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Abstract

This thesis illustrates how a set of low-cost, self-contained MEMS sensors can be

used to aid a High Sensitivity GPS (HSGPS) based pedestrian navigation system in

signal-degraded environments. The HSGPS utilizes long dwell time technology and

provides excellent signal availability in areas such as urban canyons, where conven-

tional GPS receivers barely provide any position solutions. Large signal attenuation

and degradation effects characteristic of downtown areas, along with a high probabil-

ity of acquiring echo-only or cross-correlation signals through the HSGPS receiver,

introduce significant errors in HSGPS measurements. These, in turn, cause very

significant position and velocity solution errors. In this situation, it is very hard

to estimate measurement errors based on common GPS signal quality characteris-

tics, such as a carrier-to-noise ratio or satellite elevation. Inaccurate estimates of

measured signals ultimately result in an unknown distribution of HSGPS solution

errors, which present a challenge for the proper modeling of the covariance matrix

of HSGPS updates for system integration.

For pedestrian navigation applications, sensor data is mechanized in a pedestrian

dead reckoning (PDR) mode, where the position is propagated through the detection

of user steps. In this way, errors are proportional to the distance traveled, and not

to the time. The analysis of the effects of errors introduced by the primary PDR

system parameters, such as heading and step length on PDR position accuracy, is

studied. A method for modeling PDR position error growth versus traveled distance

for several stochastic step-length and heading drift error models is proposed.

Based on the results of individual system performance analysis, a method to inte-

grate the sensor and HSGPS data is proposed. This proposed method utilizes a
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loosely coupled integration technique with an adaptive measurement error covari-

ance matrix. This approach is more robust in tolerating poor position and velocity

HSGPS updates that are frequently undetected after receiver autonomous integrity

monitoring (RAIM) statistical testing. Optimal filtering results are achieved when

the error covariance matrix of the HSGPS measurement updates is based on the user

equivalent range error (UERE) assumed for a given urban environment and geomet-

rical dilution of precision (DOP) parameters. In the tests that have been analyzed,

the distance root-mean-square (RMS) error of the integrated solution stays below

150 metres more than 95% of the time.
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Chapter 1

Introduction

In the last few years, interest in pedestrian navigation has expanded significantly. Re-

cent technological advances in mobile computing have allowed some mobile technol-

ogy, such as cellular phones and Personal Digital Assistants (PDA), to have processor

power unimaginable several years ago. Technological advances in microelectronics

have also reduced the size of a GPS receiver from order of cubic decimetres ten years

ago to about the size of a coin. Micro-Electro Mechanical Systems (MEMS) have

progressed to a level whereby a full six degrees of freedom Inertial Measurement

Unit (IMU) can be compounded in less than one cubic centimetre volume (Barbour

and Schmidt, 2001). This miniaturization progress in the electronics industry drives

research in other scientific areas. In the science of navigation, one of these new and

exciting research areas is the navigation of pedestrians.

Without a doubt, the problem of outdoor pedestrian navigation can be addressed by

means of Global Positioning System (GPS) only; that is, by using a stand-alone GPS

receiver. Small, inexpensive GPS receivers are widely available for PDAs and are

now embedded into new cellular phone models. However, there are obvious problems

with this type of navigation: availability, continuity and accuracy of the solution

in signal-degraded environments. In very dense urban environments, a navigation

system relying solely on a GPS receiver will have significant position errors and

will possibly experience long data gaps. Also, this type of navigation system will

most likely not comply with the Federal Communications Commission (FCC) E-911

mandate requirements for handset-based solutions (FCC, 2001). A form of aiding

1
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for a GPS receiver that is convenient and suitable for a typical pedestrian user is

required. One of the possible forms of such aiding is the use of a miniature self-

contained low-cost sensor unit.

This thesis demonstrates how to significantly improve the performance of stand-

alone GPS for pedestrian navigation in signal-degraded environments by analyzing

the integration of GPS with a set of self-contained low-cost sensors.

1.1 Background

GPS was intended to be a line-of-sight radionavigation system for use in the outdoors.

This means that an unobstructed view of GPS satellites is required in order for the

system to provide a navigation solution according to the given specifications. In

downtown areas, or in any environment where a clear view of the sky is obstructed,

the user will quite likely be able to directly observe only one or two satellites, near

the zenith. Signals from other satellites may be severely affected by line-of-sight

obstacles and may be reflected to the user by numerous reflective surfaces, such

as glass windows and nearby cars, causing multipath. Figure 1.1 shows a possible

geometry of signals in an urban area where a user can receive both the direct line-

of-sight (LOS) and multipath signals from some satellites, and multipath only (echo

only) signals from others.

The power of direct GPS signals reaching the Earth is already very low due to the

geometric spreading effect, and when additionally faded this power may go to a level

many orders below thermal noise. A recent development in GPS technology called

High Sensitivity GPS is capable of acquiring and tracking much weaker signals than

the conventional power signals at the Earth’s surface (Peterson et al., 1997; Garin

et al., 1999; MacGougan et al., 2002). It is achieved by employing so-called longer



3

non-coherent integration of the incoming GPS signals with the receiver-generated

signal replicas. In this method, the correlation value is squared prior to dumping to

a total correlation value. In so doing, the problem of possible appearance of the data

bit transition in the navigation data is overcome. Unfortunately, the noise is also

amplified, thus increasing the effects of multipath and the possibility of acquiring a

wrong correlation peak (Chansarkar and Garin, 2000).

Figure 1.1: Possible Urban Signal Environment

This method has been shown to be capable of tracking signals with fading of up

to 25 dBHz (MacGougan et al., 2002). A thorough overview of the current status

of HSGPS is given in Lachapelle (2004). The obvious problem that comes with

the advantage of tracking very weak signals is the possibility of acquiring (and,

generally speaking, tracking) a false correlation peak. Such a peak might be a cross-
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correlation peak with a wrong PRN code or a wrong correlation peak with the right

PRN code. Both these scenarios are likely to happen when the direct LOS signal

is very weak, so the correct correlation peak is very small. Another problem is

frequently called the tracking of an echo-only signal. In both cases, the errors caused

by tracking the wrong signals will be significantly larger than the errors caused by

conventional multipath, when the direct LOS signal is present. Thus, the positioning

solution based only on the data from an HSGPS receiver in an urban environment

is likely to be contaminated by large position errors caused by the above-mentioned

complications.

The significance of the problem of pedestrian navigation might in fact be overlooked

if a person thinks of it exclusively as an accessory for leisure activities, where the

information does not need to be exact. For example, a pedestrian navigation system

may be used for these purposes (Gartnet et al., 2004):

• To find direction and the shortest route to a particular location;

• To provide the user with a walking summary, such as the number of steps made

by a user and the approximate distance traveled;

• To keep track of the user’s walking path history, with marks of certain locations;

• To help in navigation of visually-impaired;

• To perform as a PDA tourist guide, announcing tourist information depending

on the location of the user.

While this type of information is important for a particular group of potential users

engaged in leisure activities, it is not exceptionally critical. What is more critical is

the knowledge of the user coordinates at the moment of an emergency call, such as

E-911 in North America or E-112 in Europe.
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Several years ago, the United States Federal Communications Commission estab-

lished the E-911 mandate that requires wireless operators to be able to locate the

position of the originator of an emergency call to within a certain degree of accuracy

(FCC, 2001). This mandate essentially started the escalation of the location-based

services (LBS) market that is expected to grow from USD 0.5 billion dollars in 2003

to a 28 billion dollar market by 2008. The revised standards for Phase II location,

accuracy and reliability of this mandate1 are the following:

For handset-based solutions: 50 metres for 67 percent of calls, 150 metres for 95

percent of calls;

For network-based solutions: 100 metres for 67 percent of calls, 300 metres for

95 percent of calls.

These requirements are very stringent. The emergency calls may originate from

practically any environment, varying from an open sky rural area to the basement

of a downtown building. A pedestrian equipped with additional sensors, or a form

of aiding to a stand-alone GPS receiver, will have the advantage of more accurately

determining his/her coordinates in the case of an emergency call. Forms of aiding

to a GPS receiver for a pedestrian can broadly be divided into the following groups:

• Networks aiding: Assisted GPS (AGPS) or differential corrections (network

dependent);

• Indoor systems aiding: Pseudolites, Ultra-wide band (UWB), Wireless local

area networks (WLAN) (building dependent);

• Sensors-based aiding: INS, PDR (self-contained)

1Deployment of Phase II FCC’s mandate was initiated on October 1, 2001
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In terms of networks aiding, there are three types of aiding information a user may

get from a cellular network: the current satellite ephemeris, the approximate user

location and the approximate time. This approach has been known as Assisted GPS

(AGPS). A thorough overview of AGPS can be found in Syrjärinne (2001). If a GPS

receiver in a signal-degraded environment is supplied with this aiding information,

the acquisition of GPS signals may be made easier and faster. In other words,

the bandwidth of the tracking loops can be made smaller, which narrows the time-

frequency search of the signals. This approach is nearly a must for a receiver in very

harsh signal environments.

Cellular networks themselves can essentially act as a positioning system. Methods

to calculate a position are many, including time of arrival (TOA), angle of arrival

(AOA), cell ID, etc. Navigation systems that provide an integrated solution for GPS

and cellular networks are called hybrid positioning systems. Descriptions of various

positioning algorithms and the recent developments in hybrid systems can be found

in Klukas et al. (1997); Biacs et al. (2002) and Ma (2003). In urban areas, accuracy

of the cellular network positioning alone with the continuity of the solution is quite

poor due mainly to rapidly changing cell geometry. Also, practical implementation

of such systems requires installation of quite expensive and complicated hardware at

the cell site.

The second item in the list is indoor systems aiding. Using GPS or a hybrid system

indoors results in all of the above acquisition/tracking problems (multipath, cross-

correlation, echo-only signal tracking) but in a more amplified form. It is likely that

a user will not have any direct LOS GPS signals indoors. All of the signals (if any)

acquired by the receiver, or tracked while the user entered a building, will likely be

severely faded, or there will be complex reflections from windows, walls, etc. The

problem of indoor location with GPS is an extreme example of the problem that
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will be addressed in this thesis. Research results on the performance of GPS indoors

can be found in Soderholm et al. (2001); Haddrell and Pratt (2001); van Diggelen

(2001a) and MacGougan et al. (2002). The recent results of testing a HSGPS receiver

in an unaided mode are very promising (Lachapelle et al., 2004) and demonstrate

that positioning in light-wooden or concrete-type buildings with many windows is

possible. However, effective positioning is not yet possible deep in a concrete-type

commercial building.

Currently, for many navigation applications indoor, a stand-alone GPS receiver is

insufficient. One of the common approaches for indoor navigation (as well as aiding

to GPS) is the development of a specific indoor positioning system infrastructure such

as UWB or pseudolite transmitters. A quite thorough overview of aiding methods

and techniques for a GPS receiver with such methods can be found in Gilliéron et al.

(2004); Godefroy and Jeannot (2004). An obvious problem with these techniques is

the use of a building-dependent infrastructure that rigorously limits the application

of such systems to only certain buildings.

The last item in the list of possible aiding sources for a pedestrian navigation system

based on a GPS receiver is the use of a self-contained sensor assembly. A sensor unit

may contain just a few-low cost sensors, or it may be a full 6 degrees of freedom

IMU or INS. The quality of the IMU may also vary from low-cost to essentially

navigation grade if the price and the weight of the designated system permit. For

instance, aiding by a high-quality IMU has its own market of high accuracy surveying

in signal-degraded environments. These applications may include surveying for the

oil and gas industry, precision forestry surveying or mining surveying (Scherzinger,

2004). Such systems are quite bulky and expensive, and they are most certainly

impractical for the everyday navigation of pedestrians in, say, urban canyons.

Currently, the most practical approach to aid a GPS-based pedestrian navigation
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system is the use of a self-contained MEMS inertial sensor unit. First, these sensors

are inexpensive: most MEMS sensors in mass production quantities cost a few dol-

lars. Second, these sensors are truly miniature - usually less than (10x10x5 mm) in

size, and they consume little power (< 50 mA). Obviously, these sensors cannot be

used in a classical inertial mechanization scheme, even for very short periods of time.

Conservatively, the biases of MEMS gyros can be brought down to a level of less than

300 degrees per hour after appropriate temperature compensation. Such a large drift,

even assuming an accurate initialization of attitude, will lead to very large position

errors after almost 10 seconds of INS-only navigation (El-Sheimy, 2003). However,

data from MEMS sensors can still be extremely helpful when the mechanization

algorithm exploits the specifics of human walking.

In 1999, Levi and Judd patented the novel idea of using accelerometers to detect the

steps of a person walking (Levi and Judd, 1999). For this task, miniature MEMS

accelerometers, called pedometers, are the perfect choice. Since 1999, when pedome-

ters were patented, various low-cost pedometers have been marketed, and there has

been a lot of research on this subject. Various algorithms to count steps and char-

acterize the motion of a user have been developed. For example, Lee and Mase

(2001) studied the acceleration patterns resulting from walking and proposed the

recognition model that classifies walking behaviour into predefined groups such as

”straight”, ”upward” and ”downward”. The use of a pedometer by itself is fairly

limited, since the only information it provides is the number of steps performed and

the approximate distance traveled.

A sensor system that is equipped with a heading sensor in addition to a pedometer

is referred to as a PDR system. Unlike pedometers, there are only a few commercial

PDR systems available. The difficulty lies in the problem of integrating a PDR

system (which is a relative positioning system) with an absolute positioning system,
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such as GPS. There are many problems related to developing a filter that will combine

the GPS and PDR measurements to produce a reliable position solution. These

problems will be discussed and addressed in great detail throughout this thesis.

1.2 Overview of Research on PDR/GPS Integrated Systems

In the area of PDR navigation, the difficulties and problems associated with Kalman

filtering have been clearly overlooked. In most of the work, the user’s step frequency

is used as the filter time base. In general, steps do not occur at the times of GPS

updates. Thus, GPS data have to be interpolated or extrapolated to the time that

each step occurs. In most of the work, good quality GPS data (mostly DGPS) have

been integrated with the sensors’ data; thus, this procedure is somewhat reasonable.

Gabaglio (2001) introduced a Kalman filter for the PDR system integrated with

DGPS. In his work, the PDR system is based on a magnetic compass and a metre-

accurate differential GPS has been used for the system updates. Few experimental

validation results have been presented and the effects of sporadic magnetic distur-

bances, which are very possible in downtown areas (the environment this system is

primarily designed for), have not been addressed. A comparison of PDR systems

based on a compass and a gyro is given in Ladetto et al. (2001).

Jirawimut et al. (2000) also presents the results of integration of DGPS and DR

techniques for pedestrian navigation. The results were simulated for the case of

metre-accurate DGPS on a short trajectory. For the filter developed, it was concluded

that a well-tuned system and measurement noise covariance matrices need to be used,

which are difficult to adjust for different people and varying GPS environments. An

analysis of PDR/GPS integration and map-matching algorithms for an indoor and

outdoor PDR system is also reported by Gartnet et al. (2004).
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One of the problems in PDR integration is the modeling and calibration of step

length. An algorithm to continuously calibrate step length while walking was studied

by Ladetto (2000). The use of a PDR system in a handheld device brings new

challenges to the design of the integration filter. In this case, the sensor signals

may be slightly or significantly damped, due to the motion of the user hands. Also,

since the unit is held in hand, its orientation with respect to the user body is not

known. Thus, the biggest problem is the detection of the user’s motion state and

the determination of usefulness of the sensor data.

A lot of interesting research has been accomplished in aiding PDR/GPS with special

sensor systems. Currently, these systems target very specific markets, but with new

technological developments these techniques may be adopted for everyday use in the

future. Recently, Brand and Phillips (2003) have proposed a system using RF signals

to estimate step length. A phase discriminator attached to the belt of the user with

two RF cables going down along the legs combines with a proposed RF foot-to-foot

measurement system. The radio frequency transmitted by one foot is received by

the other. Since the length of the cables is known, the only unknown is the distance

between the legs. This approach allows a very accurate estimate of step length down

to the millimetre level. This hardware can be used on a tactical unit soldier but not

as part of an everyday PDR system; in addition, it is rather expensive at this time.

Another interesting implementation of a PDR system is the use of the sensor unit

mounted on (or in) the user’s shoes. One of the early works on this subject is reported

by Elwell (1999). In his work, fairly accurate IMUs have been implemented in the

shoes of a pedestrian (as an indoor navigation system for an urban or indoor warrior)

and the technique of performing frequent zero velocity updates (ZUPT) at every step

has been applied. The problems with this kind of approach are fairly obvious: it

requires special shoes, and it is fairly expensive. Recently, very promising research
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has been done where a set of low-cost sensors has been tied onto a shoe (Stirling

et al., 2005). A model has also been developed that relates the signature of the

acceleration profile by the sensor unit on a shoe to the step length. In this model,

zero-velocity updates on every step have been applied that help to reduce the drift

of gyros to a reasonable value.

Another special form of a PDR/GPS aiding technique is the so-called visual odome-

ter. The user wears a camera with special algorithms of image processing to extract

navigation information. An analysis and the results of using such a system for pedes-

trian navigation can be found in Jirawimut et al. (2003); Kourogi and Kurata (2003).

The results are somewhat interesting, but this approach is quite impractical.

A very important issue in any integrated navigation system is the reliability testing

of the integrated results. Recent results of reliability analysis applied to stand-alone

HSGPS are reported in Kuusniemi et al. (2004); Kuusniemi and Lachapelle (2004).

It is concluded that the RAIM techniques are not overly reliable when applied to

HSGPS observations, due to the frequent presence of multiple blunders at a single

epoch. Few works exist on this subject for PDR/GPS integrated systems (Collin

et al., 2003a; Lachapelle et al., 2003a), and more analysis is required.

After this brief overview it can be concluded that, until now, most of the research

on PDR/GPS systems relies on either expensive, very specific, hardware or the use

of precise GPS. Keeping in mind that the aiding of a GPS-based pedestrian navi-

gation system is actually needed only in signal-degraded areas such as downtown,

high quality GPS updates are something that are rarely available. An expensive

or inconvenient system (i.e. camera or special shoes) is also a rather unreasonable

choice for an everyday pedestrian navigation system.
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1.3 Objectives of This Thesis

The overall objective of this research is the analysis of a pedestrian navigation system

based on a set of low-cost MEMS sensors and an HSGPS receiver. This sensor

combination is currently regarded as being the most practical, functional and up-

to-date considering cost and implementation factors. It is self-contained (it does

not require any specific network or building system infrastructure) and can truly be

miniature and inexpensive. The specific objectives of this thesis are:

1. Analysis of stand-alone HSGPS performance. The use of HSGPS signifi-

cantly increases the availability of GPS measurements. In a signal-degraded

environment, many of those measurements may be of very poor quality. In

other words, the measurements might be severely contaminated by multipath,

or they may simply be the result of echo-only signal tracking or even possible

cross-correlation tracking. It will be shown that even in the presence of signifi-

cant redundancy in measurements, detection of such blunderous measurements

in a single epoch is a real challenge. The analysis of HSGPS performance will be

illustrated on a variety of real field data collected in different urban and indoor

environments. A comparison between epoch-to-epoch least-squares (LSQ) and

Kalman filtered solutions will be made. An important aspect of GPS receiver

initialization will be discussed.

2. Analysis of a low-cost PDR system. The use of truly low-cost sensors in a

PDR system brings a lot of challenges that have to be addressed. Through real

data analysis, an optimal configuration of low-cost sensors for a PDR system is

proposed. The choice of optimal sensor data processing techniques is discussed.

The main goal of such an analysis is the proper stochastic modeling of the key

pedestrian system states, such as step length error and heading rate error, for
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further integration of the system with GPS.

3. PDR/HSGPS Kalman filter design. Up to now, very little research has been

conducted on a detailed analysis of Kalman filtering for PDR/GPS systems. In

this work, a thorough analysis of system modeling, depending on the state of

the user, is performed. The selection of proper filter states for the given quality

IMU and GPS measurements is discussed and evaluated through simulations

and experimental results. Important issues of any filtering, such as system

observability and state convergence, are also analyzed for a given model.

4. Integrity analysis. Various algorithms of integrity analysis for an HSGPS/PDR

integrated system are evaluated and the results analyzed. It is shown that

the fault detection and exclusion (FDE) methods applied to the stand-alone

HSGPS results are frequently not reliable. The applicability of the reliability

analysis is discussed for the proposed integrated system since it largely depends

on the quality of the system initialization.

1.4 Thesis Outline

Chapter 2 contains an overview of pedestrian navigation technologies. This chapter

includes an overview of GPS, mostly covering topics relevant to the stated pedestrian

navigation problem. An overview of inertial positioning techniques, inertial sensor

types and various mechanization schemes is also given.

Chapter 3 contains an overview of the estimation and reliability theories. The back-

ground of state-space modeling and the basics of Kalman filtering are presented.

More advanced topics on Kalman filtering, such as filter extension to non-linear sys-

tems, aspects of filter initialization, convergence and stability, are then presented.
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Elements of statistical testing and reliability theory relevant to the area of navigation

are summarized.

Chapter 4 describes in detail the prototyping of the integrated system that is used

in this thesis. The system mechanical and electrical design is discussed. The time

synchronization of the sensor data with GPS is discussed.

Chapter 5 presents an analysis of a pedestrian dead-reckoning system based on a

set of low-cost sensors. Important aspects of PDR mechanization are discussed.

Stochastic modeling of the key system parameters is presented. The analysis is

carried out through simulations and real data.

Chapter 6 presents an analysis of stand-alone HSGPS in a signal-degraded envi-

ronment, the city downtown. The results are shown for epoch-to-epoch LSQ and

Kalman filtered modes. The results of RAIM analysis applied to the epoch-by-epoch

LSQ solution are presented and discussed.

Chapter 7 presents the methodology proposed for aiding HSGPS with a set of low-

cost sensors. A step-by-step development of the Kalman filter for a PDR/HSGPS

integrated system is presented. A detailed analysis of this system and filter perfor-

mance is illustrated on simulations.

Chapter 8 presents an analysis of the proposed system and an integration method

based on experimental results in the downtown core environment.

Chapter 9 presents the conclusions drawn from this research and gives recommenda-

tions for future work.



Chapter 2

Overview of Pedestrian Navigation Techniques

This chapter contains an overview of GPS and inertial navigation techniques related

to the problem of pedestrian navigation. GPS methods and the most significant error

sources in GPS for a certain environment will be discussed. Finally, an overview of

inertial positioning techniques, low-cost inertial sensors and inertial system mecha-

nizations is provided.

2.1 Global Positioning System

After GPS became operational in 1996, the civil share of the GPS market quickly

started to grow. Currently, civil applications using GPS include personal and ve-

hicular navigation, airborne applications, surveying, time transfer and many more.

Different applications use different signal processing and positioning techniques and

algorithms ranging from single point pseudorange-based to multiple reference station

real-time kinematic (RTK) positioning. In the scope of this work, no attempt will be

made to give a complete overview of the principles of GPS operation. Instead, only

GPS topics relevant to the stated problem of pedestrian navigation in urban areas

will be discussed. Thorough references on GPS by Parkinson and Spilker (1996) and

Kaplan (1996) and more recent books such as Misra and Enge (2001) cover a whole

variety of topics related to the system operation, from basic to advanced.

15
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2.1.1 System Overview

Initially, a full GPS constellation was meant to consist of 24 satellites in six orbital

planes (Parkinson and Spilker, 1996). Currently1, there are 28 healthy GPS satellites

positioned in six orbital planes as shown in Figure 2.1. Each GPS satellite transmits

two signals on two different central frequencies named L1 and L2. The signal on

L1 is an open source signal called C/A (coarse acquisition) code and consists of a

particular pseudorandom sequence based on the Gold code sequence (ibid). In this

overview, the properties and characteristics of the civil C/A code will be discussed.

All Gold codes have the very important property of a very distinctive autocorrelation

peak that is used as a tracking point in the receiver signal search. The C/A signal

essentially consists of three parts (Misra and Enge, 2001):

• Carrier wave. 1575.4 MHz for L1;

• Pseudo-random noise (PRN) sequence with special auto-correlation

properties. PRN sequences are unique for every satellite. C/A codes are

generated on a satellite using two 10-bit shift registers and thus are (210 − 1) =

1023 bits in length.

• Navigation message. The navigation message consists of information on

satellite health status, satellites ephemeris, satellite clock bias modeling pa-

rameters and a full-constellation almanac.

The method of C/A signal transmission on a carrier frequency used in GPS is phase

modulation. In GPS signal processing, it is common to refer to the GPS C/A code

as a sequence of 1s and 0s. In practice, however, the magnitude of the second value

of the C/A code is -1 rather than 0, so the phase of the signal changes by 180◦ during

1as of December 27th, 2004
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the phase modulation. The rate of generation of the C/A code is 1.023 MHz or, as

C/A code bits are frequently called chips, 1.023 Megachips per second. Thus, the

length of one full replica of the C/A code of 1023 chips is equal to approximately 1

ms. Transmission of the C/A code is constantly being repeated over and over again.

Figure 2.1: GPS Satellite Constellation. The Constellation is Shown at UTC Time
of 0:0:13 h, 26 December, 2004 (Larger satellites on the figure mean they are closer
to the observer)

The main principle of GPS positioning is the range measurement technique. If

the receiver determines the geometrical distances to the GPS satellites with known

coordinates, the user coordinates (the antenna coordinates, in fact) can then be

determined. To measure the distances to satellites, a GPS receiver generates replicas

of the PRN signals for all the satellites being searched. This search is performed in

both the code-delay and frequency domains. The code delay is caused by the user to
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satellite distance; propagation delay is caused by the media, that is the atmosphere.

The frequency shift of the signal is caused by the Doppler effects from the relative

satellite to user motion. Due to the clock biases on both receiver and satellite ends

and the propagation delay, the range measurement made by the receiver is called the

pseudorange. If the receiver knows the approximate position of its antenna (through

AGPS, for example), then the receiver search can be narrowed to satellites that are

theoretically visible to the receiver at a given time.

Nowadays, GPS receivers use massive parallel correlator arrays to correlate the in-

ternally generated signal replicas over the code-frequency search space with incom-

ing signals for all satellites. The acquisition time for modern receivers is becoming

shorter and shorter. It should be noted that the signal acquisition time and the

common characteristic for many receivers of the time to first fix (TTFF) are very

different. The acquisition time may be a fraction of a second, while the TTFF

depends on whether the receiver has the satellite ephemeris prior to acquiring the

signals (AGPS). If the receiver does not have the satellite ephemeris preloaded prior

to acquiring satellites, the TTFF may be as much as 45 seconds for a GPS receiver2

operating under line-of-sight conditions. If the signals are obstructed and weak, the

TTFF can increase dramatically. The full ephemeris consists of about 900 bits and

is transmitted in the hand over word (HOW) of the navigation message. At the rate

of transmission of the navigation message of 50 bits per second, it takes almost 18

seconds for a GPS receiver to receive the full satellite ephemeris. The ephemeris is

repeated every 30 seconds in the navigation data. If the ephemeris information is

already loaded in the receiver, then the TTFF may be shortened to several seconds.

Once the peak of a certain PRN signal is found, the receiver determines the code delay

of the PRN code with respect to its local replica (local time); the frequency shift is

2For a SiRF HSGPS receiver in cold start mode (www.sirf.com)
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determined with respect to the receiver internal oscillator frequency. Two observables

are then formed: the pseudorange and the Doppler measurements. This information

can now be used in a positioning algorithm to calculate the user coordinates and

velocity in a specified coordinate frame.

There is another observable that results in the receiver making the pseudorange mea-

surement. Called a carrier-phase observable, it is the phase of the signal carrier at

the time of measurement. This type of measurement is ambiguous to the whole num-

ber of cycles that the signal contains on the path from the satellite to the receiver

antenna. In carrier-phase positioning methods, this unknown number of carrier cy-

cles is called the ambiguity and is usually estimated using single or double difference

techniques in the relative network positioning methods (Kaplan, 1996). The required

conditions for the carrier phase positioning method are a change in the geometry of

the satellites, and the continuity of the carrier phase measurements. If the continu-

ity of the carrier measurements is satisfied for every subsequent measurement, the

unknown number of whole cycles (ambiguity) will remain the same, which assures

the eventual convergence of the solution. Carrier-phase positioning techniques are

inappropriate for positioning in urban canyons where the continuity of the carrier

phase measurements is not achieved, which together with the very poor and rapidly

changing satellite geometry makes for a bad combination. This thesis thus provides

a discussion of the code-based positioning methods and error sources on the code

(pseudorange) measurements.

