 23.9 minutes.  Figure  5.27 shows trajectory (2) in a 

map view, while Figure  5.28 shows the MATLAB offline solution which is compared to the 

MicroBlaze real-time solution, however, it is difficult to see the deviations from the reference on 

the figure as the whole trajectory is presented. 

 
Figure  5.27 Land Vehicle Trajectory (2): Open Sky Area with Four Simulated GPS Outages 
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Figure  5.28 Land Vehicle Trajectory (2): Comparing the MATLAB Double-Precision Post-

Processing Solution to the MicroBlaze Real-Time Solution 

 

Figure  5.29 shows a zoom-in view for simulated outage (3) in the trajectory; it can be seen 

that the GPS solution has some jumps outside the road, and the real-time integrated solution was 

more consistent. Figure  5.31 shows a zoom-in view for outage (4) in the trajectory where the 

error in the GPS solution was for a longer portion and larger in magnitude than outage (3); the 

developed system solution is much more consistent. Figure  5.30 and Figure  5.32 show a zoom-in 

view which demonstrates that the real-time navigation solution is very comparable to the 

MATLAB offline solution.  

In Table  5.13, the RMS and the maximum horizontal position errors during the four 60-

second outages are presented. 

2 

1 

4 

3 
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Figure  5.29 Land Vehicle Trajectory (2): Zooming-in outage (3)  

 
Figure  5.30 Land Vehicle Trajectory (2): Zooming-in outage (3) and comparing the 
MATLAB Double-Precision Offline Solution to the MicroBlaze Real-Time Solution 
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Figure  5.31 Land Vehicle Trajectory (2): Zooming-in outage (4) 

 

Figure  5.32 Land Vehicle Trajectory (2): Zooming-in outage (4)  and comparing the 
MATLAB Double-Precision Offline Solution to the MicroBlaze Real-Time Solution 
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Outage (1) Outage (2) Outage (3) Outage (4) 
RMS  Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

8.91707e+000  1.40813e+001 1.12782e+001 1.63253e+001 

Maximum Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

1.66452e+001  2.37866e+001 1.57619e+001 2.39850e+001 

Table  5.13 RMS and Maximum Horizontal Position Error for the Four 60 seconds Outages 
Introduced in Land Vehicle Trajectory (2) 

 

5.4.2.3 Trajectory (3) 

Trajectory (3) was acquired in a loop from Kingston to Gananoque and back. The 

duration of the trajectory is 56.8 minutes and nine simulated outages were introduced in the 

whole trajectory. Figure  5.33 shows trajectory (3), and Figure  5.34 shows the positions of the 

simulated outages introduced over the trajectory. 

Table  5.13, presents the RMS and the maximum horizontal position errors during the 

nine 60-second outages. The error in outage (6) is the largest where the RMS position error is 

51.3 meters and the maximum position error is 56.3 meters. 

 
Figure  5.33 Land Vehicle Trajectory (3): Open Sky Area with Nine Simulated GPS Outages 
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Figure  5.34 Land Vehicle Trajectory (3): Comparing the MATLAB Double-Precision 

Offline Solution to the MicroBlaze Real-Time Solution 

 

Outage (1) Outage (2) Outage (3) Outage (4) Outage (5) 
RMS  Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

2.04097e+001     1.47273e+001     2.58448e+001    4.25748e+001 4.15884e+001     

Maximum Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

4.03153e+001 2.98713e+001     3.51946e+001     5.13194e+001 4.75703e+001     

Outage (6) Outage (7) Outage (8) Outage (9)  
RMS  Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

5.13281e+001     4.03941e+001     8.39365e+000    1.816723e+001  

Maximum Horizontal Position Error between the SPAN Reference and MicroBlaze Real-Time Solutions (m) 

5.62670e+001     4.30519e+001     1.05494e+001 2.81673e+001  

Table  5.14 RMS and Maximum Horizontal Position Error for the Nine 60 seconds Outages 
Introduced in Trajectory (3) 
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5.4.3 Summary 