2.1.2 Coordinate Frames

Before beginning a discussion of positioning algorithms and geometrical solution ac-

curacy measures, the necessary coordinate frames first need to be discussed. Coordi-

nate frames and datums commonly used in navigation and geodesy are well described



20

in many books, for example Torge (1991). In this section, the coordinate systems

that are used in this thesis are briefly covered.

The coordinate datum with respect to which the GPS satellites’ coordinates are

formed is the WGS-84 coordinate system (Parkinson and Spilker, 1996). This is an

Earth Centered Earth Fixed (ECEF) coordinate frame originating at the centre of

the Earth. The X axis lies in the Earth equatorial and Greenwich planes; the Z axis

points along the axis of the Earth rotation; and the Y axis accomplishes the right-

angled frame. This coordinate frame is denoted as XY Z and is shown in Figure

2.2.

A Local Level (LL) coordinate system is the system that is frequently used when

the positioning and navigation of an object is performed in a rather small area. It is

also a 3D orthogonal coordinate system. Usually, the plane formed by the E and N

(standing for Easting and Northing) axes of the LL frame is tangent to the surface

of the Earth ellipsoid. The U axis (stands for Up coordinate) points upward, along

the normal to the ellipsoid (Figure 2.2). The LL coordinate frame is also used to

show the coordinates in a more comprehensive way than is possible in the XYZ

and Latitude-Longitude-Height (LLA) coordinate frames. Most of the results in this

thesis will be shown with respect to a specified LL coordinate frame. To uniquely

define the LL coordinate frame, the coordinates of the LL frame origin with respect

to one of the above-described frames must be provided. Coordinate transformations

between the WGS84 XYZ, LLA and LL coordinate frames are rather straightforward

and are well explained in, for example, Misra and Enge (2001).



21

Figure 2.2: ECEF, LL and LLA Coordinate Systems

2.1.3 Positioning Algorithms

In this section, methods to calculate user position and velocity based on the pseu-

dorange and Doppler measurements are discussed. The basic user-to-satellite range

measurement equations in a given ECEF XYZ coordinate frame (Kaplan, 1996) can

be written as




√
(x− x1)

2 + (y − y1)
2 + (z − z1)

2 + ct = ρ1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .√
(x− xN)2 + (y − yN)2 + (z − zN)2 + ct = ρN

(2.1)

where

x, y, z . . . are the user coordinates in the given ECEF coordinate frame, and

xi, yi, zi . . . are the ith satellite coordinates in the given ECEF coordinate frame,

and
t . . . is the user clock bias, and
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c . . . is the speed of light, and

ρi . . . is the pseudorange measurement to satellite i, and

N . . . is the number of visible satellites at the solution epoch.

There are several methods used to solve the system of Equations 2.1, of which the

most commonly-used ones are:

1. Iterative Least-squares (LSQ) method. In this method, an iterative rou-

tine to compute position and velocity through a linearized set of equations is

initiated. An initial position guess with a fairly broad proximity of the true

position must be provided. This method is fairly computationally robust pro-

vided there is redundancy in the observations. The LSQ method of obtaining

a position with GPS measurements is used in this thesis.

2. Closed-form solution. A set of nonlinear GPS Equations 2.1 can be solved

in a closed-form using only 3 or 4 (if height fixing is used) pseudorange mea-

surements. Mostly, the closed form solutions are analyzed to investigate a

faster converged, and sometimes more reliable, solution than the iterative LSQ

(Bancroft, 1985; Leva, 1996).

In the LSQ solution, the system of Equations 2.1 must be linearized around an initial

position. The design matrix is then written as

H =




∂f1

∂x
∂f1

∂y
∂f1

∂z
1

...
...

...
...

∂fN

∂x
∂fN

∂y
∂fN

∂z
1




︸ ︷︷ ︸
N×4

(2.2)

where
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∂fi

∂x
, ∂fi

∂y
, ∂fi

∂z
. . . are the direction cosines of the vector pointing from a user posi-

tion to an ith satellite at the kth epoch in some XYZ EF coordi-

nate frame.

The solution for the system of Equations 2.1 in a least squares sense can be written

as

∆x̂ =
(
HT C−1

l H
)−1

HT C−1
l ∆ρ (2.3)

where

∆x̂ . . . is the misclosure vector of coordinates and the clock bias from the lin-

earization point, and

Cl . . . is the covariance matrix of observations, and

∆ρ . . . is the pseudoranges misclosure vector.

The covariance matrix of observations can be assigned in different ways. It is common

to form a diagonal covariance matrix (uncorrelated measurements) and assign the

observation variances to be equal to, say, 1 m2 to 10 m2. However, in the case of

HSGPS, methods of proportionally weighting the observations according to certain

observation parameters, such as the carrier-to-noise ratio, are used (Wieser, 2001).

A similar set of linearized equations can be written in order to determine user ve-

locity. The same design matrix (Equation 2.3) is used, but instead of pseudorange

measurements and user clock bias unknowns, range-rate measurements and clock

bias drift terms are used (Kaplan, 1996). The solution is then obtained in a similar

LSQ fashion as Equation 2.3.

When the vertical coordinate component (and vertical velocity) is of little interest, as

in the case with pedestrian navigation, a method known as height fixing can be used.

Height fixing is also frequently applied when the number of observations is limited,
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especially in a signal-degraded environment such as an urban canyon. Height fixing

is usually applied in a LL coordinate frame rather than in XYZ where the height

constraint is harder to implement. In the LL coordinate frame, the height coordinate

can simply be removed from the set of pseudorange equations, or it can be heavily

constrained through a variance adjustment in the LSQ algorithm. Obviously, when

height fixing is applied, the redundancy of the solution increases by one, which can

be very significant in some cases.

In this work, the LSQ positioning algorithm will be used to process the GPS pseudo-

range and Doppler observations. It will be noted whenever height fixing is applied.

2.1.4 Error Sources and Accuracy Measures

Undoubtedly, the largest error source for HSGPS in signal-degraded environments

is multipath. Multipath is defined as an effect when, in addition to the LOS direct

GPS signal, several reflections of this signal are also coming to the user antenna

from the surrounding reflective surfaces. Multipath signals are always delayed when

compared to the LOS signal because of the longer traveling paths.

The effects of multipath are extremely hard to estimate. Permanently changing

satellite geometry and user motion (if kinematic) makes the signal reflections from

the surrounding environment truly unpredictable. However, extensive studies have

been done on the effects of multipath on receiver tracking performance, and numerous

techniques have been developed to decrease the effects of multipath to some extent

for line-of-sight signals. The maximum range error introduced by multipath on GPS

code signals (when LOS signal is present) is theoretically limited to 150 metres in

the case of line-of-sight signals (Parkinson and Spilker, 1996). One of the most

successful approaches to multipath mitigation is known as the Narrow Correlator
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Spacing technique which is well described by van Dierendonck et al. (1992). The use

of an antenna array has also been shown to be successful in the case of line-of-sight

signals (Ray, 2000), but it is hardly practical for mobile applications.

A special form of multipath, for which the HSGPS is especially susceptible, is echo-

only signal tracking (e.g., Lachapelle, 2003). In this situation, the direct LOS signal

is faded to non-acquirable power level, but a few strong signal reflections of the

signal still reach the antenna. The range of error caused by this type of multipath

is theoretically unlimited.

It is often concluded that the most reliable way to fight multipath is to position the

antenna away from all possible reflective surfaces and to use ground plate or choke

ring antennas. These suggestions are obviously aimed at reference GPS stations in

the outdoors and are not for mobile pedestrian users in urban environments. Thus,

in regards to this work, the multipath has to be dealt with through integration with

inertial sensors and Kalman filtering in the position domain. It will be shown on

numerous field data what level of multipath the user is experiencing in a dense urban

canyon environment, and how it is difficult, and sometimes practically impossible,

to estimate these effects using only HSGPS measurements.

In the position domain, one of the main performance parameters of a GPS solution

is called the dilution of precision (DOP). Dilution of precision is a geometrical fac-

tor and represents how accurate the position solution may be, based on the given

geometry of the satellite constellation (Kaplan, 1996). There are several geometrical

factors, namely, geometrical DOP (GDOP), position DOP (PDOP), horizontal DOP

(HDOP), vertical DOP (VDOP), and time DOP (TDOP). These values are given

in the LL coordinate frame, that is in the ENU coordinate frame. The smaller the

corresponding DOP parameter, the better the geometry. To compute these DOP

values for a given user-satellite geometry, the design matrix, H (Equation 2.2), must
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be composed in the LL coordinate frame. Then, a special matrix must be calculated

based on this design matrix as

D =
(
HT H

)−1
(2.4)

where

H . . . is the design matrix in the LL coordinate frame.

The DOP parameters can then be calculated as shown in Equation 2.5.

GDOP =
√

D11 + D22 + D33 + D44; PDOP =
√

D11 + D22 + D33

HDOP =
√

D11 + D22; PDOP =
√

D33; TDOP =
√

D44 (2.5)

From a practical point of view, especially for pedestrian navigation when horizontal

coordinates are of more importance, the HDOP factor is frequently of more interest.

In a geometrical perspective, the satellite geometry that provides a better HDOP

(smaller value) must include a larger volume in the 3D figure that is formed by

connecting the user with all satellites used in the solution. Since for 3D positioning,

a minimum of four satellite observations is required, it means that the more satellites

there are spread around the sky, the better. Geometry that is composed with only

satellites of high elevation will be quite poor. Figure 2.3 shows two cases of satellite

geometries using only four satellites. In one plot, only satellites with high elevation

have been selected, and in the other, satellites with rather low elevation have been

chosen. In the case of ”good” geometry (diversity in satellites), the HDOP factor is

quite small, 2.61. On the other hand, when only satellites with large elevations are

used (”bad” geometry), the HDOP factor is quite large and is equal to 4.71.

These HDOP values are fairly large because only four satellites have been used.

When all visible satellites are used to calculate geometrical factors, these DOP val-

ues become significantly smaller. Figure 2.4 shows all 10 visible satellites and the
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Figure 2.3: DOP Factors Calculated at Calgary Location for ”Good” and ”Bad”
Four Satellite Geometries. ”Good” Geometry Satellites are # 3,4,19,21 at UTC
Time of 0:0:13 h, 26 December, 2004. ”Bad” Geometry Satellites are # 4,5,9,15 at
UTC Time of 0:0:13 h, 26 December, 2004.

corresponding DOP factors in Calgary at UTC time of 0:0:13 h, 26 December, 2004.

In this case, for example, the HDOP value is significantly smaller and is equal to 1.6.

The geometrical DOP values can be converted to the expected position domain ac-

curacy by multiplying the DOP factor by the estimated user equivalent pseudorange

error (UERE). Assuming mild values for atmosphere and multipath errors, the cur-

rent GPS system UERE can be taken as approximately 5 metres (1σ). The expected

horizontal accuracy of the solution (1σ) can then be estimated according to

√
σ2

E + σ2
N = HDOP × σUERE (2.6)

where

σE,σN . . . are the corresponding 1σ Easting and Northing position accuracy, and

σUERE . . . is 1σ pseudorange error.

An approach to the selection of satellites in urban canyons based on the geome-
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Figure 2.4: DOP Factors for Calgary for all visible Satellites. The satellites visible
are # 3;4;5;9;11;15;19;21;22;27 at UTC Time of 0:0:13 h, 26 December, 2004.

try factor is somewhat ambiguous. In a downtown area, there is more chance that

the satellites with low-elevation (that can potentially deliver better geometry of so-

lution) will be either severely attenuated or be echo-only reflections of the direct

LOS paths. In both these cases, the pseudorange measurement errors might be very

significant. On the other hand, signals from satellites that are closer to the zenith

(potentially bad solution geometry) have less possibility of being severely faded. Es-

sentially, due to poor overall visibility of satellites in downtown areas, it is frequently

not possible to select or reject observations based on the geometry factor. If only four

measurements are available and the user is seeking a 3D solution, all four of these

observations must be used in the solution, despite any geometrical considerations.

The most fundamental GPS signal characteristic that can potentially describe the

quality of the acquired GPS signals is the carrier-to-noise (C/N0) ratio. The C/N0



29

parameter is independent of the receiver type and can be computed as

C/N0 = SR + Ga − 10 log · (KB · T0)−NF (2.7)

where

SR . . . is the power of the GPS signal at the Earth’s surface, and

Ga . . . is the antenna gain, and

10 · log (KB · T0) . . . is the ambient noise density (dBW-Hz), and

NF . . . is the receiver noise figure.

The C/N0 parameter is representative of the GPS signal quality. A typical C/N0

value for a GPS signal in the open sky is about 43 dB-Hz. In an urban downtown

environment, a lower the C/N0 means that there are more chances that the signal

is faded by LOS obstacles, or that it is affected by multipath. The C/N0 values for

GPS signals in downtown environments can be reduced to 20-23 dB-Hz. Thus, it

seems reasonable to assign the covariance matrix of the observations in Equation 2.3

based on C/N0 values. This statement, though, is not always true, primarily because

of the high probability of echo-only signals with significant power. In this case, the

relation between the UERE error and the power does not hold. The range error can

be very significant and this will not be reflected in the weighting of the observation

based on the C/N0 value.

The C/N0 parameter is also used to compute an important (receiver dependent)

parameter called the Signal-to-Noise (SNR) ratio. The SNR parameter depends on

the integration method used in the receiver and is discussed in the following section

on the High Sensitivity GPS method.

Atmospheric effects are other significant sources of error in GPS. Atmospheric effects

on GPS signal propagation can be divided into ionospheric and tropospheric com-
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ponents. These mediums result in additional delays in the propagation time of the

signals. The delays depend on several factors, such as satellite elevation, the time

of day and the amount of moisture in the troposphere, and the level of ionospheric

activity. Ionospheric effects can be modeled and estimated to some extent, especially

when using dual-frequency GPS receivers. The accuracy of estimation of atmospheric

propagation delays (especially for the ionosphere) in single-point positioning mode is

essentially limited. When compared to the errors caused by multipath or echo-signal

tracking in urban canyon signal environments, these types of atmospheric errors can

be treated as minor. For instance, over 90% of the troposphere effect can be removed

using a standard model, leaving a range error well below 1 m (Kaplan, 1996). The

ionosphere induced delay can be estimated with the broadcast model with accuracy

better than 10 metres. In case of a wide area augmented receiver (WAAS) which uses

an ionospheric grid model, residual error is expected to appear less than 3 metres.

2.1.5 High Sensitivity GPS

During propagation from a satellite to a user’s antenna, GPS signals experience

losses. The radiated power by a GPS satellite is equal to about 27 W. The final

power of the GPS signals received by users on Earth is equal to approximately -160.0

dBW. The total GPS signal power budget is summarized in Table 2.1.5 (Lachapelle,

2003).

Such a low power signal is well below the thermal noise power in the receiver, even for

a 2 MHz receiver tracking bandwidth. The GPS receiver is able to acquire and track

such low power signals by using the process of coherent correlation. By exploiting the

properties of the Gold code, which has a very distinctive autocorrelation peak, during

integration (correlation) this peak grows faster than the noise. The integration gain

during the correlation process for a 2 Mhz bandwidth receiver (main lobe of the C/A
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Table 2.1: GPS Signal Power Budget

Characteristic/Parameter Value
SV radiated power (dBW) 26.8
Free space loss (dB) -184.4
User antenna gain (dBW) 3.0
Atmosphere attenuation (dB) -2.0
Depolarization Loss (dB) -3.4
Received power by user (dBW) -160.0

code only) can be computed as (van Diggelen, 2001b)

Gc = 10 log (N) (2.8)

where

Gc . . . is the gain after coherent integration (dB), and

N . . . is the integration time (s).

High Sensitivity GPS is known as a technology that utilizes longer integration of

signals to make signal peaks visible out of noise even for very low-power GPS signals

(Peterson et al., 1997). This process is called non-coherent integration. Generally

speaking, in this technique the correlation values are squared prior to dumping to a

total correlation value due to the possible presence of navigation data bit transitions

in the signals. The problem with such a longer integration (squaring of the correla-

tion value) is the growth of noise. The total gain using coherent and non-coherent

integration can be given by (van Diggelen, 2001b)

Gn = 10 log (N) + 10 log (M) + Sl (2.9)

where

Gn . . . is the gain after coherent and non-coherent integration (dB), and

N . . . is the coherent integration time (s), and
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M . . . is the number of non-coherent accumulations, and

Sl . . . is the squaring loss due to non-coherent accumulation.

This method of coherent integration and longer non-coherent accumulation allows

the receiver to achieve approximately 30 dB more processing gain (Ray, 2002). Such

a large additional processing gain makes it possible to target signals with a power as

low as -188 dBW (Ray, 2002). The SNR parameter for a given GPS signal can then

be computed as

SNR = C/N0 + Gc,n (2.10)

where

C/N0 . . . is the signal to noise ratio for a given GPS signal (dB-Hz), and

Gc,n . . . is either coherent or non-coherent integration gain (dB).

In practical terms, the SNR acquisition threshold for low-power GPS signals for a

static GPS receiver is currently equal to approximately 10 dB (ibid). The track-

ing SNR threshold is an ad-hoc parameter that depends on receiver time and user

dynamics, and it can be taken as approximately 5 dB for a mild dynamics case of

an HSGPS receiver. Signals with lower SNR values are now practically untraceable.

Let us consider one example. Suppose, a very low power GPS signal with a C/N0

of 30 dB-Hz is available. With the use of conventional coherent integration of 12

ms, the resulting SNR is equal to 5.8 dB. This SNR is too low to be acquired by a

conventional GPS receiver. If the signal is integrated coherently for 12 ms and then

accumulated in a non-coherent manner for about 500 ms, then the SNR is equal to

about 19 dB. This assumes a squaring loss of about 3 dB for the pre-squaring SNR

of 5.8 dB (van Diggelen, 2001b). The SNR value of 19 dB is already significant and

can be acquired by the HSGPS receiver.
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2.2 Inertial Navigation

2.2.1 History and Overview of Inertial Navigation

The science of inertial navigation essentially started in 1852 when Leon Foucault first

designed a gyroscope. That gyro was a fast-rotating rotor in a gimballed suspen-

sion and Foucault planned to observe the rotation of the Earth with respect to the

(motionless) stars. The experiment was not that successful, but it prompted vast

scientific and engineering research on the design of gyroscopes and other inertial

sensors, such as accelerometers.

Probably the first significant success in gyroscopic engineering was the development

of a gyroscopic compass in the early 1900s. The gyroscopic compass measures the

Earth’s rotation vector with high precision in a projection to the local horizontal

plane axes. Such projections make it possible to determine the orientation of those

axes with respect to the geodetic north direction. This instrument has allowed ships

and submarines to navigate more reliably in high latitudes where magnetic compass-

ing has always been troublesome. Nowadays, most ships, submarines, aircraft and

spacecraft are equipped with some form of an inertial system.

The gyroscope is an instrument that is capable of sensing the rotation of an object

on which it is installed w.r.t to an inertial frame. An inertial coordinate frame can be

any coordinate frame (with the associated time scale) that is neither accelerating nor

rotating with respect to a absolute coordinate frame (Ishlinskii, 1987). An absolute

coordinate frame is an abstraction in the science of classical mechanics that represents

the unmoving universal space of the universe with respect to which the motion of

objects is analyzed. The Galileo equivalence principle states that every inertial

coordinate system is equivalent, that is the movement of an object with respect to

any inertial frame follows Newton laws. For an analysis of the movement of objects
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on or near the Earth, an inertial frame with its centre at the centre of the mass of the

solar system and axes fixed with respect to distant motionless stars can accurately

be used (ibid).

There are many types of physical phenomena that can be used to build a gyroscope.

The basic theoretical principle of the traditional (oldest) type of gyroscope is based

on the fact that a quickly rotating body with one fixed point (such as a finger top)

without external forces tries to preserve its axis of rotation in inertial space. One

of the newer types of gyroscopes, called ring-laser gyroscopes (RLG), is based on

a totally different phenomena (Sagnac effect) where the two electromagnetic waves

emitted in opposite directions travel different paths around a closed loop when this

closed loop is rotating in its plane with respect to an inertial frame (Titterton and

Weston, 1997). The operational principle of MEMS gyroscopes are discussed in more

detail in the next section.

Another type of an inertial device is an accelerometer. An accelerometer, sometimes

called a gravimeter, is a device for measuring an object’s acceleration and the effects

of gravity. According to the general relativity theory’s principle of equivalence, the

effects of gravity cannot be distinguished from the effects of an object’s acceleration.

Therefore, an accelerometer cannot make the distinction between these effects. When

an accelerometer is static in an inertial frame, it measures the sum of gravitational

forces acting on the sensing element.

The simplest form of an accelerometer can be represented by a mass suspended on a

spring that is limited to one axis movement. Since the mass reacts to gravitational

and external forces, the pickup from the spring length is proportional to the sum of

the external and gravitational forces and, thus, can be converted to an acceleration

measurement. Nowadays, this pendulous principle of accelerometer work is used

for nearly all types of MEMS accelerometers. As an interesting note, it can also be
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mentioned that a gyro can be used as an accelerometer as a device called a gyroscopic

integrator of linear accelerations. Such a device represents a 3-axis gyroscope with a

shifted centre of mass with respect to the axis origin. An acceleration or gravitational

force acting on this shifted centre of mass causes the gyroscope to precess with an

angular speed proportional to the experienced acceleration.

Traditionally, inertial navigation systems are constructed so that accelerometers are

positioned on a platform that is kept in the same orientation with respect to inertial

space with the use of gyroscopes. This platform configuration of the inertial system

is called a Cardano3 suspension. This suspension in its simplest form consists of

three concentric circles that freely rotate inside each other. Gyroscopes and small

motors are required to keep the internal frame in the same position it was set in at

the beginning of the vehicle movement. The gravity vector with respect to the initial

platform position is known (through the initial alignment procedure), resulting in

the removal of the Earth’s gravity from the accelerometer measurements.

The main principle of inertial navigation is the measurement of acceleration in a

given reference frame and its double integration to get a position as shown below

∆ξ =

∫ t2

t1

∫ t2

t1

(aξ − gξ) dtdt, and Vξ (t1) = V (2.11)

where

∆ξ . . . is the position increment along ξ axis for time period (t1, t2), and

aξ . . . is the measured acceleration along ξ axis, and

gξ . . . is the total gravitational acceleration projection on ξ axis, and

Vξ (t1) . . . is the velocity along ξ axis at time t1.

Due to this integration, all inertial systems are relative navigation systems in nature.

3named after Girolamo Cardano (1501-1570)
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At the very least, the initial position and initial velocity of an object must be provided

in order to propagate the position and velocity solution forward.

Over the years, mechanical gimbaled inertial systems have become extremely compli-

cated from virtually all engineering perspectives. However, they offer superb perfor-

mance. Difficult in design, expensive to make and usually very large and heavy, me-

chanical inertial systems continue to be the main navigation systems of submarines,

spacecraft and military missiles, where performance is the primary goal.

Due to recent developments in computer technology, another alternative algorithm

of inertial navigation has been developed, called the strapdown inertial navigation

system. In this setup, the inertial sensors, gyroscopes and accelerometers are assem-

bled in a perpendicular fixed triad scheme; this assembly, in turn, is directly mounted

onto the vehicle’s body. In this strapdown mechanization, algorithmic calculation is

performed to keep the system orientation in inertial space instead of a mechanical

platform. Gyroscope measurements are used to keep track of vehicle attitude. The

computed attitude is then used to transform the measured acceleration from the

body frame to a desired coordinate frame of navigation Finally, after the gravity

removal, the integration of acceleration into velocity and position increments can be

performed (Equation 2.11).

The difference between the two inertial system realizations can be shown in the

following example (Figure 2.5). Suppose that one is interested in the 2D positioning

of a missile flying in a known ballistic plane4. Before beginning the test, we know

the object’s initial coordinates and speed, which, in this case, are equal to zero. In

this simplified example, in order to calculate the missile position in that plane at any

given time, we need to know the acceleration along the axis of the missile (assuming

4it is hard to show the gimballed inertial system on a pedestrian; therefore, this example is being
used even though it is slightly off-topic
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the speed along the axis is a much larger lateral movement) and the angle between

the missile axis and the coordinate frame.

Figure 2.5: Gimballed vs. Strapdown Accelerometer Installation. On this figure:
XY is the navigation coordinate system, X1Y1 is the accelerometer coordinate sys-
tem, and X2Y2 is the vehicle body coordinate system.

In strapdown mechanization, the accelerometer is attached directly to the object’s

body. In order to compute the X and Y local level object coordinates, the angle θ

must be known. This is performed by the gyroscope with the sensitivity axis perpen-

dicular to the plane where the object intends to move. In the mechanical gimballed

platform, the accelerometer is installed on the plate that keeps its orientation with

respect to the inertial plane (in here, the LL XY plane). Therefore, the angle λ is

constant during the flight and is known before the object starts moving5.

Mechanical inertial systems are still being developed because they deliver unmatched,

unaided performance that is still much needed in some applications. Mechanical

systems were briefly discussed here to better illustrate the idea of inertial system

positioning. It should be obvious that any MEMS inertial system is built based on

5the angle λ does not necessarily have to be zero
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the strapdown configuration concept.

Usually, inertial systems are classified according to their assembly type and whether

any type of navigation computer is used as a part of the system. The common inertial

system classification is shown in Table 2.2 (e.g., El-Sheimy, 2003). The MEMS sensor

assembly used in this thesis represents an inertial sensor assembly (ISA), rather than

any other type of system. A detailed description of the system assembly used in this

thesis is given in Chapter 4.

Table 2.2: Classification of Inertial Systems

Inertial Sensor Assembly (ISA)
The unit outputs the raw sensor mea-
surements

Inertial Measurement Unit (IMU)
The sensor outputs are compensated
for errors such as scale factors and bi-
ases

Inertial Navigation System

The sensor outputs are fed into a nav-
igation computer inside the system so
the position, velocity and attitude are
estimated. The unit may also output
the compensated raw sensor measure-
ments.

2.2.2 MEMS Sensors

MEMS devices can be seen as simplified versions of the larger instruments because

they are generally based on the same operational principles as the classical types of

accelerometers and gyros. This section provides a brief overview of MEMS sensors,

their principles of operation and the classification of the main errors. A good overview

of current state-of-the art MEMS sensors can be found in Barbour and Schmidt

(2001).

MEMS Gyroscopes
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The main type of MEMS gyros is the vibrating type of gyroscope. In this gyro, a

sensing element (a wheel) is rotated in a sinusoidal manner around a torsion spring

with a certain frequency. Often, it is the torsion suspension resonant frequency. If

this system is rotated around any axis other than the axis of its internal in-plane

vibration, the Coriolis force causes the wheel to vibrate in the plane perpendicular

to the plane of the wheel, (for example, Grewal et al. (2001)). This vibration is

picked-up by the sensing capacitors and is proportional to the angular speed of

sensor rotation. Essentially, this vibrating Coriolis effect is the main operational

principle for all quartz and silicon micromachined gyros. Basically, all MEMS gyros

can be classified as follows: vibrating beams, vibrating plates, ring resonators, and

dithered accelerometers (Barbour, 2004). As in the traditional mechanical systems,

it is harder to improve the performance of MEMS gyroscopes than it is to improve

the performance of the MEMS accelerometers. The gyros carry on as the cornerstone

of the inertial navigation, but research is ongoing. An exhaustive overview of the

MEMS gyros under development can be found in Shkel (2001).

The measurement equation for a gyroscope that includes the most significant errors

common for a MEMS gyro type can be written as

Gω = ω + bω + S · ω + ε (ω) (2.12)

where

Gω . . . is the gyro measurement, and

ω . . . is the true angular velocity, and

bω . . . is the gyro bias, and

S . . . is the gyro scale factor error, and

ε (ω) . . . is the gyro noise.
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Theoretically, all of the error parameters in Equation 2.12 can be estimated in the

integration scheme, provided good quality GPS measurements are available and a

careful observability analysis of the system is done. When HSGPS data of poor

quality is used in the system, the MEMS gyro errors cannot be observed separately;

since such separation will require GPS errors to be very small (Scherzinger, 2004).

Therefore, they are modeled simply as a gyro bias. Presented as one error, the gyro

bias will include all of the above errors, such as a turn-on to turn-on bias, scale factor

instability and noise. More on this will be given in Chapter 7 on sensor integration

methodology.

MEMS Accelerometers

The main types of MEMS accelerometers include pendulous and resonant accelerom-

eters. In the pendulous type of accelerometers, a sensing element (proof mass) is

placed on a hinge that allows the sensing mass to move along only one axis. The

accelerometer control scheme tries to keep the proof mass in the same plane. The

force required to do this is proportional to the experienced acceleration. In resonant

accelerometers, the acceleration is measured by the change of the vibration frequency

of the sensing element due to the experienced acceleration (Barbour, 2004).

A more detailed description of MEMS accelerometers’ operation principles can be

found in, for example, Grewal et al. (2001). The reported accuracy achievable with

pendulous types of MEMS accelerometers ranges from 1 mg to practically 25 µg

biases (Barbour, 2004). The resonant accelerometers can potentially deliver a higher

accuracy of 1 µg bias (ibid). The output of the accelerometer, that is the specific

force, can be given by (El-Sheimy, 2003)

Af = f + bf + S1 · f + S2 · f 2 + δg + ε (f) (2.13)

where
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Af . . . is the accelerometer measurement, and

f . . . is the true specific force, and

bf . . . is the accelerometer bias, and

S1 . . . is the accelerometer linear scale factor error, and

S2 . . . is the accelerometer non-linear (quadratic) scale factor error, and

δg . . . is the gravity anomaly (deviation from the theoretical gravity value, and

ε (f) . . . is the accelerometer noise.

Also, in a properly designed integrated system provided good quality GPS measure-

ments are available, it is common to include these accelerometer errors into the state

error model. In the case of pedestrian reckoning, accelerometers are only used for

the detection of steps; the estimation of these errors is simply not required. Also, as

in the case with MEMS gyros, these errors cannot be estimated because of the poor

quality of the HSGPS data in urban downtown.

The overview of the current state of the art MEMS gyro and accelerometer technology

and expected quality in near future can be found in Barbour (2004).

2.2.3 Strapdown Inertial System Attitude Algorithm

As will be discussed in Chapter 5, PDR mechanization is very different from clas-

sical inertial mechanization schemes that exploit double integration of acceleration

methods. The one thing that is very similar is the attitude computation algorithm

of the PDR system when the gyros are used for heading determination.

The attitude computation algorithm can broadly be divided into two parts: Initial

Alignment and Attitude Updating. In the period of initial alignment, the orientation

of the strapdown sensor unit with respect to a certain coordinate frame, most often
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the LL ENU coordinate frame, is performed. During user motion, the attitude of the

system is updated using the gyro measurements. In this section, a brief overview of

the attitude updating algorithm is presented.

Attitude Propagation Algorithm

An orientation of one coordinate frame with respect to another coordinate frame,

i.e. the attitude, can be expressed in several ways, such as a direction cosine matrix,

Euler angles or quaternions. In this section, a brief overview of attitude updating

using quaternions is given because it is the most convenient and computationally

efficient way.

Quaternions make the rotations of vectors between the coordinate frames convenient,

robust and computationally efficient. Hamilton’s quaternion is defined as a hyper-

complex number as (Hamilton, 1847)

q = q0 + q1 ·~i + q2 ·~j + q3 · ~k (2.14)

where

q0, q1, q2, q4 . . . are the four quaternion constituent numbers, and

~i,~j, ~k . . . are the unit vectors of a 3D orthogonal coordinate systems.

From a rotational point of view, the three constituent numbers of a quaternion,

namely q1, q2, q3, together with the unit vectors, define a vector in space around

which the rotation takes place. The fourth number, q0, represents the degree of

rotation around this vector. Quaternions, obviously, can be used to rotate vectors

between the coordinate frames as well as to rotate a vector in the same coordinate

frame. To rotate a vector, xR3
1
, from a 3-dimensional coordinate frame R3

1, to a
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vector xR3
2

of a coordinate frame R3
2, the quaternion equation is used, namely

[
0, xR3

2

]
= q⊗

[
0, xR3

1

]
⊗ q−1 (2.15)

where

q . . . is the quaternion of rotation between coordinate frames R3
1 and R3

2,

and

xR3
1

. . . is vector x in coordinate frame R3
1, and

xR3
2

. . . is vector x in coordinate frame R3
2.

Quaternions are represented using four numbers, but actually only three of them are

independent, as only three independent parameters describe the transformation of

one 3D coordinate frame to another. The fourth quaternion parameter is dependent

on the condition of normality, that is, the unit length quaternions are used to rep-

resent rotations. It is common to say that a quaternion represents an orientation of

one coordinate frame with respect to another. A detailed description of quaternion

techniques for mobile positioning applications can be found in Collin (2001).

Let us define a quaternion that represents a current ISA attitude with respect to

LL ENU frame as qt. To form a quaternion update from the gyro measurements to

update the attitude quaternion qt at time t to time (t + 1), the gyro measurements

have to be converted into angular increments along three axes of a body frame -

(Φx, Φy, Φz)b for the period of time (t; t + 1). Then, the so-called rotation vector

is formed - Φ (Φx, Φy, Φz). The quaternion qt+1,t and the quaternion numbers that

represent the rotation from a new (rotated according to the gyro measurements)

coordinate frame to the previous one (represented by qt) can be formed according

to

q0 = cos
|Φ|
2

; q1 =
Φx

|Φ| · sin
|Φ|
2

; q2 =
Φy

|Φ| · sin
|Φ|
2

; q3 =
Φz

|Φ| · sin
|Φ|
2

(2.16)
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where

|Φ| . . . is the l2-norm of the rotation vector Φ.

The attitude quaternion that represents the new orientation of the ISA at time (t + 1)

can be written as Equation 2.17.

qt+1 = qt+1,t ⊗ qt (2.17)

Equation 2.17 is the essence of the quaternion attitude propagation algorithm. The

smaller the step of the update, the more accurate the attitude computation. There

are numerous issues with precise attitude algorithms, such as coning and sculling

errors, and these are addressed in great detail by Savage (1998).

2.2.4 Principles of Attitude System Alignment

There are numerous methods of attitude system alignment which can broadly be di-

vided into static and kinematic. Kinematic alignment is frequently called in-motion

alignment procedure. Kinematic alignment requires fairly good quality GPS mea-

surements, but this procedure will not be addressed in this thesis. In these para-

graphs, we will cover the principle of static alignment of the MEMS based strapdown

IMU.

Every static alignment procedure is usually divided into two parts: horizontal and

azimuth alignment. Horizontal alignment can be performed by using accelerometers

and can be seen as a self-contained procedure that is capable of being performed

by the IMU itself. Actually, the azimuth alignment can also be accomplished in a

self-contained manner, in a process called gyrocompassing. In this method, highly

accurate gyroscopes with drift rates far below the Earth’s rotation rate are required
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(Titterton and Weston, 1997). If MEMS gyros are used, gyrocompassing is simply

impossible. Methods of azimuth alignment for a PDR system, later referred to as

heading initialization, are discussed in Chapter 5.

As has been mentioned earlier, the purpose of the alignment procedure is to de-

termine the orientation of the IMU body frame (the sensors’ sensitivity axes) with

respect to another coordinate frame, for example, a Local Level coordinate frame.

Figure 2.6 shows an alignment procedure that is suitable for a low-cost MEMS in-

ertial system. This alignment can usually provide a sub-degree of accuracy that is

sufficient for a PDR algorithm (Chapter 5) that does not utilize classical acceleration

integration.

Suppose that angles η and ξ, the angles between the horizontal EN plane and body

frame axes X and Y, are small. This is a valid assumption since several similar

alignment steps can be performed. In the case of a static IMU, angles η and ξ are

measured by accelerometers since the only acceleration they measure when static

is gravity. Horizontal alignment can be accomplished in two subsequent rotations.

The first rotation takes place around axis X counterclockwise on the angle ξ (B on

Figure 2.6) on and is defined by

[0, xX′Y ′Z′ ] = q′ ⊗ [0, xXY Z ]⊗ (q′)−1

Φ′ = (ξ, 0, 0) (2.18)

where

q′ . . . is the quaternion of rotation between frames XY Z and X ′Y ′Z ′, and

Φ′ . . . is the rotation vector around axis X.

After this rotation, axis Y ′ is in the horizontal plane (assuming angle η is small!).

To rotate X ′ axis to the horizontal plane, the second rotation around axis Y ′ (C on
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Figure 2.6: Principle of MEMS Inertial System Alignment

Figure 2.6) is performed according to

[0, xX”Y ”Z”] = q”⊗ [0, xX′Y ′Z′ ]⊗ (q”)−1

Φ” = (0,−η, 0) (2.19)

where

q” . . . is the quaternion of rotation between frames X ′Y ′Z ′ and X”Y ”Z”, and

Φ” . . . is the rotation vector around axis X.

These two rotations can be simplified as one, with only one quaternion. The one
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quaternion is the result of the quaternion multiplication as shown in Equation 2.20.

q = q”⊗ q′ (2.20)

There is still one parameter required to fully represent the orientation of the body

frame with respect to an LL ENU frame. This parameter is the unknown azimuth

angle, which is the angle between X” and E or Y” and N axes in Figure 2.6. The

process of aligning the system in the horizon is called an azimuth alignment; it

requires knowledge of this angle, i.e. the azimuth. In PDR mechanization, the user

has to rely on GPS to obtain the azimuth. The methods of azimuth initialization,

and the associated problems with the heading determination in the proposed system,

are described in Chapter 5.



Chapter 3

Overview of Estimation and Reliability Theories

This chapter contains an overview of the elements in the estimation and reliability

theories relevant to this research. The stochastic processes that will be used in this

thesis are introduced, followed by a presentation of basic and more advanced topics

on Kalman filtering, such as filter linearization for non-linear systems. Principles of

statistical testing and the elements of reliability theory are then covered.

3.1 Estimation Theory

Essentially, in all engineering systems measurements or signals are contaminated by

noise. The magnitude of this noise, its frequency spectrum and correlation properties

vary for different cases, but one thing never changes: the noise is undesirable. The

purpose of any estimation technique is essentially to estimate the effects of that

undesirable noise on system parameters as accurately as possible considering the

system and noise properties. In some estimation methods, the variables that are

estimated are the system state errors; in other methods, the estimated variables are

system states themselves. In both cases, the goal of the estimation procedure is to

estimate the possible influence of noise on the system’s performance while properly

assessing the accuracy of the estimated output.

Most of the time, we deal with errors that are random in nature. Such random errors

are analyzed and taken into account in various estimation methods by using stochas-

tic processes and stochastic parameters to represent them. The most commonly used

48
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stochastic models to represent errors, especially in the area of navigation, are white

noise sequences, Gaussian white noise sequences, random walk and 1st order Gauss-

Markov processes. All these processes are well described in detail in Brown and

Hwang (1992). In this section, an overview of these processes is provided because

they will be used in applied filtering of the proposed integrated system.

A white noise sequence is defined as a set of uncorrelated, zero-mean values. The

power spectral density of this sequence is constant over the whole frequency spec-

trum. Thus, a true white noise sequence contains infinite power, which is non-

realizable in practice. A more common variation of a white noise sequence is the

Gaussian white noise sequence. The random values of this random sequence are

normally distributed. This is also a physically non-realizable random process since it

contains infinite power. These models are commonly used to describe band-limited

noise sequences (that exist in reality) due to their simple mathematical handling in

estimation techniques when compared to the band-limited processes.

The other two processes, the random walk and the Gauss-Markov processes, are also

extensively used in modeling errors in the Kalman filtering. From the perspective of

the application of the discrete Kalman filter in this thesis, a discrete interpretation

of those processes is given. Continuous counterparts are analogously derived. The

discrete random walk process is analogous to a variable that is computed as the

distance a user has walked along one line from the origin, making every step forward

or backward at random. Mathematically, such process can be represented as

X (tk+1) = X (tk) + W (tk) (3.1)

where

W (tk) . . . is the uncorrelated zero-mean Gaussian sequence.
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Every next epoch, the random walk sequence is equal to the previous epoch value

with added Gaussian noise. In other words, it can be seen as a process that is the

result of white noise integration. Another stochastic process that is somewhat similar

to the random walk process is a 1st order Gauss-Markov process. Here, the current

value of the process is correlated with the previous epoch value only to some extent,

specified by a degree of correlation β. Mathematically, this process can be written

as

X (tk+1) = e−β∆t ·X (tk) + W (tk) (3.2)

where

1/β . . . is the time constant of the process, and

W (tk) . . . is the uncorrelated zero-mean Gaussian sequence.

The Gauss-Markov process has an exponential autocorrelation function, which means

that the values of the Gauss-Markov sequence are less correlated the further apart

in time they are. The random walk and the Gauss-Markov processes are important

in describing error behaviour in the inertial navigation systems and sensors. The

accelerometer and gyro biases are frequently modeled by either random walk or

Gauss-Markov process. As will be shown in Chapter 5, they are also useful in

describing errors in pedestrian dead reckoning systems.

The Kalman filter has been an increasingly popular estimation tool for the navigation

community after the famous paper by Rudolf Kalman (Kalman, 1960). In general,

the Kalman filter is a technique that allows estimation of the quantity of interest

provided that we have some knowledge of its dynamic behaviour and some mea-

surements containing information about this quantity. The essence of the Kalman

filter lies in its formulation, where the measurements and the model prediction are

weighted to produce an estimate with a minimum quadratic mean error. This esti-
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mate is based on the stochastic assumptions of process and measurement noises. In

the following section, Kalman filter engineering topics are presented. A very detailed

overview of Kalman filtering can be found in Gelb (1974); Brown and Hwang (1992).

3.1.1 Discrete Kalman Filtering

In order to apply the Kalman filter, a state-space model of the system has to be de-

veloped. If a vector of unknown parameters is denoted as x, then either a continuous

differential or a discrete difference model needs to be developed, as shown by

ẋ = F · x (3.3)

xk+1 = Φ · xk (3.4)

where

F . . . is the dynamics matrix for the continuous model, and

Φ . . . is the state transition matrix for the discrete model.

The state transition matrix of the discrete system can be evaluated numerically

from the dynamics matrix of the continuous model. Assuming that this matrix,

F, is constant over the (tk, tk+1) period of time, the state transition matrix can be

computed according to (Gelb, 1974)

Φk = eF∆t = I + F∆t +
(F∆t)2

2!
+ · · · (3.5)

where

∆t . . . is the filter step time.

The system of Equations 3.5 describe the dynamics of the system itself or the evo-

lution of the system states. In order to estimate the errors of the system, some
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measurements are required. These measurements may be directly equivalent to the

system states or may be functionally dependent on the system states through linear

(or nonlinear) relationships. Thus, we can write the discrete system model and the

discrete process measurements equations as

xk+1 = Φkxk + wk (3.6)

zk = Hkxk + vk (3.7)

where

xk . . . is the process state vector at time tk with dimension (n× 1), and

wk . . . is the process white noise vector with dimension (n× 1) and with known

covariance, and

zk . . . measurements vector with dimension (m× 1), and

Hk . . . design matrix linearly connecting measurements to the system states with

dimension (m× n), and

vk . . . measurement error vector with dimension (m × 1) and with known co-

variance.

In the derivation of the traditional Kalman filter equations for the above model, one

important assumption needs to be made. It is assumed that the noise sequences wk

and vk are uncorrelated with respect to each other.

The Kalman filter is divided into two parts. The first stage predicts the propaga-

tion of the model states forward in time. The other stage updates the propagated

estimates with the available measurements. The prediction stage of the model state

vector is taken from the dynamic model and can be written as

x̂−k+1 = Φkx̂k (3.8)

The error covariance matrix associated with the prediction stage of the filtering can
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be written as

P−
k+1 = E

[
e−k+1e

−T
k+1

]
= ΦkPkΦ

T
k + Qk (3.9)

where

Pk . . . is the error covariance matrix at epoch k.

Qk . . . is the covariance matrix of the process noise.

It can be seen from Equation 3.9 that if the filter only runs in prediction mode, the

covariance of the prediction errors can only grow. This is logical since if there are

no measurements or updates available, the errors keep accumulating. Once the mea-

surement is available, the updated estimate of the system state vector is performed

according to

x̂+
k+1 = x̂−k+1 + Kk+1

(
zk+1 −Hk+1x̂

−
k+1

)
(3.10)

where

Kk+1 . . . is Kalman gain matrix at epoch (k + 1).

The Kalman gain matrix weights the measurements and system predictions to pro-

duce minimum mean-square error estimates of the states. These are based on the

assumed noise properties of model and measurement noise. The Kalman gain matrix

is computed according to

Kk+1 = P−
k+1H

T
k+1

(
Hk+1P

−
k+1H

T
k+1 + Rk+1

)−1
(3.11)

The last step in the discrete Kalman filter is an update of the error covariance matrix,

P+
k+1, after the measurement update. This step is done according to

Pk+1 = (I−Kk+1Hk+1)P
−
k+1 (3.12)
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One of the rather complicated steps in Kalman filtering is the proper calculation of

the process noise matrix Q. Formally, the process noise matrix can be computed from

the state transition matrix Φ and the specified driving noise sequence covariances as

Qk = E
[
wkw

T
k

]
(3.13)

=

∫ tk+1

tk

∫ tk+1

tk

Φ (tk+1, ξ)G (ξ) E
[
u (ξ)uT (η)

]
GT (η) ·ΦT (tk+1, η) dξdη

where

G . . . is the matrix relating the white noise sequences to the model states.

Even for relatively basic models, the calculation of the Q matrix using Equation

3.13 is not that straightforward. However, several methods exist that simplify the

solution of this equation (Brown and Hwang, 1992). The calculation of this matrix

becomes even simpler in the case of a time-invariant system (Brown and Hwang,

1992). To calculate the process noise matrix, an intermediate matrix A needs to be

computed as

A =


 −F∆t GWGT ∆t

0 FT ∆t


 (3.14)

The state transition and process noise matrices can be computed from the upper-

right and the lower-right partitions of the matrix B using

B = eA =


 · · · Φ−1Qk

0 ΦT


 (3.15)

In the discrete system, measurements are available at discrete times. In the pro-

posed PDR/HSGPS system, the measurement updates are the GPS measurements

with (ideally) 1 Hz updating rate. The matrix R is thus discrete by default and is

usually assigned as the variances of the GPS measurements used in the filter updating

obtained after the LSQ adjustment procedure.
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An important issue in the Kalman filter design is filter convergence. The convergence

of the filter implies that the Kalman gain for a particular state reaches a steady state

value after a number of iterations. The Kalman gain will converge to a steady-state

position if the Q and R matrices are time-invariant. In the HSGPS data, R is

constantly being changed due to either a better or worse GPS solution. In this case,

the convergence of the Kalman filter is very problematic, especially for pedestrian

navigation in signal degraded environments (Mezentsev et al., 2004).

3.1.2 Linearized Kalman Filter

If the model of the random process or the relationship between the measurements

and the system states are nonlinear, the linearized discrete Kalman filter can be used

instead (Brown and Hwang, 1992). In this case, the filter equations are linearized

around the nominal trajectory, that is around the state vector values predicted by

some means. The linearized equation for the filter states is given by

x (t) = x∗ (t) + ∆x (t) (3.16)

where

x∗ (t) . . . is the approximate trajectory (approximates the state vector), and

∆x (t) . . . is the deviation of the actual trajectory from the linearized values.

After a Taylor’s series expansion of the non-linear transition and design matrices,

the system dynamics and measurement updating equations can be written as

ẋ∗ + ∆ẋ ≈ F (x∗, t) +

[
∂F

∂x

]

x=x∗
·∆x + w (t)

z ≈ H (x∗, t) +

[
∂H

∂x

]

x=x∗
·∆x + v (t) (3.17)
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Linearized dynamics and design matrices can be computed by considering only the

first order terms of the Taylor’s series expansion and can be written as

∂F[n×n]

∂x
=




∂F1

∂x1
· · · ∂F1

∂xn

. . . . . . . . . . . . .

∂Fn

∂x1
· · · ∂Fn

∂xn


 ;

∂H[m×n]

∂x
=




∂H1

∂x1
· · · ∂H1

∂xn

. . . . . . . . . . . . . . .

∂Hm

∂x1
· · · ∂Hm

∂xn


 (3.18)

where

n . . . is the length of the state vector, and

m . . . is the length of the measurement vector.

Since the approximate values of the state vector are obtained with the sensor mea-

surements, the Kalman filter procedure is applied to estimate the difference between

the true trajectory and the approximated one. The formulation of the filter equations

can be written as

∆ẋ =

[
∂F

∂x

]

x=x∗
·∆x + w (t)

[z−H (x∗, t)] =

[
∂H

∂x

]

x=x∗
·∆x + v (t) (3.19)

After this linearization procedure, linear discrete Kalman filter equations can be

applied to estimate the deviation of the state vector from the actual trajectory, ∆x̂.

As will be discussed in Chapter 7, the Kalman filter developed for the PDR/HSGPS

system will have a non-linearity only in the dynamic model, that is in F. The

measurement equation will be linear.

The extended Kalman filter is another tool that makes it possible to apply a Kalman

filter to non-linear discrete systems. The extended Kalman filter is similar to the

linearized Kalman filter, but in this case, a linearization takes place in relation to

the filter’s estimated trajectory and not the filter’s predicted trajectory (ibid). The
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methodology and development of the Kalman filter for this research will be covered

in Chapter 7, where it will be shown that PDR sensor measurements are used to

propagate the trajectory forward (prediction mode), and GPS measurements are

used to update the trajectory. The HSGPS measurements in a city downtown are of

poor quality, which may lead to actual degradation of the estimated trajectory after

the measurements become available. This means that the estimated trajectory might

be worse than that the propagated after the filter prediction. The applicability of the

extended Kalman filter may lead to an eventual divergence of the filter (ibid). This

means that the linearized Kalman filter is preferable for use in such signal-degraded

environments over the extended Kalman filter.

3.1.3 Observability Analysis

One of the important issues in Kalman filter engineering is the analysis of the system

observability. The purpose of the observability analysis is to determine whether the

system states can theoretically be observed with the available set of measurements.

In Kalman filter design, it is often impossible to measure all the states included in

the system model. The observations or the measurements are functionally related to

the filter states either through linear or non-linear relationships. The observability

can be analyzed through a so-called observability matrix. The observability matrix

for the discrete system case can be computed according to (Gelb, 1974)

O =
[
HT ΦTHT (Φ)2 HT · · · (Φ)n−1 HT

]
(3.20)

The system is declared as observable if the observability matrix has a full rank if

rank (O) = n (3.21)

If a certain system state is unobservable, then the error covariance matrix of the filter

estimates, P, usually tends to increase without limits. Thus, it is very important to
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properly design the system equations so all the states of the filter will be observable

with the available measurements.

To demonstrate the principle of observability, let us consider a simple example. A

similar problem will arise in the development of the Kalman filter for the PDR

system so it is well worth considering. Suppose the system model consists of two

states: one is the user heading and the other is the rate of heading change. Also, let

us suppose we can have either a measurement of heading or a measurement of the

heading rate but not both. The transition matrix and the design matrices for these

cases is obtained by

Φ =


 1 1

0 1


 ; HH =

[
1 0

]
; HHR =

[
0 1

]
; (3.22)

where

HH . . . is the design matrix if the heading variable is measured, and

HHR . . . is the design matrix if the heading rate is measured.

The observability matrices can be calculated according to Equation 3.20. The rank

of the matrices is computed as

rank (OH) = 2; rank (OHR) = 1; (3.23)

where

OH . . . is the observability matrix in case of heading measurement, and

OHR . . . is the observability matrix in case of the heading rate measurement.

It is easy to see that in the case of the heading rate measurement, the observability

matrix is rank deficient. In this case, the heading error is not directly observable.
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The error that accumulates in heading can grow infinitely large. The above case

of the system with the heading rate measurement can be called a poor design and

should be avoided.

3.2 Statistical Testing and Reliability

The science of statistical testing can be seen as a statistical gamble. In most cases,

assumptions have to be made about whether a set of measurements belongs to a

certain distribution, usually a normal distribution. Let us assume that a certain

measured parameter belongs to a normal distribution with parameters N ∼ (0, σ2).

That implies that 67 of the measurements will lie in [−σ; +σ] region. What can be

said about a measurement with a value of, say, 10σ? There is a slight chance that

this measurement also belongs to this distribution. This probability is very small,

but it is larger than 0. From a practical perspective, we simply do not know for sure

whether it belongs to the assumed distribution or not, so we have to make a decision.

In engineering statistics, in order to deal with such situations a significance level

parameter is introduced. Let us consider the situation shown in Figure 3.1. Suppose

we assume that the measurements follow a certain distribution shown in this figure in

blue (this distribution may not be normal and may not necessarily with zero mean).

Then, we propose that every measurement that falls beyond the line of significance

level belongs to a different distribution. There is a very small possibility that this

measurement can still belong to our known distribution. In this case, we will commit

a so-called Type I error; that is, we will find a significant difference when there is

none. In statistical testing, therefore, we wish to set the value α as small as possible

(shown in Figure 3.1 for one tailed distribution).

When we do so, there is a chance that a measurement that does not belong to our
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distribution will ”slip” through our testing procedure as the one that belongs to our

given, known distribution. Suppose a certain measurement belongs to an unknown

distribution shown in the figure in red. The higher we set our limit for the Type

I error, α, the more our known distribution crosses with the unknown distribution.

If the measurement belongs to unknown distribution and falls into the β region

on the figure, then it would be considered as the one that belongs to our known

distribution. That means we will treat the measurement as a good one, that is, the

one that belongs to the distribution we are testing the measurements against. In

this case, we have committed a Type II error, which means that we have not found

a difference when there was one. One would obviously wish to make this value of β

as small as possible.

Figure 3.1: The Risk of a Type I or Type II Error

The problem is that in practice we cannot minimize both parameters, α and β, which

are dependent on the non-centrality parameter of the unknown distribution. This is
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the third parameter that alone with α and β completes the set of parameters required

to set the statistical testing procedure.

This statistical testing is called hypothesis testing. By a hypothesis, a certain state-

ment is implied; for example, if a measurement is said to belong to a known distribu-

tion, then the null hypothesis, H0, is said to be accepted. If it is concluded that the

measurement belongs to a different distribution, that is when a significant difference

is found, and it is said that the alternative, or research, hypothesis, Ha, is accepted.

It should be clearly noted what is meant by ”acceptance of a hypothesis”. The

acceptance of a hypothesis means that during statistical testing, no significant dif-

ference was found that could motivate us to reject the hypothesis (Hinton, 2004).

Some authors argue that it should be said that ”we have failed to reject the null

hypothesis” rather than ”the hypothesis is accepted” if no significant difference is

found (Cohen, 1988).

This briefly described hypothesis testing methodology is the basis for the reliability

theory applied to GPS. The statistical analysis in GPS is not that straightforward

because the GPS observables cannot be directly subjected to such testing. The

pseudoranges must first be involved in an LSQ computation of the position and user

clock bias. The statistical testing method in GPS is called Receiver Autonomous

Integrity Monitoring (RAIM) and is discussed in the following section.

3.2.1 RAIM Algorithm

In GPS, the position solution is calculated through a least squares or Kalman filter

procedure. In this algorithm we wish to use only reliable measurements. In other

words, we wish to test whether the measurements contain an outlier or a blunder. If

so, it is obviously desired to detect such an outlier and remove it from the solution.
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The directly measured pseudoranges cannot be subjected to any statistical testing

because the user position and the clock biases are known. In statistical testing words,

the true (or assumed to be true) distribution is not known. First, a LSQ solution

must be obtained.

The statistical testing for the LSQ procedure was first developed by Baarda (1968)

for the geodetic network adjustment problem and is called reliability theory. It was

then adopted for satellite navigation, especially for precise navigation applications,

such as aviation. A detailed overview of reliability theory can also be found in Leick

(1995). In this section, a brief overview of the reliability theory that will be applied

to HSGPS data is given.

The linearized pseudorange measurement equations in the least-squares epoch-by-

epoch procedure can be expressed as

∆ρ = H∆x̂ + ε (3.24)

where

∆ρ . . . is the misclosure vector, that is the difference between the predicted and

measured pseudorange measurements, and

ε . . . is the vector containing pseudorange measurement errors assumed to be

normally distributed with zero-mean, and

H . . . the design matrix, and

∆x̂ . . . incremental coordinate component from the linearization point.