The positioning solution of the real-time navigation system on a land vehicle was presented 

over three trajectories. In trajectory (1), no simulated outages were introduced, while simulated 

outages were introduced in trajectory (2) and trajectory (3). The low-cost real-time navigation 

solution was compared to the MATLAB offline and the SPAN reference real-time solution, 

where it was concluded that the real-time integrated solution was more consistent with respect to 

the GPS solution, and it was close to the high-end high-cost SPAN reference solution. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Summary 

The primary objective of this research was to implement a low-cost real-time navigation 

embedded system, starting from a functional algorithm, as the KF for 2D-RISS/GPS integration, 

that proved to be worthy in providing an accurate positioning solution in GPS-denied 

environments. The research overviewed the existing platforms that can be used for embedded 

system design, their merits and limitations with respect to the application and solution to be 

developed. Moreover, a number of embedded systems models were discussed, where a model was 

chosen to act as a framework for the ongoing research. 

Xilinx’s soft-core processor, MicroBlaze, on an FPGA was chosen as the most suitable 

candidate for implementing the navigation system, where it provides the flexibility to choose or 

implement a set of features and peripherals that are tailored to the specific application. The 

MicroBlaze also provides a single-precision floating point unit which was used to emulate the 

double-precision arithmetic, as the accuracy of the solution was much higher when the double-

precision arithmetic was used. 

An embedded design methodology was used, which defined the work to be done starting 

from the system specifications phase, going through the design and development phases and 

finally ending with the system testing phase. The transition between the phases was allowed to 

occur both forward and backward which offered a smooth redefined implementation process 

depending on the experiences gained through the work. 
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6.2 Conclusions 

The main contribution of the work presented in this thesis is the development a low-cost 

real-time embedded navigation system utilizing the MicroBlaze soft-core embedded processor to 

synchronize the measurements from three sensors and then apply the KF for 2D RISS/GPS 

navigation algorithm which used double-precision arithmetic that was emulated on a single-

precision FPU. The result was an embedded system which was able to provide a consistent 

positioning solution that is far more accurate than using the GPS in a standalone mode. 

Based on the research objectives and the results presented, the goals established in  Chapter 1 

has been achieved, from which the result was a real-time navigation embedded system featuring 

the KF for 2D RISS/GPS integration algorithm. To state that the system can be used directly as a 

final product, would be incorrect as more features such as real-time  display of the solution on 

maps and more interfaces are required to be added for attracting the users.  

The following conclusions were drawn from the process and experimental work conducted 

in this research: 

a. Although, the work was done solely, an embedded system design methodology is crucial in 

defining a description for the tasks that are needed to be done in every phase of the 

methodology, which results in reliable embedded system.  

b. The FPGA soft-core processors can be used solely in implementing math-centric algorithms, 

such as the KF for 2D RISS/GPS integration algorithm, where it provides the flexibility to 

add as many peripherals as wanted by the sensors used in the research. The resources used 

by the processor and the peripherals of the system utilized a small portion of the total 

available on the FPGA used in this research, which offers the opportunity to move to lower-

density FPGAs or augment the system on the same FPGA for more computation extensive 

algorithms. 
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c. For the developed application, double-precision arithmetic gave far better results than single-

precision arithmetic. The double-precision arithmetic which was emulated on the single-

precision FPU, and compared to the double-precision offline solution on a PC proved that 

double-precision emulation was reliable, if the resources are available to do so. 

6.3 Recommendations and Future Work 

As with any suggested methodology or technique, there is always potential for related 

research with the goals of enhancing the performance of the system or researching a new 

approach inspired by the methodology used. Some recommendations and suggestions for future 

work are provided below: 

a. A single-processor was used to implement the KF for 2D RISS/GPS integration algorithm. 

This was sufficient for the current algorithm because it was mainly serial. However, more 

complex integration algorithms for navigation, such as the Particle Filter, can utilize the 

power of multi-processor architecture where the parallelism architecture can be extracted 

from the algorithm and the work is done simultaneously, providing higher throughput. 

b. While the methodology used in developing the system utilized the traditional design process; 

for complex systems, researchers can use model-based design (MBD) which is used to 

clearly define design specifications, test system concepts and to automatically develop code 

for rapid prototyping. Some tools which use the model-based design process are SIMULINK 

and LABVIEW. 
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