If redundant observations have been made, least-squares residuals of pseudorange

measurements can be obtained from the least-squares estimation as (Wieser, 2001;

Ryan, 2002)

r̂ = H∆x̂−∆ρ (3.25)
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The resulting residual vector, r̂, can be used to test internal consistency among

the pseudorange measurements (Kuang, 1996). The residuals can be standard-

ized/studentized (Ryan, 2002; Kelly, 1988) according to

wi =

∣∣∣∣∣
r̂i√
(Cr̂)ii

∣∣∣∣∣ , i = 1 : n (3.26)

where

n . . . is the number of observations, and

Cr̂ . . . is the covariance matrix of the residuals.

The covariance matrix of the residuals, Cr̂, can be calculated according to

Cr̂ = Cl −H
(
HT C−1

l H
)−1

HT (3.27)

Reliability theory is usually classified as internal and external reliability. Internal

reliability refers to the procedure of detecting an inconsistent measurement among

the measurements. This is analogous to the example discussed in Section 3.2. Ex-

ternal reliability deals with the matter of assessing what effect a Type II error, that

is the one that passed undetected, can cause in the final result. In internal reliability

theory, the minimum error that can be detected assuming certain probability distri-

butions, and values of α and β, is called the marginally detectable blunder (MDB).

In this thesis, we will cover only topics related to internal reliability theory

To detect a measurement error in the position solution computation, least-squares

range residuals must be statistically tested. Errors in the functional models in the

solution computations are assumed Gaussian zero-mean in unbiased cases. Unfortu-

nately, this assumption does not hold for HSGPS in degraded signal environments

(Kuusniemi and Lachapelle, 2004). It will be shown in the Section 6.3 later in the

thesis that reliability theory is not very successful when applied to HSGPS data.
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To detect an inconsistent navigation situation, a so-called global test is performed.

The global test consists of testing whether or not an ’a posteriori’ variance factor,

σ̂2
0, multiplied by the degrees of freedom (n − p) is centrally χ-squared distributed

with a significance level of α and (n− p) degrees of freedom as (Kuang, 1996)

σ̂2
0 =

r̂T C−1
l r̂

n− p
(3.28)

σ̂2
0,threshold =

χ2
α,(n−p)

n− p
(3.29)

H0 : σ̂2
0 < σ̂2

0,threshold (integrity failure) (3.30)

Ha : σ̂2
0 ≥ σ̂2

0,threshold (no integrity failure) (3.31)

where

n . . . is the number of satellites in view, and

p . . . is the number of estimated parameters.

In case the global test fails, an attempt to correct the inconsistent position solution

may be performed if there is enough redundancy. This procedure is referred to as a

local test. Assuming that only one blunder exists at a time, to detect that blunder,

each standardized residual wi can be statistically tested with a fault-free hypothesis

H0,i against an alternative hypothesis Hα,i. The underlying assumption is that the

standardized residuals are normally distributed (Baarda, 1968; Leick, 1995; Ryan,

2002) with zero expectation in the unbiased case (Kuang, 1996). Local testing of the

standardized residuals against the normal distribution is conducted according to the

conditions

H0,i : wi < n1−α0
2

(i acceptable) (3.32)

Hα,i : wi ≥ n1−α0
2

(i erroneous) (3.33)
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In the local test, the measurement with the largest standardized residual exceeding

the threshold is regarded as an outlier and that measurement is excluded from the so-

lution computation (Kelly, 1988; Teunissen, 1998). The kth observation is suspected

to be erroneous when the following conditions are satisfied.

wk ≥ wi∀i ∧ wk > n1−α0
2

(3.34)

As an approximation for a testing procedure to detect multiple observation errors

using the local fault identification test, the single-fault local test may recursively be

applied whenever a fault is detected. Thus, if an outlier is found and excluded, the

test is repeated on the sub-sample remaining after deletion of the outlier (Hawkins,

1980; Petovello, 2003) assuming that there is enough redundancy to perform multiple

exclusions. The identification and exclusion of measurements with the local test is

performed sequentially until no more outliers are found in the navigation situation.

As was already briefly mentioned, the results of reliability analysis may not be that

successful when applied to HSGPS data, and there are several reasons for this. The

main one is that this theory is best suited for situations where we can assume only

one blunder at a time. In the case of HSGPS, several observations in a single epoch

may be outliers. In some extreme cases in downtown or indoor locations, all the

measurements may essentially be more or less outliers whereby all the measurements

in this case may have very substantial range measurement errors. This leads to

another important parameter of reliability theory that is the breaking point of the

method. The algorithm breaking point defines how many outliers may be present in a

set of measurement that still allows us (theoretically) to detect and exclude them all.

In the RAIM algorithm it is 50%, and it should be clear why. Let us assume we have 8

observations and 5 of them are outliers. For the sake of argument, let us assume that

all of them are substantially biased in one direction, that is towards large positive

biases. After applying a sequential RAIM algorithm (global and local tests), the
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chances are that the 3 correct measurements will be removed since they represent

the minority of the measurements in comparison to 5 blunderous measurements.

Lacking other information, such as a previous epoch estimate or another source

of navigation information (i.e. an inertial system), there is no theoretical way of

distinguishing what is true from what is false in this case. This is the main reason

why RAIM techniques frequently fail on HSGPS data.



Chapter 4

Integrated System Prototyping

This chapter describes the development of a prototype-integrated system for exper-

imental testing. It then describes the mechanical design aspects taken into consid-

eration, and provides the characteristics of MEMS sensors used in the system. In

addition, the important issue of time synchronization of sensor data with GPS is

discussed, and the method used in this work to synchronize the PDR data with GPS

time is presented.

4.1 Sensor Unit Configuration

In the following chapters, the experimental data will be used numerous times in

various aspects of the analysis. The development of the low-cost MEMS sensor

based PDR system is first presented in this chapter.

Researchers imply different things when referring to low-cost sensor units. For some

applications, a thousand dollar IMU is considered low-cost. For a pedestrian naviga-

tion application (with potential use in cell phones), a low-cost 6 degrees of freedom

ISA should cost no more than tens of dollars. This very stringent price restriction

limits one to MEMS sensors that are truly low-cost, at a price of several dollars

or less in current or future mass production. Such a unit has been designed and

assembled in this thesis to meet this requirement.

This assembled unit represents an Inertial Sensor Assembly (ISA). In such a con-

figuration, the ISA outputs raw sensor data in analog form that is sampled by an

67
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Analog-to-Digital (AD) converter. There are many mechanical, electric and engi-

neering aspects in designing such an ISA. The objective of this thesis is not the

development of the inertial system assembly with low-cost MEMS sensors. However,

this chapter is included to demonstrate that an ISA made with only low-cost sensors

has been designed, and to show that we have full control of the signals processing

algorithm of the sensors data inside this ISA. Therefore, only the most important

mechanical and electric design issues will be described, and the measures that were

taken to address them in this design will be discussed.

The most important problems in the mechanical and electrical design of an ISA (or

an IMU) that always have to be carefully addressed are perpendicularity of ISA sen-

sitivity axes, vibration, temperature compensation, and supply power stabilization.

These will be explored in the following paragraphs.

• Perpendicularity of ISA Sensitivity Axes. The sensitivity axes in a full

6 degrees of freedom ISA must be perpendicular to each other and form a

right-angled triad. Traditionally (in both mechanical and strapdown systems),

this is not achieved by only precise assembling, but also through a calibration

procedure after the unit is assembled (Titterton and Weston, 1997). When

MEMS sensors are used in the system, both the accurate assembling and the

calibration requirements are hard to achieve and perform. First of all, the exact

orientation of the MEMS sensors’ sensitivity axes with respect to the sensor

body is usually not known. Also, the MEMS sensors’ bias drift rates will cause

errors higher than slight axis misalignment in the system would cause. The

system calibration techniques applied to a MEMS ISA would increase the price

of the unit several times over. The sensors are mounted in a perpendicular triad

as precisely as possible, with sub-degree accuracy with respect to the sensor

cases. The accuracy of the sensors sensitivity axes orientation with respect to
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the casing is normally within 1-2 degrees (www.analog.com). Therefore, it is

expected that the achieved accuracy of perpendicularity of the sensitivity axes

is around 1-2 degrees.

• Vibration. Vibration and associated resonance effects are some of the main

concerns in mechanical system design. In such an ISA assembly, vibration is

not crucially important, mostly because the system is meant to be used on

the human body. For example, as compared to a vehicle, the human body

does not generate the high frequency spectrum vibration that can affect sensor

performance. In the assembled ISA, rigid mounting of the sensors on the

perpendicular mounting planes is performed.

• Temperature Compensation. Temperature affects the entire spectrum of

inertial devices, from hi-end to low-cost mechanical and strapdown systems.

A successful solution to temperature problems almost always mean a suc-

cessful inertial system product. Temperature plays an important role in the

MEMS ISA as well. Preferably, the unit housing should be well isolated from

the outside environment so that the temporal temperature variations and in-

door/outdoor transitions minimally affect the unit. Algorithmic compensation

is a whole separate study. Recent research results on temperature compensa-

tion of MEMS sensors can be found in Abdel-Hamid (2004). Such methods

of temperature calibration of each and every sensor will also raise the price of

such sensors. Without temperature calibration routines, a linear temperature

model can be applied which is successful to some degree (Mezentsev et al.,

2004). In this work, the temperature of the unit was stabilized by powering

the unit for a substantial amount of time prior to the start of the test, and no

temperature compensation routines were applied. This very much corresponds

to linear temperature compensation models. In this way, the hardware part
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of the system was simplified. However, in an operational system, temperature

compensation routines must certainly be applied.

• Supply Power Stabilization. Most of the MEMS inertial sensors are ratio-

metric with respect to supplied power. This means that an error in the supplied

voltage proportionally propagates into the sensor output signal. In MEMS in-

ertial systems, voltage stabilization can be achieved fairly easily since such

sensors consume minimal amounts of power. This design uses a high-quality

voltage stabilizing circuit based on a TI TPS7250 voltage regulator microchip

to stabilize the power supply. The voltage stabilizing circuit is essentially a

heat emitter; therefore, this circuit is housed in a separate powering unit. In a

commercial system design, this separation of heat-emitting elements, such as

a power supply, from the sensing elements is always performed.

Conceptually, the ISA system structure is shown in Figure 4.1. Three MEMS ac-

celerometers, three MEMS gyroscopes and a miniature pressure sensor are mounted

on three perpendicular base plates. The perpendicularity of the plates is held within

1-2 degrees. The assembly case contains a tiny opening which allows the air pressure

to change according to the environment for the correct pressure sensor operation.

The sensor output and powering connections are made through an RS232 connector.

4.2 MEMS Sensors

In this section, descriptions of the MEMS sensors used in the system are given.
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Figure 4.1: Inertial Sensor Assembly Layout

4.2.1 Analog Devices ADXRS150 MEMS Gyros

The analog Devices ADXRS150 gyro is a complete micro-machined rate sensor inte-

grated with electronics on one chip. The dynamic range of this gyro is 150 degrees per

second. However, the dynamic range of the gyros can be expanded tremendously, up

to several thousand degrees per second, if the application requires it, by the appro-

priate selection of external resistors and capacitors (Weinberg, 2003). For pedestrian

navigation application, the predefined bandwidth of 150 degrees per second is broad

enough. This type of gyro is available in an ultra-small package size (7x7x3 mm)

with a ball-grid array surface mounting and is shown in Figure 4.2 integrated onto

an electric component board. The main operational characteristics of this gyro are

given in Table 4.2.1.
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Table 4.1: Main Operating Characteristics of Analog Devices ADXRS150 Gyros
(www.analog.com)

Characteristic/Parameter Value Units
Dimensions 7x7x3 mm
Operating Temperature −55◦ . . . + 125◦ ◦C
Dynamic Range ±150 ◦/sec
Typical Supply Voltage 5.0 Vdc
Typical Supply Current 6.0 mAdc

Rate Noise Density at 25◦C 0.05 ◦/s/
√

Hz

Figure 4.2: Analog Devices ADXRS150 Rate Gyro with Integrated Electronics

4.2.2 VTI SCA-600 Series MEMS Accelerometers

The MEMS accelerometers used in the system are low cost and miniature MEMS

devices from VTI Technologies (Figure 4.3). These instruments offer excellent bias

stability over temperature. Typical values for biases are in the order of several milli-

g. The main operating parameters of the VTI SCA600-series accelerometers are

given in Table 4.2.2.

Currently, the technology of accelerometers is far more advanced than the technology
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Table 4.2: Main Operating Characteristics of VTI SCA600-C23H1G Accelerometers
(www.vti.com)

Characteristic/Parameter Value Units
Dimensions 11x12x5 mm
Operating Temperature −40◦ . . . + 125◦ ◦C
Dynamic Range ±1.5 g
Typical Supply Voltage 5.0 Vdc
Typical Supply Current < 4.0 mAdc
Zero Point Error for −25◦ . . . + 85◦C ±80 mg
Sensitivity Error for −25◦ . . . + 85◦C ± 3 %

of MEMS gyro manufacturing. It is now possible to produce an accelerometer with a

milli-g level bias and good bias stability in a volume equivalent to a state-of-the-art

MEMS gyro. To precisely determine a bias in an MEMS accelerometer, testing in a

precise leveling platform would be required. For the given application, these sensors

exhibit good performance, on the level of several milli-g. From the manufacturer’s

data sheets, it can be assumed that the biases of these sensors do not exceed 5

milli-g when the temperature is fairly stable. Since these accelerometers will not

be used in a classical mechanization scheme, but rather for leveling and detection

of steps, this accuracy will give an alignment accuracy of less than 0.3 degrees.

Such accuracy is sufficient considering the quality of the gyros that are used for the

attitude computation.
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Figure 4.3: VTI SCA-610 Series Accelerometer

4.2.3 Motorola MPXA6115A Miniature Pressure Sensor

The low-cost miniature pressure sensor used in this system is the Motorola MPXA6115A.

This type of pressure sensor measures the current raw barometric pressure, without

converting it to altitude. This sensor is shown in Figure 4.4 and its main operating

characteristics are given in Table 4.2.3. A brief overview of what this type of pressure

sensor can provide for a navigation system is given; however, there is often a lot of

confusion on this subject.

Figure 4.4: Motorola MPXA6115A Pressure Sensor
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Table 4.3: Main Operating Characteristics of Motorola MPXA6115A Pressure Sensor

Characteristic/Parameter Value Units
Dimensions 11x11x13 mm
Operating Temperature −40◦ . . . + 125◦ ◦C
Pressure Range 15. . .115 kPa
Typical Supply Voltage 5.0 Vdc
Typical Supply Current 6.0 mAdc
Max pressure error at 25◦C ± 1.5 % of pressure

Firstly, the output of this sensor depends on many parameters. The two main factors

attributing to error in the pressure sensor measurement are supply voltage instability

and temperature drift. These issues can be dealt with in a somewhat similar manner

as MEMS inertial sensors. Assuming normal values for the pressure, supply voltage

and temperature errors, the pressure sensor error does not usually exceed 1 to 2 kPa.

Next is the conversion of the measured barometric pressure to altitude. To accom-

plish this, the current distribution of pressure with altitude must be known. Provided

the user is mobile and has no links to some data aiding (such as AGPS), this prob-

lem can be difficult or impossible to deal with. An empirical model to convert the

pressure to altitude assuming certain initial parameters, such as pressure at sea level

and the certain distribution of pressure with altitude, must be used.

Several closed form and empirical (data-fitted) models that relate barometric pres-

sure to altitude exist. The altitudes calculated using different models with the same

value of the pressure normally vary by only a few centimetres. In this work, an

empirically fitted model has been chosen for the altitude calculation. Assuming

the standard atmosphere pressure at sea level is 101.325 kPa, and that there are

normal barometric conditions, meaning that the distribution of the pressure versus

altitude is known, altitude A can be found from the barometric pressure according
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to (Webster, 1999)

A = 44332.3− 4947.2 · P 0.190255 (4.1)

where

P . . . is the barometric pressure in Pascals, and

A . . . is the altitude in metres.

Figure 4.5 (A) shows the level of error in absolute altitude estimation one can expect

with a pressure sensor at Calgary altitudes (about 1100 metres above sea level)

that is subject to a 1 kPa pressure error using Equation 4.1. In this case, a 1 kPa

pressure error causes approximately a 100-metre error in the altitude estimate. The

resolution of such sensors is usually good around 1-2 metres. Therefore, such sensors

can be successfully used in differential mode. Once an altitude becomes known

(either through GPS or other aiding means), a differential correction with respect

to that height using such a pressure sensor can be applied. The results shown on

Figure 4.5 (A) illustrate this point using real data. This plot shows the altitude

computed from a pressure sensor during a pedestrian walking test on a horizontal

street in downtown Calgary. As can be seen from this graph, apart from the large

bias of about 180 metres, the resolution of the height provided by the sensor is quite

good (2-5 metres). Also, the temporal pressure changes during the unit operation

could easily be dealt with by the differential barometer system on one or several

base stations in the area of interest. Such a system will also require that the user

has access to differential correction data that can be received through AGPS, for

example.
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Figure 4.5: A: Atmospheric Pressure vs. Altitude Relationship: 1kPa error in pres-
sure can cause around 100 metres of error in the absolute altitude estimate at Cal-
gary altitudes; B: Altitude computed with the pressure sensor in Calgary downtown
walking test. The surveyed reference altitude is approximately 1050 metres

4.3 SiRF HSGPS Receiver

The HSGPS receiver used in this work is a SiRF Xtrac HSGPS hardware receiver.

The receiver uses longer dwell integration times than a standard sensitivity GPS

receiver, especially in the acquisition mode. The exact dwell times are not known due

to the proprietary structure of the receiver filter. The ”Xtrac” stands for extended

tracking capability compared to the previous HS GPS receiver Star II. The receiver

used is the evaluation kit. It is based, though, on the rather small GPS chip that

is, together with currently small RF front ends, well-suited for miniature mobile

applications. Table 4.3 gives the main characteristics of the receiver.
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Table 4.4: Main Operating Characteristics of SiRF Xtrac HSGPS Receiver
(www.sirf.com)

Characteristic/Parameter Value
Tracking L1, C/A code
Channels 12
Protocol SiRF Binary, NMEA
Tracking Sensitivity 16 dB-Hz
Hot Start Sensitivity 23 dB-Hz
Cold Start Sensitivity 32 dB-Hz

4.4 Time Synchronization

Time synchronization of data is an important issue in any integrated system design.

During data collection, the GPS and any other sensor data must be synchronized

with accuracy that is sufficient for a given application.

The inertial system and GPS essentially provide two independent navigation so-

lutions. If the data from the two systems at a certain time1 have different time

stamps, the integration results will be useless. The accuracy requirement of the

time synchronization for a given application is essentially driven by the speed of

the linear and angular motions of the object on which the system is installed. The

faster and more maneuverable the object, the better the timing accuracy that must

be achieved. Therefore, there are different requirements for time synchronization

accuracy for aviation, vehicular or pedestrian navigation applications. For aviation

GPS/INS integrated systems, where the speeds are reaching a thousand kilometres

per hour, a tenth of a second error in timing between the two systems can cause

tens of metres of relative positioning errors between the systems. For the pedestrian

navigation application with speeds of 1-2 metres per second such a timing error will

cause a centimetre level positioning error in the integrated solution. This magnitude

1absolute time reference is meant by word ”time” here
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of error is tolerable considering the individual accuracy of the PDR and HSGPS

systems used.

Obviously, the better the time synchronization for any kind of application, the bet-

ter the accuracy of the integrated system. Unfortunately, the more accurate the

time synchronization required by the application, the more hardware and software

resources are needed. When aiming for a low-cost solution, this is not always possi-

ble. This problem must be addressed on the level of integrated circuit design for the

system together with the digital acquisition (DAQ) sampling solution.

In this work, because of research needs and the simultaneous need to sometimes

mark certain locations2 a rather unusual approach to time synchronization is taken.

For this purpose a geodetic grade L1/L2 NovAtel OEM4 GPS receiver has been

used. This receiver has the capability of recording a GPS time once a voltage input

is provided to one of the receiver ports. The sensor data is sampled by a DAQ

card. Parallel to all sensor data channels, a separate channel has been dedicated to

a trigger that, once pressed, creates a voltage pulse. This trigger analog channel is

sampled by the DAQ card as a separate channel which is parallel to all the sensor

channels. Once the trigger is pressed, the GPS receiver generates the time-mark that

corresponds to that pulse. The time-mark that the receiver records is based on the

GPS time inside the receiver, if the receiver is tracking GPS satellites or is based on

the receiver internal clock. Then, based on the pulses in the trigger channel and the

associated time-marks, the sensor data are linearly interpolated.

There are many factors contributing to the accuracy of time synchronization with

this method. Probably the most important one is the accuracy of the DAQ internal

base clock. For the DAQ card used (National Instruments Al16XE-50, www.ni.com),

2In this context, ’to mark a location’ means to write a GPS time of the event, such as the time
when passing through a certain location or a landmark point
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the base clock accuracy is better than 0.01 % (www.ni.com) assuming stable temper-

ature. Assuming one time tagging per minute, the accuracy of time synchronization

is expected to be better than 10 ms. If a pedestrian is walking at an average speed of

1.4 m/s, such a timing accuracy can cause an error equivalent to several centimetres

at most, which is well below the accuracy required herein.

The system scheme, including a time tagging loop, is shown on Figure 4.6. The

designed ISA unit is shown worn on the user’s belt. The time tagging trigger is held

in the hand, and time tagging is performed approximately every minute.

Figure 4.6: The ISA Unit of a Test Person and the System Scheme
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4.5 MEMS ISA

The assembled MEMS ISA system developed herein is shown in Figure 4.7. The

volume of the unit shown may seem quite bulky, but this is because of custom as-

sembling. In industrial production, the volume of the unit from the same components

can be brought down to several cubic centimetres. Due to the ball-grid array (BGA)

mounting surface of the ADXRS150 gyros, they are first mounted on a separate

board with electronics. Those boards are then fixed to the ISA mounting plates.

Figure 4.7: MEMS Inertial Sensor Assembly

The resulting ISA is light, at a total weight of about 100 grams. Even in this form-

factor, the unit is easy to carry on a belt. The sampling rate of the data is 200 Hz

and during the mechanization was decreased to 20, which is sufficient to include the

frequencies in the signals induced by the walking of the user.



Chapter 5

Pedestrian Dead Reckoning

This chapter presents the pedestrian dead reckoning mechanization algorithm, fol-

lowed by a discussion of methods of user step detection and heading determination.

The next discussion considers stochastic error modeling of the major errors in the

PDR. Finally, position accuracy measures for PDR systems are proposed.

5.1 Pedestrian Dead Reckoning Algorithm

In PDR mechanization, inertial sensors are used differently than in classical inertial

mechanization techniques: PDR mechanization exploits the kinematics of human

walking to its benefit. The main idea behind the PDR algorithm is the propagation

of the user position with user steps rather than by the integration of acceleration

(Levi and Judd, 1999).

The main idea of PDR mechanization is to use accelerometer signals to detect steps,

estimate step length and propagate position using a measured heading. This mech-

anization requires that any possible means of transportation other than walking is

excluded. The heading can be computed using gyroscopes or a levelled compass. Any

magnetic compass will be subject to strong magnetic disturbances such as power lines

and various metal/steel objects and structures. In a city’s downtown (or anywhere

indoors), such disturbances will only be amplified. Those disturbances that are of a

sporadic time/space nature are hard to detect and are even harder to correct without

external correction signals. Therefore, if accurate navigation in areas such as urban

82
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canyons is required, the system has to rely on other means to get the heading. Even

if low-cost MEMS gyros have substantial biases, they are not susceptible to such

sporadic disturbances, making them preferable to magnetic compasses when GPS is

available to provide an absolute heading.

Figure 5.1 shows a high-level outline of a PDR algorithm. In this figure, a PDR

algorithm is divided into four steps. The first three steps of a PDR algorithm will

be discussed in detail in the following sections of this chapter.

Figure 5.1: PDR Algorithm.

The PDR mechanization equations comprise the fourth step of this algorithm. These

equations are rather straightforward and can be written as

Ek = Ek−1 + Ŝ(k−1,k) · sin
(
Ĥ(k−1)

)

Nk = Nk−1 + Ŝ(k−1,k) · cos
(
Ĥ(k−1)

)
(5.1)

where
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Ek . . . is the Easting user coordinate at epoch k, and

Nk . . . is the Northing user coordinate at epoch k, and

Ŝ(k−1,k) . . . is the estimated user step length from epoch k − 1 to epoch k, and

Ĥ(k−1) . . . is the estimated user step heading at epoch k − 1.

This set of equations represents a 2D navigation scheme. The reason these PDR

equations are always composed in a 2D frame is twofold. First, slight uphill or

downhill user walking will cause a small horizontal error when the vertical component

is not taken into account. Second, this horizontal error, which is caused by not

considering the vertical component, can be projected equivalently onto step length

error and can be addressed through step length error modeling. Fairly significant

changes in user altitude (walking up or down the stairs, for example) can be detected

by a low-cost pressure sensor that is part of the system, and the step length estimate

can be adjusted accordingly (Lachapelle et al., 2003b).

5.2 User Step Detection

The first part of a PDR algorithm is the detection of user steps with accelerometers.

As explained earlier in this thesis, the PDR system (in other words, the low-cost

ISA) is attached to the user’s belt, and the accelerometers show a specific acceleration

pattern when the user is walking. In this case, detection of the step is not problematic

because many robust and reliable methods exist. Some methods utilize an algorithm

that detects when the acceleration value crosses a certain threshold. Once it is

detected, a step made by a user is declared. Other algorithms take advantage of

the sinusoidal-type pattern of the acceleration signal when a user is walking. In this

case, the acceleration pattern is subjected to frequency analysis, such as FFT. When
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walking, such FFT will show a strong frequency peak, usually in the range of 0.5 Hz

to 2 Hz (2 or 0.5 steps per second walking frequency).

Figure 5.2 shows a typical acceleration pattern when a user is initially static and then

starts walking with an ISA unit attached to the user’s belt. In this work, the steps

are detected when the acceleration pattern crosses the gravity value, e.g. 9.81m/s2,

and the previous step was detected δ seconds ago when the walking stage of the user

was detected with FFT

Stk : atk > g & atk−1
< g & t (si−1)− tk > δ (5.2)

where

Stk . . . is the detected step at time tk, and

atk . . . is the total 3D acceleration at time tk at kth sample, and

atk−1
. . . is the total 3D acceleration at time tk−1 at the (k − 1)th sample, and

g . . . is the local gravity, and

t (si−1) . . . is the time of the previous detected step, si−1, and

δ . . . is the time threshold between the detected steps. Depends on the user

walking frequency and can adaptively be adjusted by FFT constantly

being performed on the interval of the previous 2 to 3 detected user

step.

There are two types of errors associated with a step detection algorithm: step mis-

detection and fault step detection (Ladetto, 2000). A step misdetection is declared

when a step is made by a person but is not detected by the algorithm. A step is

declared to be faultily detected when no step is performed, but a step is detected

by the algorithm. The step misdetection causes the underestimation of the walking

distance, and the fault step detection causes the overestimation of the steps per-

formed, i.e., overestimation of the distance traveled by the user. With the described
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Figure 5.2: Detection of Steps using 3D Acceleration Pattern

algorithm and the PDR unit attached to the body, the rate of misdetection and fault

step detection is normally below 2 %, which means that on average one in fifty steps

is either not detected or a fault step is detected when a user is not walking.

A more complicated case of detection of user steps is when a PDR unit is in the user’s

hands, for example in a PDA or a cell-phone. In this case, the acceleration pattern

is damped by user hands and the usual methods of step detection described above

are not that robust and reliable anymore. This case refers to a more specific topic on

the subject of pedestrian navigation called motion state detection. In this case, the

unit may freely change orientation with respect to the user’s body. In other words,

the orientation of the unit body frame is not fixed with respect to the user’s body.

This introduces an uncertainty in the unit attitude determination which makes the

heading bias between the unit body frame and the user body frame unobservable

by means of GPS (Collin et al., 2002). Thereafter, it is assumed that the unit is
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always attached to the user’s belt (to the body, in general) and the detection of

steps is performed using the algorithm discussed above. Also, it is assumed that the

orientation of the unit does not change with respect to the user’s body. The unit

body frame thus represents the user body frame.

When a step is not detected, the user is not walking; in other words, he or she is

static. For a person on foot, several classifications of a stop can be made:

• A user is completely static: The attitude of the IMU can be updated

through a zero velocity update (ZUPT);

• A user is not walking but is not completely static either: In this case,

the position of the user is not propagated, but the attitude must constantly be

updated.

In practice, complete motionless stops of a pedestrian rarely happen. For example,

compare a pedestrian to a case of vehicular navigation when a vehicle stop at a traffic

light means a car is completely motionless. Most of the time the user is not walking,

but s/he is not completely static either; for example, the user might be turning. In

this case, a zero velocity update cannot be performed, and the attitude of the IMU

must constantly be updated. Figure 5.3 shows a case when a user is not walking but

is turning on the same spot (area marked as ”A”). On the right of Figure 5.3, the

attitude of the IMU during this period is shown. As can be seen, the heading of the

user has changed almost 360 degrees when no (detectable) walking steps were made.

It should be noted that one stop was detected in the accelerometer pattern. This can

be treated as faulty step detection, although the user has been turning with slightly

moving feet, but without a strong step pattern present.
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Figure 5.3: Attitude Update During a User Stop When the User is Not Walking But
Is Not Completely Static Either

Complete motionless stops made by a pedestrian can be detected through variance

analysis of the ISA signals (Collin, 2001). For more reliable stop detection, several

gyro and accelerometer channels are subjected to the variance analysis. If the signal

variances in the specified channels do not exceed predefined thresholds, a complete

user stop is detected when

Z(t1...t2) : V ar
(
vi

(t1...t2)

) ≤ T i (5.3)

where

Z(t1...t2) . . . is the detected motionless stop for time period (t1 . . . t2), and

vi
(t1...t2) . . . is the ith channel ISA signal during time period (t1 . . . t2), and

T i . . . is the pre-calibrated threshold of the variance of the ith ISA channel.

If a motionless stop is detected, the attitude of the user may not be updated and

simply be propagated through time (t1 . . . t2) unchanged, or a ZUPT with attitude

horizontal alignment may be performed as described in Section 2.2.4. If a motion-

less user stop is wrongly detected, or the time of the stop is incorrectly found, the
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ZUPT procedure can worsen the performance of the PDR system. Both horizontal

alignment and gyro bias removal procedures can introduce additional errors to the

system. Thus, requirements for the selection of variance thresholds for ISA channels

used in stop detection are quite strict.

5.3 Determination of Heading and Heading Error Model

The second step in the PDR mechanization scheme is the determination of the head-

ing. The use of gyros as inertial instruments implies that the initial values of the

attitude are provided, or the heading must be included as a state in the Kalman

filter of the integrated PDR/GPS system. The heading initialization issue as well as

the modeling of heading in the Kalman filter are discussed in Chapter 7 on system

integration methodology.

To demonstrate the performance of the low-cost gyros used in the system, assume

that the initial attitude (heading) of the system is known in the following examples.

Using a full attitude solution, the heading is propagated using gyro measurements

as described in Section 2.2.3. Figure 5.4 shows the field test data when a user has

walked four loops around a rectangular parking loop and the ISA unit has been

carried on the belt.

In this figure, the PDR trajectory is computed according to the above-described PDR

algorithm. This test was conducted in an open-sky parking lot, so an accurate carrier-

phase DGPS solution could be obtained as a reference. To obtain this reference, data

from a geodetic grade NovAtel OEM4 GPS receiver was processed by carrier-phase

based DGPS software (FLYKIN+TM). At the start of the test, the initial PDR

position was selected as the first DGPS available solution and was set as an origin

for an LL coordinate frame. The system was static for about 15 minutes to obtain
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Figure 5.4: Field Data PDR Solution and Carrier-Phase DGPS Reference: 4 Loops,
Total of 851 Steps Walked in 7 Minutes and 41 Seconds

full ephemeris and to guarantee the convergence of ambiguities in the DGPS solution.

The user then walked four loops, with one stop between each loop. The complete

user stops were detected using variance analysis and are identified as ZUPTs on

the figure. Except for the start and finish marks, the ZUPTs were performed at

approximately the same point, so ideally they should be at the same spot on the

plot (shown as ”true ZUPTs location”). In this computation, a constant step length

of 75 cm was used. From the very beginning, no use of GPS for any updates was

performed. The total walking time was approximately 8 minutes.

Figure 5.4 clearly demonstrates the superiority of the PDR algorithm when com-

pared to other inertial-based techniques. In 8 minutes of MEMS sensor-only based
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navigation, the final 2D position error is less than 15 metres. Such a small error

can be achieved with the classical inertial navigation system only when a navigation

grade INS is used (El-Sheimy, 2003). The heading drift after each loop is clearly

observed. The heading error after 8 minutes of walking is equal to about 20 degrees,

which is expected with this quality of MEMS gyros.

Figure 5.5 shows a similar example, where a user walked 4 loops of a trajectory that

was slightly larger and of a different shape. In this example, the initial heading was

also assumed to be known. The total walking time was equal to approximately 17

minutes. After each loop, a ZUPT was performed by the user. The ZUPTs were

performed at the same location, shown on the figure next to the true start of the

test. In this test, no GPS updates of any kind were used to update the PDR system.

During this slightly longer walking time, the heading error reached approximately 50

degrees, which is, again, expected for this quality of inertial MEMS sensors. The 2D

position error after 17 minutes of PDR-only navigation was equal to 125 metres. This

position accuracy is superb when compared to classical navigation schemes utilizing

the same quality inertial sensors (El-Sheimy, 2003).

These PDR-only navigation results are shown when the initial attitude is provided.

In practice, it is one of the largest problems in PDR and any other inertial navigation

system and is rarely ever accurately known. In this example, the user maintained a

fairly constant step length of approximately 75 cm, the value that was used in the

computation. Obviously, a larger or smaller step length value used in the algorithm

will produce more stretched or more concise loops. The final error, though, will not

be significantly larger because the trajectory loops around over and over. A method

to assess the accuracy of the PDR system with different step length error models is

proposed in the following section.

From a practical viewpoint, in a PDR mechanization one should be concerned only
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Figure 5.5: Field Data PDR Solution and Carrier-Phase DGPS Reference: 4 Loops,
Total of 1890 Steps Walked in 16 Minutes and 34 Seconds

with the heading component of the attitude solution. A very detailed analysis of the

performance of low-cost MEMS gyros for pedestrian navigation is given by Mezentsev

et al. (2004). In this work, low-cost PDR data is analyzed on the kinematic case,

when an accurate reference for the heading has been obtained by carrying a tactical

grade IMU with 1 degree per hour bias gyros. When compared to a low-cost MEMS

system, such biases can be considered negligible. It has been concluded that the gyro

rotation rate biases can successfully be modeled by a random walk process. Thus, in

the angular domain, the drift can be modeled as an integrated random walk process.

Figure 5.6 shows an angular drift of an Analog Devises ADXRS150 gyro during a

static 20-minute period. Along with the real gyro angular drift, a random realization

of an integrated random walk process is simulated. The integrated random walk
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process is simulated according to the model and parameters given by

ri+1 = ri + wi; w ∼ N
(
0, 10−6 deg2/s2

)

hi =
i∑

k=1

rk ·∆tk (5.4)

where

r . . . is the random walk process for rotation rate gyro bias, and

w . . . is the driving white noise of the random walk process, and

∆tk . . . is the process sampling interval, and

h . . . is the integrated random walk process with driving white noise w.

Figure 5.6: Drift of a MEMS ADXRS150 Gyro While Static. Also Shown
is Simulated Random Realization of an Integrated Random Walk Process With
w ∼ N (0, 10−6 deg2/s2) as the Driving Noise
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As can be seen from Figure 5.6, the integrated random walk process can realistically

represent the angular drift of a low-cost gyroscope. Analysis has also shown that the

Gauss-Markov stochastic process does not have an advantage over a random walk

process. Sudden changes, as well as long-term substantial gyro biases, can be better

modeled and represented by a random walk process rather than by a Gauss-Markov

process (ibid). In the integration scheme developed in Chapter 7, a random walk

model will be used to represent a gyro bias. Accordingly, an integrated random walk

process will represent the heading drift of the PDR system.

5.4 Step Length Error Modeling

As has been previously mentioned, there are two major types of errors in PDR

mechanization: step length estimation error and heading estimation error. In this

section, a method to analyze step length error, and the effect this error has on

traveled distance estimation and on 2D position accuracy, together with heading

error, is proposed.

Even with the use of specific shoe mounted RF (Brand and Phillips, 2003) or inertial

sensors (Stirling et al., 2005), user step length cannot be estimated perfectly. Some

error will still remain. The behaviour of step length error needs to be properly

modeled, and the effect of this error on PDR position accuracy needs to be assessed.

Step length parameter can be written as

st
i = ŝi + δsi (5.5)

where

st
i . . . is the truth step length at ith epoch or step, and

ŝi . . . is the estimated (or modeled) step length at ith epoch or step, and
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δsi . . . is the remaining step length estimation error at ith epoch or step.

Step length error can be modelled as one of the following common stochastic pro-

cesses:

Gaussian Noise. Step length error is modeled as random Gaussian uncorrelated

error in each step length with variance σ2
s,GN ;

Constant Bias. Step length error is modeled as a constant random error in each

step. Variance of the initial constant error is σ2
s,CB. In this case, the remaining

random noise component of the step length error estimate is negligible for

long-tern navigation as compared to the constant bias;

Gauss-Markov Process. The step length error in each step is assumed to follow

a 1st order Gauss-Markov stochastic process.

Random noise models, that is Gaussian Noise or Gauss-Markov process error models,

contribute to small step size variations due to environmental factors and irregulari-

ties in walking conditions. In addition, random constant error is due to the initially

incorrect assumption of the step size, or to a wrong initialization with poor data. In

many applications, stochastic error models are derived using continuous-time pro-

cesses as the underlying truth, which are then sampled at discrete time. A PDR

system is a discrete-time system in nature; therefore, this transformation is not nec-

essary. This is why time is omitted from the following error models and step count

is used as a varying parameter.
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5.4.1 Gaussian Random Noise Model

If step length error, δsi, is modeled as a Gaussian random noise error, it can be

written as

st
i = si + δsi

δsi ∼ N
(
0, σ2

s,GN

)
(5.6)

where

si . . . is the modeled step length value (modeled or assumed constant) at ith

step or epoch, and

σ2
s,GN . . . is the variance of the Gaussian noise process.

In this case, step errors are uncorrelated during a walk, and the distance error vari-

ance after N steps can be found according to

σ2
N,GN = V ar

(
N∑

k=1

δsi

)
=

N∑

k=1

E
(
δs2

i

)
= N · σ2

s,GN (5.7)

where

N . . . is the number of steps, and

σ2
N,GN . . . is the variance of walking distance error after N steps.

This result means that if the user’s step length error model follows random Gaus-

sian noise behaviour, the final uncertainty after N steps will be proportional to the

number of steps made. The larger the random spread in the step length the user

makes, the larger the final distance uncertainty will be.

Also, it should be noted that no assumptions on the time of step occurrence were

made. This again illustrates advantage of PDR mechanization, where the error prop-
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agates with the performed steps and not time, as in classical inertial mechanization

schemes.

5.4.2 Constant Bias Model

If the step length error, δsi, is modeled as a Constant random bias, it can be written

as

st
i = si + c (5.8)

c ∼ N
(
0, σ2

s,CB

)
(5.9)

where

si . . . is the modeled step length value (modeled or assumed constant) at ith

step or epoch, and

c . . . is the constant step length error, and

σ2
s,CB . . . is the variance of the initial constant error.

In this case, the remaining step length error after appropriate modeling, or after

assuming the step length as a constant, is a constant bias. This error is random over

time but is constant for every step length during the analyzed walking path. In this

case, the error is constant for all steps; therefore, the distance error variance after N

steps can be found according to the following equation

σ2
N,CB = V ar

(
N∑

k=1

ck

)
=

N∑

k=1

N · c = N2 · σ2
s,CB (5.10)

where

N . . . is the number of steps, and

σ2
N,CN . . . is the variance of walking distance error after N steps.
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In this case, the walked distance error variance is proportional to the square of

the step count and the variance of the initial constant error. In this model, also, no

assumptions on the time of step occurrence were made.

5.4.3 Gauss-Markov Model

If the step length error, δsi, is modeled as a Gauss-Markov process of 1st order, it

can be written as

st
i = si + δsi = si + δsi−1 · e−β + εi (5.11)

εi ∼ N
(
0, σ2

s,GM

)
(5.12)

where

si . . . is the modeled step length value (modeled or assumed constant) at ith

step or epoch, and

δsi−1 . . . is the step length error at (i− 1) step or epoch, and

1/β . . . is the Gauss-Markov model correlation coefficient, and

σ2
s,GM . . . is the variance of the driving Gaussian noise.

In this case, the walked distance error variance after N steps is equal to the variance

of the integrated auto-regressive process and can be computed according to

σ2
N,GM =

N · σ2
s,GM

1− e−2β
+

2σ2
s,GM

1− e−2β

N−1∑
m=1

(N −m) · e−βm (5.13)

where

N . . . is the number of steps, and

σ2
N,GM . . . is the variance of walking distance error after N steps.
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The error growth properties of the above model are between random constant and

random noise models. The proper value of the model correlation parameter, β,

depends heavily on the step measurement technique used, as well as on many en-

vironmental factors. In this thesis, examples of error behaviour with the first two

models, random noise and ransom constant bias, will be given as they completely

represent two extreme cases of step length error behaviour.

The choice of values for input noise variance for both models, σ2
s,RN and σ2

s,CB,

depends on the uncertainty of user motion, in particular, step length consistency

during the walk. Such uncertainty can be decreased if additional information about

user dynamics is considered in the step length estimation filter (Ladetto, 2000).

5.5 Position Accuracy Measures in PDR Systems

It can be shown that the biggest PDR position errors occur in the case of a straight

walking path, a constant step length error and continuous walking. The easiest way

to visualize that is to imagine a user making two consecutive steps while walking

straight. Suppose that for every step, the step length estimation error is constant and

is equal to (δs). After two consecutive steps forward, the walking distance estimation

error will be equal to double (δs), that is (2 · δs). The position estimation error will

also be equal to (2 · δs). If, after making one step forward, the user makes one step

backward with the same error in step length, the resultant distance walked error will

also be (2 · δs), but the resultant position error will be nullified! If after the first

step, the user turns, no matter what the angle, the distance estimated error will still

be equal to (2 · δs), but the position error will be somewhere between 0 and (2 · δs).

With the proposed stochastic models for heading and step length errors, we will
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seek the statistical upper bounds of the 2D position error after the given time for

PDR-only navigation. This should provide the means to estimate how long a user

can navigate without any updates from GPS and without exceeding the specified

position accuracy.

Figure 5.7 shows a geometrical interpretation of the area where a person might

end up, assuming the presence of the discussed errors: the step length error and the

heading error in the case of actual straight walking. In Figure 5.7, point O represents

the true user position after N steps walking straight. Points A and B represent the

1σS along-track uncertainty region due to the step length error modeled as one of

the three described stochastic models. In this case, it is assumed no heading error

is present. Points A−, O−, B− represent the above points if, together with the step

length error, the heading error is present. In this case, ”maximum negative” drift

implies the maximum deviation from the straight line in a counterclockwise direction

resulting from the worst-case scenario of the integrated random walk heading error

model. Points A+, O+, B+ represent the above positions if the maximum positive

heading drift error is present.

The 1σS along-track position error is due to the step length error and can be cal-

culated according to Equations 5.7, 5.10 and 5.13 for the three analyzed models.

The 1σG error is due to heading drift (gyro drift) and must be estimated in order to

estimate the position uncertainty of the user.

To find the upper bound of the across-track error due to heading error, a constant

heading drift is assumed that corresponds to the maximum standard deviation of

the integrated random walk process for a given walking time. Thus, it is necessary

to consider the deflection of points O− or O+, from the truth path as a 1σ error

caused by the gyro drift. If we assume that for every step the heading error meets its

maximum error expectation, then the 1σG across track error can be approximated
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Figure 5.7: Geometry of a Pedestrian Walking Path Error in Presence of Step Length
and Heading Errors in the Case of Straight Walking.

as

σG ≈
N∑

k=1

sk · sin
(∫ tk

t1

Dmaxdt

)
(5.14)

where

N . . . is the number of steps, and

sk . . . is the length of kth step, and

Dmax . . . is the ”maximum” constant heading drift in rad/sec.

Then, the corresponding 1σ 2D position error ellipse can be formed from the two

estimates of the along-track and across-track errors. In this case, the measure of the

horizontal 2D accuracy could be taken as the Distance Root Mean Square (DRMS)

value, computed according to

DRMS =
√

σ2
S,N + σ2

G,N (5.15)

where
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σ2
S,N . . . is the variance of the distance error due to the step length errors after N

steps, and

σ2
G,N . . . is the variance of the across track error due to the heading error after N

steps.

To estimate the accuracy of the PDR system by the proposed method, simulations are

run. Table 5.1 presents a summary of the parameters used in the simulation. Two

step-length error models are considered: Gaussian Noise model and the Constant

Bias model. Two cases of the constant bias drift are considered.

Table 5.1: PDR Accuracy Simulation Parameters

Parameter Value
Walking type Non-stop, straight
Number of Steps, N 1000
Duration of Step, tstep (sec) 0.7
Length of Step, si (m) 0.7
Max Heading Bias Drift, Dmax (◦/hour) 100 and 300

Step Length Variance, σ2
s (m2) (0.1)2 and (0.2)2

Figure 5.8 shows the results of the PDR accuracy simulation for the Gaussian Noise

step error model. Also, this plot shows the simulated accuracy of the traditional INS

mechanization scheme in stand-alone mode, provided it is based on the equivalent

accuracy gyros as simulated PDR systems (El-Sheimy, 2003). In this case, when the

step length error follows the Gaussian Noise model, heading error is the dominant

cause of the positional error in the PDR system. For example, after 1000 steps

performed in 700 seconds (Table 5.1), the 1σ alone-track uncertainty caused by the

step length error with (0.22) m2 variance is equal to 6.3 metres, while the across-track

1σ uncertainty caused by the 300◦/hour constant bias drift is equal to 327 metres.

Figure 5.8 shows the results of the PDR accuracy simulation for the Constant Bias
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Figure 5.8: DRMS PDR Errors With the Step Length Error Modeled as Gaussian
Noise

step error model. In this case, both errors, which are caused by the constant bias

in each and every step made by the pedestrian and the maximum heading drift,

contribute almost equally to the resultant DRMS PDR position error. For example,

after 1000 steps performed in 700 seconds (Table 5.1), the 1σ alone-track uncertainty

caused by the step length constant bias error with (0.22) m2 variance is equal to 200

metres, while the across-track 1σ uncertainty caused by the 300◦/hour constant bias

drift is equal to 327 metres.

It is clear from the results of Figures 5.8 and 5.9 that PDR navigation mechaniza-

tion, even in the presence of both heading and step length errors, outperforms the

traditional INS positioning for long-term unaided navigation.
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Figure 5.9: DRMS PDR Errors with the Step Length Error Modeled as a Constant
Bias



Chapter 6

Performance of HSGPS in Signal-Degraded

Environments

This chapter presents the testing results from an HSGPS receiver in a signal-degraded

environment, and compares the epoch-to-epoch least-squares results to the receiver

filtered solution. The chapter concludes with a presentation and discussion of the

results of the RAIM method applied to the epoch-to-epoch LSQ.

6.1 Testing Environment and Test Description

Before moving to the integration of GPS with self-contained MEMS sensors, the

results of the HSGPS receiver performance in stand-alone mode in a signal-degraded

environment must be analyzed. In order to create a need for the use of any kind of

additional sensors or systems, it must clearly be shown that using a stand-alone GPS

receiver, in areas such as a downtown core, is a very poor solution and does not satisfy

many of the accuracy requirements. For example, it will be shown that this solution,

in this harsh signal environment, does not comply with the FCC requirements for

the mobile handset-based solutions (FCC, 2001).

Figure 6.1 shows a photo of the Calgary downtown core environment, where the

majority of the testing took place. The downtown area is a very dense urban canyon

environment with buildings up to 60 stories high and elevation mask angles of up to

80 degrees. In this thesis, numerous tests on various trajectories and with different

parameters such as the test start location have been performed. The HSGPS results

105
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in most of the tests were found to be very poor. Results of many tests on pedestrian

navigation can be found in, for example, Collin et al. (2003a); Mezentsev (2004);

Mezentsev et al. (2004). In this chapter, one statistically representative test has

been selected for analysis to demonstrate the quality of the signals, position and

velocity solution accuracy as well as the results of integrity testing on the HSGPS

data in this environment. The RAIM analysis is applied for two options: the global

test only, and the global test together with the sequential rejection test (Chapter 3).

Figure 6.1: Calgary Downtown Environment

The receiver used in the testing is a high sensitivity SiRF Xtrac HSGPS receiver

that is capable of outputting raw measurements (pseudoranges and Doppler) as well

as receiver-generated position and velocity solutions. This receiver’s solution will be

referred as the internal receiver solution. The internal receiver solution is the result

of filtering performed inside the receiver. The structure of the receiver position and
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velocity filters is proprietary. It is not known how many observations are used in the

solution, how the measurement variances are assigned to observations, and whether

information from previous epochs is carried through to the current epoch (the case

with Kalman filtering or clock modeling, for example). Also, no accuracy measures,

such as the position and velocity variances, are associated with the output solution.

The internal receiver filter, though, sometimes performs extraordinarily well consid-

ering the harsh testing environments. Apparently, the quality of the internal receiver

solution largely depends on the quality of the initialization of the receiver (Collin

et al., 2003a). The receiver’s filter can potentially access the receiver tracking loops’

data and clock parameters, which can significantly improve the performance of the

filter. This makes it extremely hard to design a filter that would outperform the in-

ternal receiver filter based on just the raw pseudorange and Doppler measurements.

Thus, in this chapter the internal receiver solution will represent the filtered solution

that can be achieved in a given environment by ”heavy” filtering of the HSGPS data.

The receiver filtered output will not be integrated with the MEMS ISA and is shown

only for comparison purposes. The PDR/HSGPS integration will be performed with

the raw HSGPS measurements as this allows more control and analysis of the data.

The raw HSGPS measurements, the pseudoranges and Doppler, are processed in the

LSQ mode that is described in Section 2.1.3. For every test, the important processing

parameters are summarized in a table. To display the position results, a digital map

of downtown Calgary is used. This map is provided by the City of Calgary and is

accurate to the metre level (Basnayake, 2004). In the map database, the streets are

stored as straight lines that were surveyed by centre street points.

Any accuracy analysis of a positioning or navigation system requires a reference.

In such a signal-degraded downtown environment, it is extremely hard to obtain a

very accurate reference, especially in the position domain. It was mentioned that
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due to very frequently interrupted carrier-phase measurements, an accurate carrier-

phase based solution cannot be obtained. This has motivated some researchers to

perform testing in an open-sky environment and then simulate various measurement

outliers and measurement gaps in order to obtain very accurate position and velocity

references. However, the simulation of outliers and data gaps in order to simulate

downtown signal conditions is not an optimal approach. Multipath behaviour in

a downtown core, along with longer integration times for the HSGPS receiver (the

manufacturer’s proprietary information that is not publicly available), makes the

whole situation truly unpredictable and very hard to statistically represent through

simulations.

Another way to obtain a precise reference is to have an extremely accurate iner-

tial system onboard; however, this method also has several limitations. First, this

system is extremely heavy and, together with the power supply and all the other

equipment, is practically impossible to carry. Second, this method requires very

precise initialization. Many tests are performed when the system is initialized in a

downtown environment where no accurate initialization (carrier-phase based initial-

ization) is available. Third, only a position reference can be obtained. The low-cost

PDR unit used in the system is carried on a belt, while an accurate (but heavy)

INS system must be carried in a specially-designed backpack. This introduces an

attitude bias between the two coordinate body frames that is not observable during

walking considering the substantial drift in sensors of the low-cost ISA unit (Collin

et al., 2003b).

In this work, no simulation of outliers or data gaps of any kind is made. All the

analyzed data is collected in a real downtown environment to fully represent the

quality of the data a user experiences in this environment. Given the above observa-

tions, we can conclude that the only practical way to obtain a reference is to use the
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available digital map. For this purpose, manual time tagging to mark certain loca-

tions (street intersections) is frequently performed during testing. At these points,

a 2D accuracy assessment can be performed, since the location of the user on the

map is known. Such accuracy analysis, though, is performed with high precision but

limited accuracy. As has been mentioned, a digital map is produced by surveying

the street’s centre lines while a pedestrian walks on the sidewalks. This, by itself,

introduces about 10 metres relative error when a user locates himself at an inter-

section and compares his position to this intersection’s coordinates (which are based

on the street’s centre lines) on the map. Thus, position errors will be assessed at

the marked points, and the numbers will be rounded to metres, keeping in mind this

map’s limited accuracy precision. During the rest of the test, the errors are vaguely

assessed in across-track error domain.

The test trajectory, the photos of the test person and the urban canyon environment

for this test are shown in Figure 6.2. This testing loop is around 1.5 km in length and

is walked by a test person in approximately 30 minutes. In all intersections (shown

on the figure as black markers with associated numbers), the data is manually time-

tagged for accuracy assessment and for the more accurate time synchronization of

the sensor data with GPS.

6.2 HSGPS Least Squares and Receiver Internal Results

This test was begun in a downtown environment, so no accurate position initialization

was performed. It represents a practical situation when a user decides to use a

handheld navigation device as she/he exits a downtown building or parking area. In

this test the receiver was started in the cold start-up mode, which means that no

ephemeris data was loaded into the receiver prior to testing. Instead, the receiver
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Figure 6.2: Calgary Downtown Pedestrian Walking Test Trajectory

(the antenna, essentially) was kept static for about 15 minutes. The raw data was

processed in single point epoch-to-epoch LSQ mode. The motivation for using an

epoch-by-epoch least-squares solution is to analyze more precisely the impact of low

signal strength and high signal reflection on the accuracy of the measurements and

positions, without the influence of a smoothing filter. It is understood that the use

of such a technique is only for analysis purpose and would not be used in practice.

In the latter case, a filter must be used to smooth these large errors and increase

position accuracy and continuity. A summary of the test and the LSQ processing

options are given in Table 6.2. Figure 6.3 shows the LSQ and the receiver internal

position results plotted on the digital Calgary map in a local level coordinate frame.

For comparison purposes, an LSQ solution obtained with a geodetic grade NovAtel

OEM4 receiver is also plotted on this figure. This receiver is a standard sensitivity

GPS receiver and its results are plotted to demonstrate the availability differences

provided by the high sensitivity and the standard sensitivity GPS receivers in such

environments. The accuracy of the OEM4 receiver solution will not be analyzed in
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detail and is only shown to demonstrate its poor availability in such an environment.

Table 6.1: Downtown Walking Test Summary and LSQ Processing Options

Location: Calgary DT
Test Length: 30 minutes; ≈1.5 km loop
Equipment: SiRF HSGPS Xtrac receiver, NovAtel 700 antenna
Processing Mode: LSQ, single point
Elevation cutoff: 0 degrees
Corrections: Troposphere delay correction
RAIM: Global Test; Global test + Local Test

The outstanding solution availability provided by the high sensitivity GPS receiver

must be noted. The availability of the LSQ epoch-by-epoch solution with no RAIM

algorithm implemented is 96%, and the availability of the internal receiver solution

is 93%. The availability of the solution for the NovAtel OEM4 receiver is only 27%.

Most of the solution epochs for this type of receiver happened during the initial stage

of the experiment, when the receiver was static. In the walking part of the test, the

availability is even less. As can be seen from the results of Figure 6.3, the errors in

both the LSQ and the internal receiver solutions are very large. About 50 epochs

of the LSQ solution are off the displayed map. One epoch of the internal solution

is also off the map. The largest LSQ position error exceeds 9 km. The accuracy of

the solutions is compared to the digital map at the marked points (Figure 6.2) and

is summarized in Table 6.2.

From the results of Figure 6.3 and Table 6.2, it is obvious that the internal filtered

receiver solution outperforms the LSQ solution as expected even if, at one point dur-

ing the test, this internal solution started drifting away from the reference trajectory

for about 30 consecutive seconds. The across-track position error reaches almost

600 metres. The LSQ solution, though, is scattered around the reference trajectory.

The errors are frequently correlated from epoch to epoch. This can be explained by



112

Figure 6.3: Downtown Pedestrian Walking Test: Single Point LSQ (no RAIM) and
Receiver Internal Position Solutions for HSGPS receiver and LSQ solution for the
OEM4 NovAtel Receiver

frequent correlated errors in the pseudorange domain, where errors such as multi-

path or echo-only signal tracking can ”fool” the receiver loops for several consecutive

epochs.

Figure 6.4 shows the LSQ and receiver internal velocity solutions for this test. It

is known that multipath affects Doppler measurements less than the code measure-

ments (Ray, 2002). The velocity solution is thus always expected to be of better

quality than the position solution. It can also be seen that the receiver-filtered solu-

tion is much better than the LSQ velocity solution in such an environment. The error

in the LSQ velocity reaches one kilometre per second error values for several epochs.

For the reasons described above, a reference for velocity is also hard to obtain in
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Table 6.2: Downtown Walking Test: Horizontal Position Errors at the Marked Points

Marked Point: LSQ (m) Rx Internal (m)
Point 1: 20 50
Start 2: 492 34
Start 3: 191 129
Start 4: 150 136
Start 5: 54 50
Start 6: 130 192
Start 7: 61 27
Start 8: 115 89
Start 9: 32 200
Start 10: 80 25
Start 11: 13 14
Start 11: 8447 41
AVERAGE: 815 82

this environment. In pedestrian navigation, to roughly estimate the accuracy of the

obtained velocity we can limit the velocity to pedestrian walking speeds, usually less

that 2 m/s. Such bounds are also shown on Figure 6.4. The internal receiver solution

almost always stays in those bounds, showing remarkable performance.

The primary goal of pedestrian navigation systems is to provide estimates of position

rather than estimates of velocity. This is mainly because velocity information is of

little interest to the user himself. Velocity data can very effectively be used, though,

to provide better estimates of the user’s heading. As will be shown in the next

chapter, GPS velocity will not be directly taken as an updating measurement into

the Kalman filter. Instead, the heading will be computed using the GPS velocities

while the user is walking, and this measurement will be used as an update in the filter.

For that matter, the internal receiver velocity can also be used. In the experimental

results section, it will be noted whether the LSQ velocity or the receiver internal

velocity solution is used.
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Figure 6.4: Downtown Pedestrian Walking Test Results: LSQ and Receiver Internal
Velocity Solutions

6.3 RAIM Results

Let us now analyze the performance of the RAIM algorithm on the HSGPS data.

First, the RAIM algorithm with global testing only is applied. The parameters

of the RAIM algorithm are set as α = 0.1% and β = 10%. These parameters

have been shown to be the most appropriate in such signal-degraded environments

(Kuusniemi et al., 2004). Figure 6.5 shows the results of the global test RAIM

procedure applied to HSGPS data. The parameters of the LSQ processing are the

same and are summarized in Table 6.2.

As may be seen from Figure 6.5, the RAIM results are not overly successful when

applied to HSGPS data in a downtown environment. In the north part of the trajec-
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Figure 6.5: Downtown Pedestrian Walking Test Results: LSQ RAIM Results, Global
Consistency Test is Applied

tory, many epochs of the solution are treated as ones that passed the RAIM global

test (marked on the map in green). For many of these epochs, the across-track errors

reach hundreds of metres. The epochs that did not pass the global test checking are

colored on the map in red. Some of the epochs were not subjected to global test

checking due to the lack of redundancy. In the case of 3D positioning, 5 or more

measurements are required to perform such RAIM analysis.

For this test, 43% of the total solution epochs are considered as accepted (Global

test passed), 40% of epochs failed the global consistency test and 17% of the epochs

did not have enough redundancy for the RAIM to be performed. For the epochs,

at which the global test failure is detected, the sequential residual testing sequence

may be initiated. Figure 6.6 shows the results of this downtown pedestrian test with
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the sequential RAIM algorithm applied.

Figure 6.6: Downtown Pedestrian Walking Test Results: Sequential Rejection Test
is Applied

In this method, only epochs that did not pass the global test are subjected to the

test of individual residuals. First, if the global test detects an inconsistency in the

measurements (global test failure) and the local detects the measurement with the

largest residual that exceeds the threshold, it rejects it. If the redundancy after

the exclusion permits, the global test and the local test sequence is repeated. If

the redundancy does not allow us to perform the global test (providing the number

of observations has been brought down to 4 for 3D positioning, or 3 for 2D), this

solution is marked as no redundancy after exclusions. Second, there is a possibility

that after the global test failure (the inconsistency is detected), the local test will not

be able to find an observation with the largest residual that exceeds the threshold.
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Table 6.3: Downtown Walking Test: Horizontal position errors at the marked points,
LSQ sequential RAIM

Marked Point: LSQ (m) Marked Point: LSQ (m)
Point 1: 20 Point 7: 115
Point 2: 40 Point 8: 100
Point 3: 191 Point 9: 32
Point 4: 150 Point 10: 42
Point 5: 54 Point 11: 13
Point 6: 20 Point 12: 62
AVERAGE: 70

This case is referred to as an inconsistency between the global and the local tests

themselves. There are not many cases of such inconsistencies occurring in real data.

This type of inconsistency between the RAIM testing procedures has been addressed

in some fashion by Kuusniemi and Lachapelle (2004).

After the local residual testing procedure is applied, the number of epochs that are

considered as accepted is now 70%. The number of epochs for which the global test

failed but the local test could not reject any observation is equal to 4, that is 0.25%

of the total epochs during almost 30 minutes navigation. The same 17% of the

solution epochs that are marked no enough redundancy to perform a global test are

not subjected to the local test procedure. After the exclusions, 13% of the solutions

are treated as not enough redundancy after exclusions are made. In the case of 3D

positioning, this is when 5 observations at an epoch are subjected to the global test.

The global test has indicated an inconsistency in these measurements. The local

test has excluded one observation from the solution. The remaining 4 observations

are not enough to perform further global tests; therefore, the testing stops here.

The accuracy of the LSQ solution with the sequential RAIM algorithm applied at

the marked points is summarized in Table 6.3. Here, only accepted solutions are

considered for accuracy analysis.
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As has been mentioned in Chapter 2, the height fixing method can increase the

availability of the solution by increasing redundancy by one. Figure 6.7 shows the

results of LSQ processing when height fixing is applied. The height can be fixed

to a value that has been obtained with the first reliable 3D GPS solution. If the

barometric measurements are available, which is the case with the PDR system, the

height in the integrated system can be propagated in differential mode with respect

to to the ”reliable” GPS height solution. The tricky part here is to select a reliable

solution. Essentially, all the approaches to the selection of that reliable solution

epoch are ad-hoc. In this thesis, it is proposed to use an epoch that has a VDOP

parameter of less than 2 to obtain an absolute user altitude estimate. After this

epoch, the solution switches to a 2D navigation mode; that is, the height component

in the LSQ algorithm becomes fixed, increasing the redundancy of the solution by

one. Figure 6.8 shows how the height is propagated with the barometer differential

measurement after a GPS epoch with a good vertical solution geometry is chosen.

This method of height aiding with a barometer is known as baro-altimeter aiding.

Figure 6.7 shows the results of the test when a height fixing constraint has been

applied. In this case, the availability of the solution has become 100%. As can be

seen, far more epochs are now treated as global test failures: 90% of all epochs.

9.7% are treated as accepted. And only 5 epochs have redundancy to perform a

global test procedure. This increase in the percentage of the global test failure can

be explained by the increased number of diverse, multipath-affected measurements

in a single epoch. More multipath-affected signals increase the chances of detecting

an inconsistent situation in the solution. Overall, the quality of the solution does

not improve. The maximum position error remains as a kilometre value. The 10%

of the accepted solution epochs also have substantial position errors of hundreds

of metres across-track. Table 6.3 summarizes the horizontal position errors at the
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Figure 6.7: Downtown Pedestrian Walking Test Results: RAIM LSQ results, Global
Inconsistency Test is Applied when Height Fixing is Used

marked points for this case.

Figure 6.9 shows the results of this test when the sequential testing RAIM procedure

has been applied together with height fixing. This also does not improve position

accuracy, and most importantly solution accuracy estimation, by much. The major-

ity of the solution epochs are now treated as ones that passed the global test after a

certain number of rejections were performed. In this sequential observation rejection

procedure, 84% of the solution epochs are now treated as ones that passed the global

test, 1.3% of the total epochs are ones that failed the global test, the same 5 epochs

are marked as not having enough redundancy to perform any RAIM analysis, and

14.4% of the epochs are treated as not having enough redundancy to perform any

future analysis after observation rejections have been made. Table 6.3 summarizes
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Figure 6.8: Downtown Pedestrian Walking Test Results: Barometric Altitude is
Initialized by GPS altitude if VDOP factor < 2

horizontal position accuracy at the marked points considering only accepted solution

epochs.

All this analysis shows that the applicability of the RAIM techniques is very limited

to HSGPS data in signal-degraded environments when using an epoch-by-epoch least-

squares solution approach. The biggest assumption in the RAIM algorithm is the

occurrence of only one blunder at a time, meaning one blunder in one epoch. In this

environment, such an assumption clearly does not hold. Chances are that all the

measurements are affected by multipath to some extent, which practically nullifies

this assumption. Some pseudoranges are affected more than others, and when RAIM

analysis is applied it is hoped that the inconsistency will be detected and the largest

errors will be sequentially removed. Unfortunately, this is not always the case, as
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Table 6.4: Downtown Walking Test: Horizontal Height Constrained LSQ Position
Errors at the Marked Points

Marked Point: LSQ (m) Marked Point: LSQ (m)
Point 1: 6 Point 7: 66
Point 2: 480 Point 8: 127
Point 3: 176 Point 9: 67
Point 4: 119 Point 10: 87
Point 5: 60 Point 11: 72
Point 6: 131 Point 12: 8074
AVERAGE: 789

Table 6.5: Downtown Walking Test: Horizontal Height-Constrained LSQ With Se-
quential RAIM Position Errors at the Marked Points

Marked Point: LSQ (m) Marked Point: LSQ (m)
Point 1: 420 Point 7: 22
Point 2: 136 Point 8: 176
Point 3: 590 Point 9: 67
Point 4: 119 Point 10: 90
Point 5: 100 Point 11: 70
Point 6: 88 Point 12: 63
AVERAGE: 161

has been shown in several works, for example, in Kuusniemi and Lachapelle (2004);

Collin et al. (2003a).

One of the major conclusions that this thesis attempts to support after very extensive

real world testing is that there is no reliable way to detect a reliable position solution

obtained with HSGPS in a signal degraded environment. A truly unpredictable

multipath environment and very large signal degradation make all approaches to the

selection of ”reliable” solutions ad-hoc.
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Figure 6.9: Downtown Pedestrian Walking Test Results: Sequential Rejection Test
is Applied when Height Fixing is Used

6.4 Signal Quality in a City Downtown Environment

The signal characteristics of HSGPS in signal-degraded environments, such as a

downtown area, have already been extensively studied (MacGougan, 2003). The

C/N0 value is not fully representative of the signal quality because, most importantly,

it depends on the antenna vertical gain pattern. If the antenna is equally sensitive

in the horizontal plane, the C/No will indeed be due to attenuation due to blockage

and reflection at low elevations nearly 100% of the time. The way the signal’s

quality is represented in a signal environment is fading rather than C/N0. Fading is

defined as the difference in signal strength received by a GPS receiver in an open-sky

environment and by the receiver in a signal-degraded environment. The receivers
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must be of the same type, although signal strength can be demonstrated without a

base station. Nominal C/N0 values for signals from high elevations satellites (from

450 to 900 elevation angles) are normally higher than 45 dB-Hz. At lower elevation

angles (less than 450 degrees), the C/N0 values gradually decrease to approximately

35 dB-Hz due to a longer propagation path. These number depend on the type of

the antenna used and are given as examples for a NovAtel 700 antenna. Figure 6.10

shows the C/N0 values for the analyzed test for all tracked satellites. There are also

reference lines showing regions of signal strength for a given elevation. The regions

are shown in 10 dB-Hz bins. It can be seen that for lower elevation satellites, the

signals are more attenuated than for the high elevation satellites. Also, it can be

seen that there are more satellites tracked by the receiver with lower elevation than

with the higher elevation.

Figure 6.10: Downtown Pedestrian Walking Test Results: C/N0 values vs. Elevation
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In reality, this demonstrates something quite opposite from the common assumption

that in dense urban environments only high elevation satellites are tracked by the

receiver. On street intersections, the visibility of the sky stretches along two (usually)

perpendicular streets that may allow us to acquire low-elevation satellite signals.

During the whole test, only 2 high-elevation satellite signals were tracked. This also

demonstrates that the methods of de-weighting the observations with lower elevations

(and as a result with lower C/N0) in the LSQ processing is not an optimal approach.

Also, elevation masks must be applied with great care. If an elevation mask of 10

degrees is applied, one satellite in this test becomes cut-off. An extreme elevation

mask angle of 30 degrees will remove nearly all 6 low-elevation tracked satellites from

the solution. In this case, 2 high-elevation satellites simply won’t be enough even for

a 2D solution.

Typically, in this environment, a UERE for pseudorange observations due to fading

and multipath effects can be taken as 30-60 metres 1σ (MacGougan, 2003). This is

a fairly significant increase from about 1-10 metres 1 σ in the open-sky environment.

This UERE, coupled with the dilution of precision factors, can produce position-

accuracy estimates according to Equations 2.5.

Figure 6.11 shows the plot of HDOP, VDOP and the number of visible satellites

during this test. During the whole test period, 24 epoch solutions have HDOP

values larger than 10, and 20 epochs have VDOP parameters larger than 10.

Taking an average HDOP as 1.7 and 1σ UERE as 60 metres, a 1σ horizontal position

solution error can be estimated as shown in Figure 6.12. Here, 0% of epochs complies

with the FCC handset requirements of 50 metres error 67% of the time, and 83% of

the solution epochs have horizontal errors of less that 150 metres, which also does not

comply with the figure required by FCC of 95%. This simulation analysis is based

on field data DOP factors and simulated UERE. As has been shown above, a precise
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Figure 6.11: Downtown Pedestrian Walking Test Results: HDOP, VDOP and the
Number Of Visible Satellites

experimental accuracy assessment is very hard to perform in this environment during

kinematic testing because it is so difficult to obtain a reference.

From the results presented in Figures 6.3 - 6.9, the position errors are a lot larger

than the estimated ones with the assumed UERE and calculated DOP parameters.

Obviously, this is due to an unpredictable multipath environment, and possible cross-

correlation tracking or tracking echo only signal effects for which DOP is not the best

accuracy measure. In this case, the UERE value needs to be adaptively increased

according to the environment. In the design of an autonomous system, it is possible

to detect the signal degraded environment and adjust the UERE value accordingly.

For example, a signal degraded environment can autonomously be detected from

the analysis of the variances of the C/N0 values (Mezentsev et al., 2003). In the
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Figure 6.12: Downtown Pedestrian Walking Test Results: Horizontal and Vertical
Position Accuracy Estimates based on HDOP, VDOP and UERE parameters

downtown area, the C/N0 values will be varying very significantly, practically, for

each tracked satellite. This is not characteristic to an open sky areas. Such variation

can be seen in Figure 6.10.

This chapter clearly shows that there are no means available to improve the perfor-

mance of GPS while increasing its sensitivity. Increasing the sensitivity makes the

receiver ”welcome” all possible multipath, cross-correlation and echo-only signals

that only have signal strength above the threshold of the receiver. The filtering of

GPS-only data is truly a challenge, and with the current state of the receiver tracking

loop algorithms, they cannot be made as accurately as we would like them to be.



Chapter 7

Sensor Aiding Methodology of HSGPS

This chapter presents a proposed methodology for HSGPS aiding using a low-cost

PDR system in signal-degraded environments. A detailed development of the Kalman

filter model is given, followed by a discussion of aspects of reliability testing of the

integrated solution. Finally, a simulation analysis is carried out to demonstrate the

functionality of the proposed method.

7.1 Filtering and State Modeling Approach

As seen in the previous chapter, the quality of HSGPS data in a signal-degraded

environment is extremely poor. The integrity analysis of the solution (RAIM) makes

it possible to remove most of the large position outliers (kilometre level errors), but

it does not improve the overall performance by much. In this chapter, a method

to aid the HSGPS receiver using a set of low-cost sensors is proposed. The main

goal of this chapter is to develop a Kalman filter that will tolerate, to some extent,

large measurement outliers that may become the filter updates. This is essentially a

difficult task considering the quality of both systems’ data.

Even though there is poor data on both ends of the integration scheme, both HSGPS

and MEMS PDR, the Kalman filter still needs to be properly and accurately tuned.

One of the major issues in the development of a Kalman filter for the PDR/HSGPS

system is timing. In classical INS/GPS integration schemes, the filter normally runs

at the INS data rate and the available GPS epochs are the filter updates. The

127
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data-sampling rate on the inertial systems is high (usually, more than 50 Hz); thus,

the interpolation or extrapolation of the data required to synchronize the INS and

GPS data to input into the filter is not difficult. The nature of the PDR systems

is to propagate the position when user steps are detected. Normally, steps do not

occur at the times of GPS updates, unless by chance. Therefore, the timing issue

in a PDR/GPS integrated system needs to be carefully resolved. The next two

sections discusses the timing issue for different filter modes and defines the filter

modes depending on the user motion state.

7.1.1 Timing in the Integrated PDR/HSGPS Systems

In existing works on PDR integrated systems, user-step frequency is commonly used

for the time base of the PDR/HSGPS filter. One reason for this is that only ”good”

quality DGPS data is normally used for the measurement updates of the system

filter. However, when using HSGPS data (usually of poor quality) the situation is

not quite the same. Let us first analyze the timing of both PDR and GPS systems.

A pedestrian walking timing diagram can be pictured as shown in Figure 7.1. Sup-

pose the user has made a step. The times of the steps are denoted as tjPDR and tj+1
PDR

respectively. Also, the times of 3 GPS updates are shown in the diagram, that is

tiGPS, ti+1
GPS and ti+2

GPS. These steps and GPS times will be referred to as PDR and

GPS epochs respectively. Let us assume that these PDR and GPS epochs do not

coincide in time. During normal walking, step frequency is normally less than 2 Hz.

With this step frequency, the user can make nearly 2 full steps between the possible

GPS epochs. Considering the situation shown in Figure 7.1, which of the 3 times,

that is tjPDR, ti+1
GPS or tj+1

PDR, should be taken as a filter time, that is to provide the

position (and other available) output. The term filter time will thereafter refer to

the time when the integrated system will provide the output.
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Figure 7.1: Pedestrian Walking Time Diagram

The HSGPS errors might be large in all three consecutive GPS epochs shown in the

figure. Therefore, the GPS epoch times must be taken as the filter times, since it is

impossible to interpolate such HSGPS data to fit the PDR epoch times. Therefore,

time ti+1
GPS must be taken as the filter update time. For this filter epoch, the PDR

data must be extrapolated from time tjPDR to time ti+1
GPS, since the time of the next

step, tj+1
PDR, is not yet known. If no GPS epoch exists between the PDR epochs tjPDR

and tj+1
PDR, the step user epoch tj+1

PDR must be taken as the filter time. In this case,

the filter propagates in the prediction mode, with no GPS updates yet available.

This method of filter time base selection potentially allows the system to run in real

time1, since no future information is used.

However, this method may frequently result in an unnecessarily high solution output

rate, especially when the user has a high step frequency. If the user makes more than

1Term ”real time” here refers to a theoretical concept and does not take into account the
computational load which is hard to assess for various mobile hardware implementations
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one full step between GPS epochs (that is during one second) the filter does not wait

for the GPS update in this mechanization, and it will output the solution at the time

of the last detected user. If the GPS update becomes available a fraction of a second

later, the filter will run once again. Essentially, an output position rate higher than

1 Hz is not required for a pedestrian user. The filter can therefore run with a small

time lag according to the following proposed algorithm.

Figure 7.2: Filter Update Time Search Algorithm

After the last filter epoch time, whether it was a PDR epoch (step time) or a GPS

epoch, the filter algorithm waits t1Search seconds for a GPS epoch. If the GPS solution

becomes available during this time period, then the GPS epoch, ti+1
GPS, is taken as

the filter time. After that, the search for the next GPS update with respect to

this detected GPS epoch is carried out. This search time is shown in Figure 7.2

as t2Search,GPS. If no GPS update becomes available during the initial search time

t1Search, the algorithm goes back in time to the last detected step, that is tj+1
PDR in this

case, and runs the filter in prediction mode from the last filter epoch to this PDR

epoch. The search time it2Search,PDR is then carried forward with respect to this last
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PDR filter time.

In this algorithm, if GPS updates are available every second, the filter runs on the

GPS epoch times. In this case, the PDR data must be extrapolated to be input into

the filter. When the GPS data is not available, the filter cannot find any GPS updates

and runs in PDR-only mode, that is in prediction mode. In this mechanization, when

GPS data is always available, the filter runs in real time. When the filter runs in

prediction mode, a small time lag is introduced by allowing the filter to search longer

for a possible GPS update after a step is detected. The time lag in this case is small,

and for the situation pictured in Figure 7.2 it can be found according to

Tlag = t1Search −
(
tj+1
PDR − tkF ilter

)
(7.1)

where

Tlag . . . is the filter lag time when in prediction mode, and

t1Search . . . is the filter search time for a GPS update, and

tj+1
PDR . . . is the time of the (j + 1) detected step, and

tkF ilter . . . is the previous filter epoch time.

With the highest data rate of 1 Hz HSGPS, the search time tsearch can be given as

slightly larger than 1 second, as 1.1 seconds. For a user step frequency of 2 Hz,

the longest filter time lag in this case is approximately 0.6 seconds. It should be

noted that this time lag is just a computational delay from the real-time application

and has nothing to do with the timing synchronization of the PDR and GPS data.

This method introduces a small computational time lag that is not crucial for this

application, but it makes it possible to optimize the filter solution output rate and

run the filter at the correct times.
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7.1.2 Integrated System Filter Modes

All possible pedestrian signal scenarios for which the integration filter should be run

in slightly different mechanizations are shown in Figure 7.3.

Figure 7.3: Pedestrian Motion States and GPS Availability Scenarios

In each of these scenarios, the mechanization strategy of the PDR/HSGPS integra-

tion filter must be different. The important parameters and the filter timing strategy

for each of the scenarios are the following2):

Walking, GPS is available (mode 1). The filter time is based on the GPS epoch

times. The PDR data is used to propagate the solution forward (filter predic-

tion mode) and the HSGPS data is used for the filter updates (measurement

update mode). The solution is obtained in real-time.

Walking, GPS is not available (mode 3). The filter time is based on user step

times. The sensor data is used to propagate the solution forward in pure

prediction mode. In this mode, a small time lag due to the search of GPS

updates is introduced.

2Modes are numbered for easier reference to them in figures
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Static, GPS is available (mode 2). In this mode, several processing options ex-

ist. Since, the PDR algorithm detects that the user is static, the position may

not be propagated forward. This is essentially one of the biggest advantages

of the PDR mechanization. Also, since GPS data is available, the filter may

continue running. In this case, the filter will not be propagated in the predic-

tion mode since the user is detected to be static. Also, the batch processing

techniques can be applied to the GPS data for this case (Mezentsev, 2004).

Static, GPS is not available (mode 0). When the user is static and no GPS

data is available, the filter does not run and maintains the last computed state

vector. Only the attitude of the PDR system may be updated depending on

the status of the detected step (Section 5.2).

Considering the harsh signal environment, when the user is static it is best not to

update the position in mode 2 with the available HSGPS data. With GPS data of

such poor quality, one should attempt to limit the influence of the outliers as much

as possible. The detection of static user condition is one of the biggest advantages

of using self-contained sensors and should be used to the user’s benefit. Therefore,

the integration filter must run only in modes 1 or 3 when the user is walking. The

filter step time between epochs (i) and (i + 1) will be different for different modes

and can be computed as

Mode 1: ∆t = ti+1
GPS − tiGPS

Mode 3: ∆t = ti+1
PDR − tiPDR

Modes 1 and 3 transition: ∆t =
∣∣∣ti+1

GPS|PDR − tiGPS|PDR

∣∣∣ (7.2)

where

∆t . . . is the filter step time.
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7.1.3 State Vector Modeling

As has been discussed earlier in this thesis, we are only concerned with the horizontal

position coordinates in the integrated system. The height component of the solution

is propagated with the low-cost barometer in differential mode after it is initialized

by a reliable 3D coordinate fix from GPS. Therefore, only two coordinate variables

must be present in the state vector: Easting and Northing. Among the user atti-

tude parameters, the user heading is of only practical interest. The ISA gyro and

accelerometer biases cannot be estimated without good quality HSGPS data in an

environment such as a downtown area (Mezentsev et al., 2004).

In the PDR mechanization, the step-length parameter essentially represents the

speed of the user since the time between the user steps is known. For the discrete

Kalman filter, the discrete parameter of the step length is thus an optimal choice.

Generally speaking, it should be noted that the step-length parameter refers to the

distance walked by a user between the filter epochs. In mode 1, when GPS epoch

times are chosen as the filter time base, the user may make more than one step.

In this case, the step-length variable can be called epoch-to-epoch walking distance.

In mode 1, it is assumed that during one second, the user walking path is straight,

which is a reasonable assumption considering the small filter step time. Besides, the

heading is propagated without any approximations, so this assumption may slightly

affect only the distance traveled by a user. Therefore, it is best to include the fol-

lowing parameters in the state vector: Easting - E, Northing - N, Step length (or

epoch to epoch distance) - S, Heading - H and Heading rate - HR. The state vector

can therefore be written as

[x] =
[

E N S H HR
]T

(7.3)

The PDR measurements are essentially the detected steps and the measured user-
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heading rate. Provided you have the step length (carried from the previous filter

epoch), the position and the heading of the user may be propagated. The PDR

mechanization equations are non-linear; therefore, the linearized Kalman filter must

be used. It is best to use the filter mechanization scheme shown in Figure 7.4.

Figure 7.4: PDR/HSGPS Linearized Kalman Filter Scheme

In this scheme, the propagation of the filter forward (linearization point) is computed

based on the PDR measurements, meaning the number of user steps detected between

the filter epochs and the measured heading rate. GPS Easting, Northing and Heading

are taken as the filter update measurements whenever they are available. Only three

states of the state vector are thus directly observable. As will be shown later in this

chapter, the overall system is still observable.

In navigation, one of the common methods to determine the heading is the use of

GPS velocities and is given by

Htk = arctan

(
VE,tk

VN,tk

)
(7.4)

where

Htk . . . is the estimated heading at time tk, and

VE,tk . . . is the East GPS velocity at time tk, and
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VN,tk . . . is the North GPS velocity at time tk.

An important limitation that comes into play when this method is applied to pedes-

trian navigation is low-pedestrian velocity. Normally, pedestrian velocity almost

never exceeds 2 m/s. Let us suppose accurate open-sky GPS velocity measurements

are available with a standard deviation of 3 cm/sec. Now, suppose a user is walking

east with a velocity of 1.4 m/s. The heading determined using the simulated GPS

measurements with the above statistical parameters is shown in Figure 7.5. As can

be seen from this figure, this heading has a standard deviation error of about 7 de-

grees! If the heading is estimated using a Kalman filter, the estimate will eventually

converge to the true value if you have good-quality unbiased GPS measurements.

Obviously, this method won’t work when the user is static. The heading derived

from the GPS velocities is still far more accurate than the heading derived from con-

secutive GPS position estimates since the multipath affects Doppler measurements

less than the code measurements.

In a signal-degraded environment, the accuracy of the GPS velocity determination

is additionally degraded. However, for an independent system that does not rely

on many assumptions, this is practically the only means available for the heading

updates. In this work, the initial heading of the user is obtained by using this method

after the first available GPS solution when walking. The appropriate variance must

be associated with the heading-derived value. In an open-sky environment, this

variance can therefore be taken as 72 deg2. Based on the experimental data, in a

downtown area this value needs to be increased to about 302 deg2.



137

Figure 7.5: User Heading Determined Using GPS Velocities. The Data Is Simulated
for User Speed of 1.4 m/s, Direction of Walking: East, STD of GPS Velocities = 3
cm/sec

7.2 Kalman Filter Design

For the chosen state vector, the discrete kinematic PDR equations can thus be written

as

Ei+1 = Ei + Si · sin (Hi)

Ni+1 = Ni + Si · cos (Hi)

Hi+1 = Hi + H̄Ri,i+1 ·∆t (7.5)

where

H̄Ri,i+1 . . . is the average heading rate over the filter step size.

The step length, S, and the heading rate, HR variables are random processes and
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are thus modeled stochastically. Modeling of these stochastic variables for MEMS

ISA and pedestrian navigation has been discussed in Chapter 5. The heading rate is

modeled as a random walk process, thus the heading will be an integrated random

walk process that accurately represents the real PDR heading drift. The step length

is also modeled here as a random walk process. The chosen random walk stochastic

models for the step length and the heading rate variables are given by

Si+1 = Si + ws; ws ∼ N(0, σs)

H̄Ri+1 = H̄Ri + wHR; ws ∼ N(0, σHR) (7.6)

One important note must be made here. In the system equations, the average heading

rate during the step time of the filter is taken. Modeling of this variable by a random

walk process is still perfectly valid since the integration time is not very significant.

This system of equations is nonlinear with respect to the system variables; therefore,

the linearized Kalman filter mechanization is used.

The linearized transition matrix, Φ∗
tk,tk+1

, for the time interval [tk; tk+1], can be com-

puted according to

Φ∗
tk,tk+1

=




1 0 sin (Htk) ·∆t Stk · cos (Htk) · H̄Rtk,tk+1
·∆t 0

0 1 cos (Htk) ·∆t −Stk · sin (Htk) · H̄Rtk,tk+1
·∆t 0

0 0 1 0 0

0 0 0 1 ∆t

0 0 0 0 1




(7.7)

The state transition matrix is calculated every epoch based on what the state vector

values are in the previous epoch. The process noise matrix, Qtk,tk+1
, is discrete

since it is defined for the discrete stochastic variables. The value of the step-length

variance is assigned according to the uncertainty in the pedestrian walking model.
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The heading rate variance is assigned according to the heading rate drift model for

a given accuracy ISA. The process noise matrix can thus be composed as shown

Qtk,tk+1
= diag

([
0 0 σ2

s,tk
0 σ2

HR,∆t

])
(7.8)

where

σ2
s,tk

. . . is the variance of the step length at tk, and

σ2
HR,∆t . . . is the variance of the heading rate PDR measurement for ∆t filter step

time.

The filter propagates forward from the previous optimal state vector values (predic-

tion) based on the PDR measurements. Therefore, the linearized values of the state

vector can be computed according to

[x]∗tk+1
= Φ∗

tk,tk+1
·
[

0 0 Stk 0 H̄Rtk,tk+1

]T

(7.9)

In the proposed mechanization, the HSGPS measurements need to be taken with

respect to the state vector values at time tk. The measurement vector can thus be

computed as

[z]tk+1
=




EGPS,tk+1
− x+

tk
(1)

NGPS,tk+1
− x+

tk
(2)

HGPS,tk+1
− x+

tk
(4)




T

(7.10)

where

EGPS,tk+1
. . . is the HSGPS Easting at time tk+1 in a LL coordinate frame, and

NGPS,tk+1
. . . is the HSGPS Northing at time tk+1 in a LL coordinate frame, and

HGPS,tk+1
. . . is the HSGPS derived heading at time tk+1, and

x+
tk

. . . is the optimal state vector estimate at the previous epoch.
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The design matrix in this case can be written as

H =




1 0 0 0 0

0 1 0 0 0

0 0 0 1 0


 (7.11)

With this design matrix, H, and the state transition matrix, Φ∗
tk,tk+1

, the observ-

ability matrix (Equation 3.20) has full rank, which assures the observability of the

system. The step length, S, and the heading rate, HR, are not directly observable

states. The theoretical convergence of these states is achieved after the directly-

observed states, that is E, N and H, are converged. A note must be made on the

convergence of the heading rate. The heading rate is input to the filter from the PDR

measurements and is averaged over the time of the filter step time, ∆t. During this

time, the actual heading rate may change a fair amount. Therefore, the convergence

of the heading rate implies the convergence of the heading rate estimate averaged

over the filter step time.

The measurement covariance matrix in traditional integration schemes is formed

by the variances of the GPS measurements. The Easting and Northing coordinate

variances are taken from the GPS LSQ adjustment. The heading variance is taken as

the variance of the heading derived with the GPS velocities. Thus, the measurement

covariance matrix can be formed according to

R =




V ar
(
EGPS,tk+1

)
0 0

0 V ar
(
NGPS,tk+1

)
0

0 0 V ar
(
HGPS,tk+1

)


 (7.12)

Even in a signal-degraded environment, the estimated variances of the position solu-

tion after the LSQ adjustment may be quite small due to the lack of redundancy and

possible multiple (correlated) blunders in a single epoch. The proper modeling of
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the covariance of the measurements is essentially the key to a successful navigation

solution in such environments. As will be shown in Chapter 8, such modeling of the

measurement error covariance matrix as given by Equation 7.12 is not optimal in

the real signal degraded environment.

It is proposed to use an alternative approach to modeling the measurement error

covariance matrix based on the UERE parameter for a given environment and mea-

sured DOP parameters. As has been discussed in Chapter 6, UERE values can

potentially be adjusted autonomously for a given environment and together with

DOP values can represent the HSGPS errors better that the least squares residuals.

The heading is not represented by the UERE value, since in this case it will be very

large and the heading measurement will be largely de-weighted during the filtering.

In this case, the R matrix can be formed as

R = diag
([

(UERE · EDOP )2 (UERE ·NDOP )2 V ar (H)
])

(7.13)

where

UERE . . . is the user equivalent range error for a given environment, and

EDOP . . . is the Easting dilution of precision, and

NDOP . . . is the Northing dilution of precision, and

V ar (H) . . . is the variance of the derived heading measurement.

The parameters of the measurements’ covariance matrix will be discussed for every

experimental result presented in the next chapter.

Once the state vector and all necessary matrices are modeled, the measurement

update to the linearized state vector is computed according to

∆ [x]tk+1
= Ktk+1

(
[z]tk+1

−H [x]∗tk+1

)
(7.14)
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where

Ktk+1
. . . is the Kalman gain matrix at the epoch of GPS update at time tk+1

and is computed according to Equation 3.11.

The final optimal estimate of the state vector at time tk+1 is computed as

[x]+tk+1
= [x]+tk + [x]∗tk+1

+ ∆ [x]tk+1
(7.15)

The horizontal position accuracy of the filtered solution can be estimated from the

error covariance matrix of the estimates, P. The two first components of the state

vector are estimated Easting and Northing user coordinates. Therefore, the distance

root mean square (DRMS) error can be computed from the error covariance matrix

and is given by

DRMS =
√

P+
tk

(1, 1) + P+
tk

(2, 2) (7.16)

where

P+
tk

. . . is the updated error covariance matrix of the estimates at time tk.

7.2.1 Pedestrian Trajectory Constraint

For pedestrian navigation, some additional constraints can be applied. In the exper-

imental results chapter, it will be shown that the step-length estimates may reach

significant values for several consecutive epochs. The step length is observed in

the filter through the position variables and thus is also affected by the blunderous

HSGPS measurements. The step-length values for an average person during normal

walking hardly ever exceed 1 metre. In the designed filter, the step-length value to

propagate the PDR position forward at epoch tk+1 is taken as the optimal estimate

of the step-length estimate at the previous epoch, that is as S+
tk

. The following
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(truly pedestrian) constraint can then be applied. If the estimated step-length value

exceeds a certain threshold, then it is reset to the predefined constant value. This

step-length bounding condition can be written as

if
∣∣S+

tk
− Sthr

∣∣ > δs; then, S−tt+1
= Sthr (7.17)

where

S+
tk

. . . is the step length estimate at epoch tk, and

Sthr . . . ia a constant step length, and

δs . . . is the step length threshold value.

The value of Sthr can be seen as the assumed average step-length value, which can be

calibrated in the area with good GPS visibility or simply assumed constant. In the

step-length calibration in the open sky environment is not available, for an average

person walking normally, this parameter can be taken as 0.7 metres (Collin et al.,

2003b). The value of the threshold, δs, can be seen as the 1σ deviation of the

averaged step length from the true step-length values for a given stochastic error

model. This approach of bounding the step length is later referred to as step-length

limiting. This is a valid constraint to apply considering the poor quality of the GPS

data and the proposed random-walk model for step-length error.

The next section will discuss the reliability testing issues of the integrated solution

and its applicability to the real environment.

7.3 Reliability Testing of the Integrated Solution

Similar to the RAIM algorithm that is applicable to GPS data, a statistical test can

be performed on the Kalman innovation sequence to detect an inconsistency between
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the model prediction and the measurement update. The normalized sum of the

squared innovations (SSI) affected by a blunder should belong to the χ2 distribution

with the non-centrality parameter mean (Ryan, 2002) and can be written as

SSI = ∇T ·P+
tk+1

· ∇ (7.18)

where

P+
tk+1

. . . is the updated covariance matrix of the estimate vector, and

∇ . . . is the vector containing a blunder.

This is similar to RAIM algorithm testing and can then be applied to SSI with the

chosen parameters of α and β for the false alarm and false rejection rates. The same

assumption here must hold, that is the presence of only one blunder component

in the ∇ vector at a time. Considering the signal environment, such an assumption

clearly will not hold, as has been seen in the case of the RAIM applied directly to the

HSGPS data. The largest measurement blunder in the measurement update vector

cannot be rejected because, in this case, the system will become unobservable. If the

inconsistency is detected, the whole vector of measurements must then be rejected.

This brings up another significant problem with the application of this method to

the integrated solution. If numerous consecutive measurements are rejected based on

the testing of the SSI, the system will propagate the solution only in the PDR mode.

In this case, the error covariance matrix of the estimated state vector will grow. This

may eventually force such integrity testing to accept a blunderous measurement that

will decrease the error covariance matrix of the solution. This, in turn, will increase

the probability that later an accurate solution will not be accepted, as the solution

will be affected by a significant blunder that ”dragged” the solution vector away

from the true values.
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In other words, this method may in fact be more dangerous when compared to the

RAIM method applied directly to the HSGPS data. When two systems are used

in the integrated solution, it is simply not known which of the individual system

solutions, that is either the propagation or the measurement update, contains an

error. This uncertainty only grows when numerous rejections are made based on the

statistical testing of the SSI parameters.

Therefore, one should perform statistical testing on the HSGPS data only, as has

been described in the previous chapter. In chapter 8), it will be noted in each case

what type of RAIM algorithm has been applied to the HSGPS data before it is input

into the Kalman filter in the form of measurement updates.

7.4 Practical Considerations

Initialization of any integrated navigation system is a major concern which frequently

forces us to introduce and rely on various assumptions. For an independent (and,

most importantly, practical) system, any assumption is a nuisance that frequently

diminishes the advantages gained by the proposed algorithm. Imagine a pedestrian

navigation system manual instructing us to first find a spot with a clear view of the

sky, and then remain there for 10 minutes in order to navigate. Clearly, it is highly

unlikely that this product will be of much interest to anyone.

When it is first turned on, any dead reckoning system operation first has to obtain an

initial absolute position (and attitude) fix from GPS. If the system is started in a very

harsh signal environment (or even indoors) and no GPS is available, then no output

can be provided. Potentially, the only output the PDR system can provide is the step

count, and nothing more. Once a reliable (after RAIM algorithm) HSGPS solution

becomes available, the filter must be initialized to these values since no other means
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of initialization is available. If this position fix happens to be an undetected outlier,

it may take a long time to recover the integrated solution before it returns to the true

position proximity. In fact, poor position initialization is another negative aspect for

the application of the reliability analysis to the integrated solution. The user heading

is calculated from the HSGPS velocities only when the PDR system detects that the

user is walking. The initial covariance matrix can therefore be directly assigned from

the HSGPS data and the uncertainty in the PDR model parameters, step length and

heading rate.

7.4.1 PDR Data Interpolation

In filter mode 1 (walking, GPS is available), the GPS epoch times are chosen as

the filter epochs, with, essentially, 1 second intervals. Since the user may make more

than 1 full step during this second, the PDR data-heading rate needs to be averaged.

The heading rate measurement, H̄Rtk,tk+1
, used to propagate the filter forward can

be computed as

H̄Rtk,tk+1
=

∫ tk+1

tk
HR (t) dt

tk+1 − tk
(7.19)

where

HR (t) . . . is the heading rate of the user computed with higher rate from the

PDR data, usually, with 20 Hz or higher.

Also, in mode 1, a portion of the step length that the user has made before the

filter epoch time needs to be taken into account (Section 7.1.1). Between the update

epochs the user is assumed to be walking with a constant step length. The as-

sumption of the random walk step-length model implies that without measurement

updates the best estimate is the previous step-length value. This portion of the step
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can be approximated as (Figure 7.1)

∆S =
ti+1
GPS − tjPDR

tjPDR − tj−1
PDR

· Stk (7.20)

All partial and whole user step-lengths need to be summed up to be input into the

filter propagation loop. The assumption of a constant step-length model during one

epoch length does not introduce significant error, due to the small filter step size in

this mode, which is one second. If some additional step-length measuring techniques

were available, such as shoe-mounted inertial (Stirling et al., 2005) or RF (Brand

and Phillips, 2003) sensors, step-length modeling and estimation could be made more

accurate.

7.5 Simulation Analysis

In order to verify and demonstrate the performance of the developed PDR/GPS

Kalman filter, a simulation analysis needs to be carried out. A simulated true pedes-

trian trajectory with respect to this analysis is performed as shown in Figure 7.6.

The trajectory consists of eight straight segments with 600 full steps performed by

the user. Also, a 35-second stop is simulated and is shown in the upper left corner

of the trajectory. Figure 7.6 also shows the number of steps performed by the user

in every straight portion of the trajectory. While the user is walking, two simulated

GPS date gaps are shown in two different colours along the trajectory. The total

walking time is equal to 455 seconds. The parameters of the simulated PDR and

GPS data are summarized in Table 7.5.

The simulation of the data gaps is performed to demonstrate the PDR solution

drift over the time intervals when GPS is unavailable. In reality, the GPS outage

is usually preceded by the sudden or gradual degradation of DOP and increased
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noise and multipath effects. All these effects can cause the last GPS update before

the data gap to be erroneous that accordingly affects the errors of the PDR-only

solution. Such situations will be better shown on the real field data rather than the

simulations.

Figure 7.6: Simulated Test Trajectory

The simulated PDR and GPS trajectories and position estimated by the PDR/GPS

filter when no GPS data gaps and no GPS outliers are simulated, are shown in

Figure 7.7. The simulated PDR trajectory is computed assuming the known initial

heading to demonstrate how the PDR-only solution drifts over time without any GPS

updates. As can be seen from the results of this figure, the estimated trajectory is

fairly accurate and follows the true simulated trajectory very well. This is due to

the fact that accurate GPS data is available along the entirety of the walking path.
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Table 7.1: Summary of Simulated PDR and GPS data for The Simulation Analysis

Test Length: 600 steps; ≈400 metres loop; 455 seconds
PDR Step Length: 0.7 metres
PDR Step Length Error: 0.1 metres (1σ)
PDR Heading: Integrated Random Walk with 300 deg/h bias
GPS Positions Errors: 2.2 metres (1σ)
GPS Velocity Errors: 3 cm/sec (1σ)
GPS Positions Outliers: during [300; 330], 30 metres Easting bias
GPS Data Gaps: between [55; 155] and [330; 420] seconds

Figure 7.8 shows the true, simulated and estimated step lengths, heading and heading

rate parameters of the user. The root-mean square (RMS) errors of the estimated

parameters with respect to the true simulated values for the whole test are given

in Table 7.5. The poor estimates of the step length and, especially, the heading

rate are mostly due to the fact that these parameters are not directly observable.

The GPS data is fairly accurate (2.2 m 1σ), but it still represents a code solution

and thus is quite scattered around the true path. Therefore, the position updates

frequently occur ”behind” the propagated position based on the PDR data. This

makes the convergence of the step-length parameter to a centimetre value practically

impossible. During the sharp user turns, the heading rate estimate is poor due to the

averaging of the heading rate measurement (section7.4.1) and due to the estimated

time lag of the Kalman filter.

Table 7.2: RMS Errors of the Estimated Results for Test 1
DRMS Position Error: 1.2 metres
RMS Step Length Error: 0.35 metres
RMS Heading Error: 0.15 rad
RMS Heading Rate Error: 0.4 rad/sec

The Kalman filter modes are shown in Figure 7.8. In this simulation, the filter

operates only in Mode 1 (Walking, GPS Available) and Mode 2 (Static, GPS Avail-
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Figure 7.7: Test1. Simulated PDR and GPS Trajectories and the PDR/GPS Filtered
Solution: No GPS Data Gaps and No GPS Outliers

able). During the whole simulation, the filter runs on GPS time, since GPS is always

available.

In the next simulation, two GPS data gaps are simulated. The time periods of these

GPS data gaps are given in Table 7.5. The filter switches to mode 3 (Walking, No

GPS) during the GPS gaps. In this mode, the solution is propagated in a pure

PDR mode. This prediction is based on the last estimated step length and heading

parameters when GPS was available. The heading rate and the step count are the

only measurements available from the PDR system during this time. Figure 7.9

shows the simulated PDR trajectory, the simulated GPS trajectory and the result of

PDR/GPS filtering when two GPS data gaps are simulated. Figure 7.10 shows the

true, simulated and estimated step lengths, heading and heading rate parameters of

the system for this simulation.

In this simulation, the estimation accuracy is poorer than in the previous case where
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Figure 7.8: Test 1. Simulated and Estimated Step Length, Heading and Heading
Rate Parameters: No GPS Data Gaps and No GPS Outliers

there were no GPS gaps. The DRMS errors in the estimated parameters with respect

to the true simulated values are given in Table 7.5. In this case, the position DRMS

error is equal to 10 metres. The largest 2D error is equal to 30.8 metres and happens

at the end of the second data gap. Considering the time of the gap, almost 100

seconds, this error is still very small considering the quality of the simulated gyros

(300 deg/hour equivalent biases). In this test, the filter runs in a total of 3 modes,

that is Mode 1 (Walking, GPS Available), Mode 2 (Static, GPS Available), and

Mode 3 (Walking, No GPS).

Table 7.3: RMS Errors of the Estimated Results for Test 2: Two GPS Data Gaps
are Simulated

DRMS Position Error: 10.2 metres
RMS Step Length Error: 0.33 metres
RMS Heading Error: 0.6 rad
RMS Heading Rate Error: 0.43 rad/sec
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Figure 7.9: Test 2. Simulated PDR and GPS Trajectories and the PDR/GPS Filtered
Solution: Two GPS Data Gaps are Simulated

In the next simulation (Test 3), the presence of several consecutive GPS position

outliers is simulated (Table 7.5). The position accuracy of these outliers remains the

same for all other position GPS solutions, that is 2.2 m 1σ. This demonstrates how

the filter reacts to the presence of blunders with poor accuracy estimates. Figure

7.11 shows the simulated PDR trajectory, the simulated GPS trajectory and the

results of PDR/GPS filtering when 30 consecutive outliers are present in the GPS

data. Figure 7.12 shows the true, simulated and estimated step length, heading and

the heading rate parameters of the system for this simulation. The RMS errors of the

estimated parameters with respect to the true simulated values are given in Table

7.5.

In this case, the effect of these outliers on the filter estimates is not very significant.

This is due mostly to the fact that the outliers occur after a relatively long period

of time when good GPS data is available. In this case, the covariance matrix of



153

Figure 7.10: Test 2. Simulated and Estimated Step Length, Heading and Heading
Rate Parameters: Two GPS Data Gaps are Simulated

Table 7.4: RMS Errors of the Estimated Results: GPS Outliers are Simulated
DRMS Position Error: 2.1 metres
RMS Step Length Error: 0.36 metres
RMS Heading Error: 0.21 rad
RMS Heading Rate Error: 0.46 rad/sec

the estimates is small, and these GPS blunderous position updates do not affect the

Kalman gain matrix much. This situation is very different from the situation in Test

2, when GPS data gaps are simulated. In Test 2, when the system navigates in PDR

(prediction) mode during the data gap, the PDR errors grow with the estimation

covariance matrix, and when the GPS update becomes available, the states rather

quickly converge to the GPS values (as can be seen in Figure 7.9 when the position

quickly jumps to the first available GPS update).

The outliers, even consecutive, do not affect the steady filter performance much.

On the contrary, outliers present a great challenge when they take place at the end
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Figure 7.11: Test 3. Simulated PDR and GPS Trajectories and the PDR/GPS
Filtered Solution: GPS Outliers are Simulated

of the PDR-only navigation period. The longer this period, the larger the effect

of a potential outlier on the estimated parameters. This situation (a possible GPS

outlier after a certain PDR-only navigation) presents one of the biggest challenges in

PDR/HSGPS Kalman filtering in downtown areas. The largest problem lies in the

proper covariance modeling. If the designed model and filter do not rely on many

assumptions, this situation is nearly impossible to resolve. After a long PDR-only

navigation, a GPS position update may be nowhere near the current PDR estimate.

The fact is, one cannot know whether it is a good GPS update or a blunder due to

the large element of uncertainty after PDR-only navigation.

7.5.1 Experimental Results in Open Sky Environment

In order to show the functionality of the filter on the field data, the filtering is applied

to the data collected in an open sky environment. The test has been performed in an
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Figure 7.12: Test 3. Simulated and Estimated Step Length, Heading and Heading
Rate Parameters: GPS Outliers are Simulated

open sky parking lot. In this environment, no GPS data gaps and no large outliers

are present in both position and velocity domains. The test description and the PDR

data of this test have been described and demonstrated in Section 5.3. Figure 7.13

shows the LSQ HSGPS data and the Kalman filtered solution of this test.

In this case, the HSGPS measurement covariance matrix is formed based on the

variances of the LSQ solution. As can be seen from the results of this figure, the

filtered solution is smoother and well approximates the truth trajectory that has

been walked by a test person. In such good GPS signal environment, filtering of

the GPS data is not problematic and a smooth trajectory can be obtained with the

proposed filter.
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Figure 7.13: Results of Kalman Filtering of the Open Sky HSGPS Data



Chapter 8

Experimental Results

In this chapter, the experimental results of the sensor-aided HSGPS pedestrian nav-

igation system in signal-degraded, downtown areas are presented.

8.1 Experimental Analysis Approach

To analyze the performance of the proposed PDR/HSGPS integration algorithm,

numerous field tests have been conducted. In this chapter, an analysis is carried

out on four statistically representative pedestrian walking tests. All tests have been

performed in the Calgary downtown core environment. A description of downtown

Calgary is given in Chapter 6 on the analysis of stand-alone HSGPS performance.

It seems that the PDR system provides many advantages in filtering the HSGPS

data. In a good GPS-signal environment, such as an open sky, this is certainly true.

The GPS-obtained trajectory can be smoothed through the process of integration

with the PDR system, as has been shown in the simulation analysis section of the

previous chapter. Rarely (or never) occurring GPS outliers or GPS data gaps make

the situation practically problem-free for the PDR/GPS filter. Essentially, in a good

GPS-signal environment, sensor aiding is not needed at all since it cannot improve

the absolute accuracy of the system; it can only improve the relative precision of the

results. Data from a self-contained sensor unit is truly needed in signal-degraded

areas, where this unit can aid in filtering out large position blunders that may not

be detected by autonomous GPS integrity-monitoring algorithms such as RAIM.

157
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Throughout this thesis, it has been shown that the pedestrian dead reckoning algo-

rithm provides a great advantage for people navigating on foot. However, it is im-

portant to remember that this system is a relative navigation system like any other

inertial-based navigation system. Also, a PDR system based on low-cost MEMS

inertial sensors has very large gyro bias drift rates (∼ 300 deg/h) that without ac-

curate GPS updates simply cannot be estimated. The proposed methodology and

the analysis presented in this thesis, and the results shown in this chapter, do not

rely on many assumptions that would make the system ad-hoc and the results quite

useless. In research analysis, a fine-tuning of Kalman filter parameters for every test-

ing scenario is frequently performed in order to obtain better results in post-mission

analysis. This approach can certainly improve the results on a test-to-test basis, but

it cannot really be considered practical and worth investigating. In this chapter, no

particular assumptions or filter tuning for each test are used that would jeopardize

the applicability of this system for a real-world application. Even though the anal-

ysis is performed in post-mission mode, no future information of any kind is used.

In addition, no assumptions, such as we know it is an outlier because we see it on

the map as an outlier, or fine-tuning of the filter using apriori information about the

environment will be used. Some constraints still need to be introduced; they will be

discussed below.

Two of the goals of this thesis are as follows: first, to demonstrate what degree of

accuracy can be achieved in the very poor signal conditions of a downtown area;

and second, to show how well the accuracy of the solution can be estimated using

two very low-cost and low-maintenance independent systems. By low-maintenance

it is meant that the HSGPS solution is obtained in a single-point mode without

any differential corrections. The low-cost and low-maintenance sensor unit implies a

small sensor unit that can be attached to the user’s belt and transmit data via IR
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or Bluetooth link to a mobile computing device such as a PDA or a cell-phone.

For each test, four processing scenarios are considered. The four scenarios are dif-

ferent in how they model the measurement error covariance matrix and how they

use the RAIM algorithm in LSQ GPS processing. It has been shown in Chapter 6

that the global test applied to HSGPS data provides reasonable results. The ma-

jor position outliers, with hundreds of metres and kilometre-level errors, are almost

always reliably detected. However, the local testing, that is the attempt to remove

the measurements with the largest LSQ residuals, provides somewhat unreliable es-

timates of position accuracy. The solution at many epochs frequently becomes even

more scattered around the true trajectory. Therefore, it is advisable to analyze only

the global test RAIM applied to the HSGPS data. The four processing scenario

strategies are summarized below.

8.1.1 Scenario A

In the first processing scenario, all HSGPS LSQ single-point position and velocity

fixes are taken as the measurements in the Kalman filter. The measurement error

covariance matrix is formed according to Equation 7.12 from the variances of the

solution accuracy after the LSQ adjustment procedure. The variance of the heading

measurement derived from GPS velocities is taken as a constant value of 30 deg 1σ

value.

The PDR system errors are modeled according to the random walk stochastic models

described and analyzed in Chapter 5. The parameter of the step-length error is taken

as 0.1 m 1σ value. The heading rate error is modeled as a random walk with noise

of 10−3 deg/sec (1σ) value. This model for the PDR system accurately represents

the behaviour of the system. For all the scenarios analysed, the same parameters for
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the process noise of the PDR system will be used.

8.1.2 Scenario B

In this scenario the measurement error covariance matrix, R, is modeled adaptively

to the geometry of the solution and the modeled UERE for a certain environment.

It has already been seen that proper modeling of the measurement error covariance

matrix is the key to successful Kalman filtering. As will be shown below, the forming

of the measurement covariance matrix based on the LSQ solution variances (Scenario

A) provides very poor estimates of the HSGPS solution accuracy. This approach in

modeling the HSGPS measurement error covariance matrix is referred as UERE-

based. In this analysis, the UERE value is empirically taken as 70 metres.

Also, in this scenario the step limiting constraint is applied. In the results of Scenario

A, it will be shown that the step-length estimates may reach very significant values

for several consecutive epochs. Since no accurate initialization is available in the

considered test scenarios, the step length must be assumed constant and the error

estimated in the Kalman filter. The average step length is taken as 0.7 metres. The

limiting step length threshold value is taken as 0.1 metres as a 1σ value of the random

walk process.

8.1.3 Scenario C

In this processing scenario, only the HSGPS solutions that passed the global test and

are considered accepted for Kalman filter updating should be used. This will avoid

having very large position and velocity outliers from slipping through as measurement

updates into the Kalman filter. The availability of the filter updates in this case is

decreased, leaving the filter to operate more in the prediction mode.
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The measurement error covariance matrix used in this scenario is the proposed

UERE-based. Also, the step-length limiting constraint will be applied.

8.1.4 Scenario D

In such environment as a downtown area, there are quite few HSGPS solution epochs

that do not have redundancy in observations for the RAIM analysis to be performed.

In this scenario, the HSGPS solutions that passed the global test and the solutions

that did not have redundancy in observations are considered for Kalman filter up-

dating. The UERE-based HSGPS covariance matrix is used and the step-length

limiting constraint is applied.

A summary of the important differences and the processing parameters is given in

Table 8.1.4.

Table 8.1: Summary of the Considered Integration Scenarios
PDR HSGPS RAIM HSGPS R matrix

Scenario A: No constraints No RAIM LSQ-based
Scenario B: Step length constraint No RAIM UERE-based
Scenario C: Step length constraint GT1 UERE-based
Scenario D: Step length constraint GT1 and NR2 UERE-based
GT1 - RAIM Global Test passed epochs are accepted
NR2 - RAIM No redundancy epochs are accepted

8.2 Accuracy Assessment of The Estimated Solution

For all tests, the estimated DRMS errors are computed and plotted along with the

calculated 2D horizontal errors of the solution computed at the marked trajectory

points with respect to the digital map as has been discussed in Chapter 6. It will

be shown that for some scenarios, the estimated DRMS accuracy estimates give a
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decent representation of the actual 2D accuracy of the solution at the control points.

For the step length, heading and heading rate parameters, no accurate reference is

available. These parameters will therefore be plotted only for some cases to demon-

strate the step-length limiting constraint. The position solution for the proposed

system is of primary interest anyhow.

Also, for all tests, a PDR-only solution is plotted to demonstrate the performance

of this low-cost PDR system. In calculating these PDR solutions, the PDR data is

processed in a pure PDR mechanization mode assuming a known initial heading. In

every test, the drift of this solution will obviously be seen.

In the following sections the results of the four tests are analyzed for every considered

processing scenario.

8.3 Test 1

The first analyzed test is the test that was discussed in Chapter 6. The testing

trajectory is plotted on the digital map of Calgary and is shown in Figure 8.1. The

total test time is approximately 30 minutes.

The position results for Scenario A are shown in Figure 8.2. The step length, heading

and heading rate parameters are shown in Figure 8.3. The horizontal accuracy of

the solution is computed at the marked points along the trajectory. The estimated

kinematic DRMS position error and the accuracy of the solution at the marked points

is shown in Figure 8.4.

As can be seen from these results, the integrated solution is very inaccurate. It

can hardly be called an improvement when compared to the stand-alone HSGPS

solution. The very poor HSGPS accuracy estimates obtained in the LSQ adjustment
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Figure 8.1: Test 1. Downtown Walking Trajectory

procedure account for this poorly integrated inaccurate result. The Easting and

Northing HSGPS variances obtained in the LSQ adjustment procedure clearly give

an inaccurate representation.

Figure 8.3: Test 1, Scenario A. The Estimated Step length, Heading and Heading
Rate Parameters
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Figure 8.2: Test 1, Scenario A. The Reference, HSGPS, PDR-only and Estimated
Position Solutions

In this scenario, the step-length parameter is also poorly estimated. When no addi-

tional constraints are applied to the step length, it is significantly affected by position

blunders. The propagation of the filter at the following epoch is also erroneous. The

average 2D-position accuracy computed at the marked points is approximately 115

metres. The estimated accuracy, though, is much smaller. This contributes to im-

proper modeling of the HSGPS measurement covariance matrix by the LSQ solution

variances. The availability of the HSGPS solution in this test scenario is 94%, and

the availability of the integrated solution is obviously 100%.
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Figure 8.4: Test 1, Scenario A. Estimated DRMS Kinematic Errors and Measured
2D Errors at Marked Points

The performance of the PDR-only position solution should also be noted (shown in

Figure 8.2 in red), where a constant step length of 0.7 metres is assumed. In a test

taking almost 30 minutes, the final 2D error is approximately equal to 700 metres.

This result still outperforms the classical inertial mechanization schemes by a large

margin. Also, this PDR-only navigation accuracy follows the accuracy analysis of

the PDR systems for the constant step-length bias quite well (Chapter 5).

In the next processing scenario, Scenario B, the HSGPS covariance matrix is formed

based on the modeled UERE value for the downtown (taken as 70 metres) and DOP

parameters. Also, the step-length limiting constraint is applied to limit the filter

errors in the prediction mode. The position results for Scenario B are shown in Figure

8.5. The step length, heading and heading rate parameters are shown in Figure 8.6.

The horizontal accuracy of the solution computed at the marked trajectory points is

plotted versus the estimated kinematic DRMS position error and is shown in Figure

8.7.
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Figure 8.5: Test 1, Scenario B. The Reference, HSGPS, PDR only and Estimated
Position Solutions

Figure 8.6: Test 1, Scenario B. The Estimated Step length, Heading and Heading
Rate parameters
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Figure 8.7: Test 1, Scenario B. The Estimated DRMS Error and Measured 2D Errors
at Marked Points

The results of this scenario are much better than in Scenario A. The estimated

trajectory more closely approaches the true reference trajectory the user has walked.

By modeling the measurement covariance matrix, the effects of very large HSGPS

position blunders are significantly decreased on filter performance. In this way, the

weighting is more optimally distributed between the PDR and HSGPS measurements

than in test scenario A. The step-length estimate is limited by a predefined threshold

value for more than one epoch. This also contributes significantly to the overall

accuracy improvement of the estimation. The DRMS results shown in Figure 8.7

now more closely match the surveyed 2D position accuracy at the marked points.

In the next processing scenario, Scenario C, only the HSGPS solutions that pass the

RAIM global test are accepted as measurement updates into the filter. This decreases

the overall availability of the HSGPS solution from 96% to 43%. Figure 8.8 shows the

position results achieved in this processing scenario. The DRMS estimated position

error during the whole test is plotted in Figure 8.9 along with the 2D position errors
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at the marked points.

Figure 8.8: Test 1, Scenario C. The Reference, HSGPS, PDR only and Estimated
Position Solutions

The results of this scenario are comparable to the results from Scenario B. Here, the

filter operates longer in the prediction mode, since the availability of the updated

HSGPS drops down almost twice. Several PDR-like stretches of the position solution

can be seen in this case. Also, a few more position jumps can be observed. This is

due to the fact that longer navigation in PDR mode causes the filter to accept the

position and velocity solution rather quickly due to the growing covariance matrix

of the estimates.

The position results of the last scenario considered (D) are plotted on Figures 8.10.

The DRMS estimated position error during the whole test is plotted in Figure 8.11

along with the 2D position errors at the marked points.
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Figure 8.9: Test 1, Scenario C. The Estimated DRMS Error and Measured 2D Errors
at Marked Points

Figure 8.10: Test 1, Scenario D. The Reference, HSGPS, PDR only and Estimated
Position Solutions
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Figure 8.11: Test 1, Scenario D. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

In Scenario D, the availability of the HSGPS solution has been increased by 17%

when compared to Scenario C, where only epochs accepted after RAIM are taken as

measurement updates. The overall HSGPS solution availability is 60%. The overall

position accuracy has not been improved by much, but some improvement is still

observed. The average 2D position accuracy computed at the marked points is 75

metres, the smallest among the considered scenarios. This difference is not very

statistically significant.

The summary of DRMS position errors at the marked points for all four processing

scenarios is given in Table 8.3.

From the results of this test and the four considered processing scenarios, Scenarios

B, C and D are nearly equivalent in their estimated position accuracy. This demon-

strates that the HSGPS measurement error covariance matrix is better represented

by the UERE-based approach than by variances in the solution after the LSQ ad-
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Table 8.2: Test 1: Horizontal Position Errors of the Estimated Solution at Marked
Points (in metres)

Marked Point: Scenario A Scenario B Scenario C Scenario D
Point 1: 25 25 25 25
Start 2: 132 34 35 34
Start 3: 209 178 184 179
Start 4: 41 96 127 100
Start 5: 124 109 196 120
Start 6: 110 91 112 115
Start 7: 98 77 62 59
Start 8: 129 160 123 119
Start 9: 56 32 19 19
Start 10: 56 61 78 52
Start 11: 14 26 28 22
Start 12: 383 75 34 19
AVERAGE: 115 80 85 75

justment. Also, the step-limiting constraint is beneficial in this signal environment,

since it allows the filter to more accurately perform in prediction mode.

8.4 Test 2

The second test trajectory is shown in Figure 8.12. The test time is around 40 min-

utes. Along the trajectory, 10 points at the street intersections have been manually

time-marked for horizontal position accuracy analysis.

The position results for Scenario A are shown in Figure 8.13. The step length,

heading and heading rate parameters are shown in Figure 8.14. The horizontal

accuracy of the solution is computed at the marked points along the trajectory. The

estimated kinematic DRMS position error and the accuracy of the solution at the

marked points is shown in Figure 8.15.
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Figure 8.12: Test 2. Downtown Walking Trajectory

Similar to Test 1, the accuracy of the integrated solution is very poor. Barely any

improvement can be observed in the integrated solution. The Easting and Northing

HSGPS variances obtained in the LSQ adjustment procedure in this case also do not

represent the accuracy of the HSGPS measurements very well.

Figure 8.14: Test 2, Scenario A. The Estimated Step length, Heading and Heading
Rate Parameters
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Figure 8.13: Test 2, Scenario A. The Reference, HSGPS, PDR-only and Estimated
Position Solutions

Since no step-length constraint is applied in this scenario, step-length estimates

are also very poor. The average 2D position accuracy computed at the marked

points is 350 metres and is affected by several very large solution blunders. The

estimated accuracy, though, is again much smaller due to improper modeling of the

R matrix. The availability of the HSGPS solution in this test scenario is 95%, and

the availability of the integrated solution is 100%.
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Figure 8.15: Test 2, Scenario A. The Estimated DRMS Kinematic Errors and Mea-
sured 2D Errors at Marked Points

The performance of the PDR-only position solution is also very poor. The trajectory

is somewhat similar to the true trajectory, but the heading drift and the approximate

assumption of the constant step length cause an accumulation of errors. The final

PDR-only 2D position error is approximately 200 metres, and the heading drift is

about 100 degrees.

As in the first test, the results of Scenario B are also better than the results of Scenario

A. The position results for scenario B are shown in Figure 8.16. The step length,

heading and heading rate parameters are shown in Figure 8.17. The horizontal

accuracy of the solution computed at the marked trajectory points is plotted versus

the estimated kinematic DRMS position error and is shown in Figure 8.18.
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Figure 8.16: Test 2, Scenario B. The Reference, HSGPS, PDR only and Estimated
Position Solutions

Figure 8.17: Test 2, Scenario B. The Estimated Step length, Heading and Heading
Rate parameters
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Figure 8.18: Test 2, Scenario B. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

In this case, the estimated trajectory more closely resembles the reference trajectory.

The DRMS results shown in Figure 8.18 also more closely match the surveyed 2D

position accuracy at the ten marked points.

In Scenario C, only the HSGPS solutions that pass the RAIM global test are accepted

as measurement updates into the filter. This availability of the HSGPS solution

becomes 30%. Figure 8.19 shows the position results achieved in this processing

scenario. The DRMS estimated position error during the whole test is plotted in

Figure 8.20 along with the 2D position errors at the marked points.

In this scenario, the filter operates most of the time in the prediction mode (PDR

navigation). This can be seen as several long stretches of the estimated trajectory,

which are very similar to the PDR-only solution. In this case, the accuracy of the

solution does not increase by much, even though by applying RAIM testing, major

outliers were removed from the measurement updates. Two things contribute to
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Figure 8.19: Test 2, Scenario C. The Reference, HSGPS, PDR only and Estimated
Position Solutions

the poor estimation results in this case: one is the long-term navigation in the

prediction mode, and the other is the erroneous estimation of the heading prior to

the filter prediction mode. Once the filter starts navigating in the prediction mode,

it simply propagates the last optimal heading estimate with the PDR heading rate

measurements. In this situation, the PDR errors are minor compared to the large

heading bias of the filter from the previous epoch.

The position results of the last scenario, Scenario D, are plotted on Figure 8.21. The

DRMS estimated position error during the whole test is plotted in Figure 8.22 along

with the 2D position errors at the marked points.
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Figure 8.20: Test 2, Scenario C. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

Figure 8.21: Test 2, Scenario D. The Reference, HSGPS, PDR only and Estimated
Position Solutions
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Figure 8.22: Test 2, Scenario D. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

By allowing the filter updates to accept the solutions that are marked ”no redun-

dancy”, availability in this case is increased by only 3 epochs. The position results

are thus very similar along the whole trajectory path except for the middle portion,

where these 3 updates slightly improve the estimated results.

A summary of the DRMS position errors at the marked points for all four processing

scenarios for Test 2 is given in Table 8.4.

Three scenarios are again very equivalent in the estimation results accuracy, and

they are Scenarios B, C and D. In this test, though, preference should be given to

Scenario B, even though Scenario D shows slightly better accuracy at the control

points.



180

Table 8.3: Test 2: Horizontal Position Errors of the Estimated Solution at Marked
Points (in metres)

Marked Point: Scenario A Scenario B Scenario C Scenario D
Point 1: 9 50 92 92
Start 2: 129 135 120 120
Start 3: 76 75 75 75
Start 4: 17 37 74 74
Start 5: 19 13 42 42
Start 6: 73 23 179 104
Start 7: 77 74 148 76
Start 8: 3066 230 72 64
Start 9: 71 92 87 86
Start 10: 29 123 101 101
AVERAGE: 357 85 99 83

8.5 Test 3

The third test trajectory is shown in Figure 8.23. The test time is a bit shorter

than the first two, lasting around 20 minutes. Also, 10 control points at street

intersections have been manually time-marked along the trajectory for horizontal

position accuracy analysis. In this test, only position domain results will be shown

and discussed for every processing scenario.

The position results for Scenario A are shown in Figure 8.24. The estimated kine-

matic DRMS position error and the accuracy of the solution at the marked points is

shown in Figure 8.25.

Similar to Tests 1 and 2, these integration results can hardly be seen as an improve-

ment. Due to improper modeling of the measurement error covariance matrix, this

processing strategy essentially does not provide any improvement to the HSGPS

stand-alone solution.
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Figure 8.23: Test 3. Downtown Walking Trajectory

Figure 8.25: Test 3, Scenario A. The Estimated DRMS Kinematic Errors and Mea-
sured 2D Errors at Marked Points

The performance of the PDR-only position solution is also very poor. The trajectory

is only vaguely similar to the true walked trajectory. The final 2D position error in

the PDR-only solution is nearly 600 metres. The heading error is almost 150 degrees
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Figure 8.24: Test 3, Scenario A. The Reference, HSGPS, PDR-only and Estimated
Position Solutions

after 20 minutes of navigation.

The results of Scenario B show significant position accuracy improvements, which

are shown in Figure 8.26. The horizontal accuracy of the solution computed at the

marked trajectory points is plotted versus the estimated kinematic DRMS position

error and is shown in Figure 8.27.
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Figure 8.26: Test 3, Scenario B. The Reference, HSGPS, PDR only and Estimated
Position Solutions

Figure 8.27: Test 3, Scenario B. The Estimated DRMS Error and Measured 2D
Errors at Marked Points
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In this scenario, the estimated trajectory shape is very close to the true one. In

the northeast corner of the trajectory, the solution is still dragged away by a series

of consecutive outliers. The average 2D accuracy of the estimated position solution

computed with respect to the marked points is only 42 metres. Considering the

environment and the PDR data, this result can be considered very good.

In Scenario C, only the HSGPS solutions that pass the RAIM global test are accepted

as measurement updates into the filter. This availability of the HSGPS solution

becomes very small, less than 30%. Figure 8.28 shows the position results achieved

in this processing scenario. The DRMS estimated position error during the whole

test is plotted in Figure 8.29 along with the 2D position errors at the marked points.

Figure 8.28: Test 3, Scenario C. The Reference, HSGPS, PDR only and Estimated
Position Solutions

For the same reasons that we saw in Test 2, the poor heading estimates, especially,
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Figure 8.29: Test 3, Scenario C. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

lead to a very erroneous propagation of the PDR solution in pure prediction mode.

This strategy is not an optimal approach since the solution availability becomes so

poor.

The position results of the last scenario, D, are plotted on Figure 8.30. The DRMS

estimated position error during the whole test is plotted in Figure 8.31 along with

the 2D position errors at the marked points.
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Figure 8.30: Test 3, Scenario D. The Reference, HSGPS, PDR only and Estimated
Position Solutions

Figure 8.31: Test 3, Scenario D. The Estimated DRMS Error and Measured 2D
Errors at Marked Points
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In this scenario, availability has been increased by only 10 epochs. The position

results are thus very similar along the whole trajectory path, except for a few in-

significant changes along the path.

A summary of the DRM position errors at the marked points for all four processing

scenarios for Test 3 is given in Table 8.5.

Table 8.4: Test 3: Horizontal Position Errors of the Estimated Solution at Marked
Points (in metres)

Marked Point: Scenario A Scenario B Scenario C Scenario D
Point 1: 63 13 23 23
Start 2: 42 22 72 63
Start 3: 103 87 114 127
Start 4: 47 61 44 43
Start 5: 45 25 128 128
Start 6: 131 104 149 136
Start 7: 140 34 294 317
Start 8: 21 6 111 118
Start 9: 37 45 333 359
Start 10: 45 21 68 69
AVERAGE: 67 42 134 138

Comparing the results of the four analyzed strategies in Test 3, the processing Sce-

nario B is again preferable. In this scenario all the HSGPS updates are fed into the

filter and the measurement covariance matrix is formed based on the modeled UERE

and DOP parameters.

8.6 Test 4

The fourth analyzed test trajectory is shown in Figure 8.32. The test time is equal

to approximately 30 minutes of walking. Also, along the trajectory, 10 control points

at the street intersections have been manually time-marked for horizontal position
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accuracy analysis. In this test, also, only the position domain results will be shown

and discussed for every processing scenario.

Figure 8.32: Test 4. Downtown Walking Trajectory

The position results for Scenario A are shown in Figure 8.33. The estimated kine-

matic DRMS position error and the accuracy of the solution at the marked points is

shown in Figure 8.34.

As in all three previous tests, the accuracy of the integration results is really poor.

It can be concluded that the modeling of the measurement error covariance matrix

cannot be done based on the LSQ position variances.
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Figure 8.33: Test 4, Scenario A. The Reference, HSGPS, PDR-only and Estimated
Position Solutions

Figure 8.34: Test 4, Scenario A. The Estimated DRMS Kinematic Errors and Mea-
sured 2D Errors at Marked Points
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The performance of the PDR-only position solution is also very poor. The final 2D

position error of the PDR-only solution may seem small, around 200 metres, but the

shape of the trajectory due to the very large heading drift is not near the reference

trajectory. The final heading error is almost 200 degrees.

The results of Scenario B show very significant position accuracy improvements. The

position results for this scenario are shown in Figure 8.35. The horizontal accuracy of

the solution computed at the marked trajectory points is plotted versus the estimated

kinematic DRMS position error and is shown in Figure 8.36.

Figure 8.35: Test 4, Scenario B. The Reference, HSGPS, PDR only and Estimated
Position Solutions
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Figure 8.36: Test 4, Scenario B. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

The results of this scenario are as good as they can get considering the quality of the

HSGPS and PDR data. The average 2D accuracy of the estimated position solution

computed with respect to the marked points is only 62 metres.

In Scenario C, the availability of the HSGPS solution also drops significantly, to less

than 30%. Figure 8.37 shows the position results achieved in this processing scenario.

The DRMS estimated position error during the whole test is plotted in Figure 8.38

along with the 2D position errors at the marked points.

In this case, the estimates of the heading before the filter turns into the prediction

mode are slightly better than in previous tests, but again, position accuracy is not

improved. The average 2D position errors at the marked points are increased to 91

metres.

The position results of the last scenario, D, are plotted on Figure 8.39. The DRMS

estimated position error during the whole test is plotted in Figure 8.40 along with
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Figure 8.37: Test 4, Scenario C. The Reference, HSGPS, PDR only and Estimated
Position Solutions

the 2D position errors at the marked points.
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Figure 8.38: Test 4, Scenario C. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

Figure 8.39: Test 4, Scenario D. The Reference, HSGPS, PDR only and Estimated
Position Solutions
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Figure 8.40: Test 4, Scenario D. The Estimated DRMS Error and Measured 2D
Errors at Marked Points

In this scenario, availability has been increased only by 15 epochs. The position

results are thus very similar along the whole trajectory path except for a few changes

along the east part of the trajectory. The summary of DRMS position errors at the

marked points for all four processing scenarios for Test 4 is given in Table 8.6.

In this test also, preference should be given to Scenario B, since it leads to the best

estimate of the position solution. The processing Scenario B essentially performs the

same, or better, in all analyzed tests. In this scenario, all available HSGPS solutions

are taken as measurement updates into the filter, and the modeling of the measure-

ment error covariance matrix by the UERE-based model seems to approximate the

HSGPS position solution rather adequately. Scenarios C and D essentially nullify

the advantage of the HSGPS outstanding solution availability. The erroneous esti-

mates of the heading prior to the filter prediction mode (when the HSGPS solution

is considered unavailable) introduce constant heading bias in the PDR mechaniza-

tion. This bias leads to constant error accumulation, which leads in turn to rather
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Table 8.5: Test 4: Horizontal Position Errors of the Estimated Solution at Marked
Points (in metres)

Marked Point: Scenario A Scenario B Scenario C Scenario 4
Point 1: 39 42 79 79
Start 2: 132 57 44 67
Start 3: 93 48 18 16
Start 4: 124 163 259 177
Start 5: 59 62 140 143
Start 6: 2 86 89 92
Start 7: 506 44 53 53
Start 8: 6 65 113 113
Start 9: 15 18 108 108
Start 10: 26 26 6 6
AVERAGE: 100 61 91 85

significant position errors.



Chapter 9

Conclusions and Recommendations for Future

Work

This chapter presents the conclusions drawn from the results of this thesis and rec-

ommendations for future work.

9.1 Conclusions

The contribution of this thesis was the analysis and assessment of the performance

of an HSGPS-based pedestrian navigation system aided by a set of low-cost sensors.

Auxiliary sensors are only required for GPS-based pedestrian navigation systems in

signal degraded environments where the accuracy and reliability of GPS position

and velocity solutions, particularly for HSGPS, is poor. Thus, the objective of this

thesis was to design and test a low-cost PDR system and to determine the optimal

integration strategy that maximized the HSGPS solution accuracy with minimal

assumptions.

Chapter 4 presents the design of the low-cost MEMS based inertial senor assembly

that was used in the testing. The aspects of the mechanical and electrical design

considerations are discussed. The method to synchronize the sensor data with GPS

time used in this work is presented.

In Chapter 5, a detailed analysis of the performance of the PDR system described

in Chapter 4 is presented. The largest advantage of this novel pedestrian navigation

196
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system is that errors grow proportional to the distance traveled and not travel time

as in classical inertial navigation schemes. This chapter presents the analysis of the

effects of errors introduced by the primary system parameters, such as heading and

step length, on PDR position accuracy. The method for modeling position error

growth versus traveled distance for the PDR mechanization for several stochastic

step length error models is outlined. This analysis supports the rapid estimation of

the expected accuracy of the pedestrian navigation system in PDR-only navigation

mode when the behaviour of key system parameter errors is assumed a priori.

Chapter 6 presents the performance and signal quality analysis of the HSGPS receiver

in downtown city areas. These urban areas provide a challenging signal environment

as the availability of the solution is high (usually more than 90%) while the position

and velocity errors are large. The large measurement errors are caused by multi-

path effects. Also, the HSGPS receiver is susceptible to acquiring either echo-only or

cross-correlation signals that may cause unbounded pseudorange and Doppler mea-

surement errors. The RAIM algorithms applied to the HSGPS data has not been

shown to be overly successful in improving the position solution accuracy, however,

the RAIM does help detect large position outliers. As a result of global solution

inconsistency testing, there is a significant reduction in the availability of solutions

that are declared reliable, from overall solution availability of (usually) 90% to 30 -

40%.

The integration methodology of the PDR and HSGPS data is proposed and discussed

in Chapter 7. Key timing issues and the filter mode operation for different pedestrian

motion states and GPS signal conditions are addressed. The optimal integration fil-

ter states are then proposed based on the previous analysis of the HSGPS solution

accuracy and the quality of the PDR system. A linearized Kalman filter model is

developed that propagates the filter states forward based on the PDR measurements
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and updates the estimates with the HSGPS data. The discussion of the fault detec-

tion algorithms for implementation with a Kalman filter is given, however the proper

application of such methods for the proposed system would require several impor-

tant and rather critical assumptions during the filter initialization. The necessary

information required to make these assumptions is not always obtainable.

Chapter 8 presents the experimental results of the system on field data. Several

modeling scenarios for the covariance of the HSGPS observations are analyzed. The

unknown distribution of the HSGPS errors in a signal-degraded environment presents

a challenge for the proper modeling of the covariance matrix for the available HSGPS

updates. It has also been shown that the applicability of RAIM in the integrated

system is also quite limited. It reduces the solution availability and leads to increased

periods during which the filter operates in prediction mode. The filter operates in

this mode based on the last available optimal state estimates, which are frequently

erroneous. This causes significant error growth during the prediction stage of filter

operation. The integrated solution based on the error covariance matrix has been

shown to be accurate to 150 metres DRMS more than 90% of the time for the tests

under study.

9.2 Future Work Recommendations

The following recommendations can be made for future investigation based on the

results of this thesis.

The adaptation of known RAIM processing schemes need to be improved for the case

of HSGPS data in signal degraded environments. The frequent multiple blunders

occurring at a single epoch and the lack of redundancy in observations makes the

existing fault detection schemes not optimal for the HSGPS case. The fault detection
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algorithms can also be applied in the Kalman filter. It has been discussed in Chapter

7 that such methods will require the accurate filter initialization. This condition is

difficult to achieve for the proposed integration algorithm without relying on many

assumptions. Although it may be further studied for the case when a user is walking

into a signal-degraded environment such as a downtown area from an open sky

environment. In this case, the reliability testing in the Kalman filter could potentially

be applied, but the reliability modeling needs to be addressed with great care.

In this thesis several approaches to modeling the error covariance matrix of the

HSGPS measurements are analyzed. The proposed method of modeling this ma-

trix based on the UERE and DOP parameters has a clear mathematical meaning,

is logically motivated and provides accurate results. Even so, this method is not

optimal. Further study of the advanced modeling of this error covariance matrix will

additionally improve the results.

The Kalman filter is an infinite memory filter with infinite impulse response time.

The effect of the past measurements on the current estimates of the solution is

decreased from epoch to epoch but some information still remains. In such a degraded

signal environment as a downtown area, filter performance may be improved if the

effects of accepted blunderous measurements on the estimated vector were nullified

after a certain number of epochs. In other words, the use of a short-memory filter for

the integration of HSGPS data is potentially preferable. An example of such filter is a

kinematic batch GPS LSQ processing algorithm (Mezentsev, 2004). Such alternative

filtering methods can theoretically improve the performance of the integrated results

and deserve future investigation.

Another promising approach that may increase the estimation accuracy of the HSGPS

pedestrian navigation system is position and velocity correlation testing (Mezentsev

et al., 2003). Ideally, during motion maintaining a linear and constant speed, the
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velocity solution should mimic the position solution rather well within the limits of

the solution accuracy. Linear user motion can be detected with the PDR system

however, in pedestrian environments, this additional statistical testing is hard to

apply. This is due to the rare occurrence of periods when a user is walking in a

straight line with a constant velocity and poor HSGPS solution accuracy. Improved

modeling of the statistical position and velocity correlation constraint may further

improve the estimated results.

One of the major errors in the PDR mechanization, heading drift, can be solved

when accurate MEMS gyros will be available on the market. The price of these

systems will not be inexpensive in the near future but the use of superior quality

sensors will certainly improve the accuracy of the PDR system. The other major

error for the PDR mechanization, step length error, cannot be mitigated further

without special hardware. This may take the form of either an RF or shoe-mounted

sensor to precisely measure the step length.

In this thesis, the position of static users is not propagated forward. This is one of

the biggest advantages of the PDR mechanization. However, if the HSGPS solutions

are available they could be used to update the filter state vector. The influence of

employing these updates on the system accuracy is an area for future study. For

stationary users, the static batch GPS processing technique can also be applied to

increase availability and reliability of RAIM integrity analysis.
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