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ABSTRACT

The research presented in this thesis focuses on the feasibility of using multiple antennas
to isolate and detect multipath on pseudoranges, and the impact of using multiple
antennas along with some statistical reliability measure to detect blunders on
pseudorange measurements, such that blunders can be rejected before they contaminate
the estimated vehicle positions. The latter part of the thesis addresses the integration of
differential GPS (DGPS) and a low cost IMU for reliable and effective navigation in an
urban vehicular environment, which is motivated by the significant accuracy degradation

that can exist due to satellite shading and multipath effects.

A series of tests were conducted in and around Calgary whereby the shading effects
ranged from open sky to significant shading to about 30 degrees in elevation. Four
NovAtel GPS receivers and antennas along with a low cost IMU were mounted on the
roof of the vehicle. The effects of multipath, its temporal and spatial decorrelation
properties among closely spaced antennas in various environmental conditions were
studied. Statistical test were performed to detect multipath in the form of blunders.
Constraints were also applied between antennas to make use of the inter antenna
geometry. An improvement of 10%-40% in position accuracy and greater than 50% in

reliability was achieved under different conditions

A three-axis micro-machined solid-state IMU from Systron Donner was then integrated
with the system. The resulting integrated positions are computed and compared with a
digital road map of Calgary and accuracy statistics are presented. Subsets of antennas (i.e.
one, two and three antennas) are used with the IMU to determine the performance as a
function of the number of GPS receivers utilized. In addition, the ability of the IMU to
bridge GPS outages, poor geometry, and significant multipath is also assessed. The
overall performance as a function of the shading environment (open sky versus urban) is
computed and the effectiveness of the IMU to aid GPS is described. The test results show
that the position accuracies vary significantly with the number of antennas used, the

reliability test and also with inertial aiding. The augmentation of GPS with INS resulted

i1



in an improved availability of position. Availability improvements of 10% were observed
by limiting the prediction interval to 20 s and 100% availability is achievable, with

reduced accuracy improvement resulting from the poor quality of sensors used.
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Chapter 1

Introduction

1.1 Background

The Global Positioning System (GPS) has been proven to be an accurate positioning
sensor for a variety of applications (Daljit and Grewal, 1995) and has made land
navigation applications affordable and dependable. The use of GPS for automotive
applications has been pursued intensively by French (1995), Geier (1998) to name a few.
Over the years, the increasingly falling costs of GPS receivers has rendered the system
attractive to automotive applications, where cost is a major factor. Continuous and
reliable positioning are two of the important requirements of the automotive sector. One
of the major hurdles for reliable navigation in urban and dense foliage environment is
multipath. There are many situations where a GPS solution is either unavailable or
unreliable. The first case occurs when GPS signals do not reach the antenna due to
shading effects resulting for example, from high-rise buildings and underpasses present in
an urban environment. The second situation arises from poor satellite geometry and the
multiple reflection of signals. Although errors due to the ionosphere, troposphere,
multipath and receiver noise limit the achievable accuracy (Parkinson, 1994b), the use of
the differential GPS (DGPS) technique improves both accuracy and integrity although it
does not reduce multipath (Parkinson and Enge, 1995).

Code multipath is typically the most significant error source for differential vehicular
navigation applications, especially in urban and semi-urban areas with buildings and
trees. The behaviour of code multipath in dynamic scenarios is very different from the
static case. Cannon and Lachapelle (1992) conducted a detailed analysis of multipath in
high performance receivers for kinematic applications. In this case, the position of
various multipath sources change rapidly and therefore the composite multipath signal is

difficult to model. One of the properties of multipath is that it decorrelates rapidly as a
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function of distance between the reflecting surface and the receiving antenna. Therefore,
two antennas spaced at least 0.5 m apart, may be subjected to different multipath

conditions even in a dynamic environment.

Parkinson and Axelrad (1988) demonstrated the concept of using reliability theory to
detect gross blunders in GPS pseudorange measurements. Ryan et al., (1999) used a
similar approach to detect multipath in a marine environment. Also, from classical least-
squares adjustment theory (Leick, 1995), better performance can be achieved by applying
constraints. These factors strongly suggest that systems using such concepts can yield

better position reliably.

The use of additional sensors for augmenting GPS has been pursued extensively in the
past. However, the automobile and land applications market has been constrained by the
cost factor, and this has prevented the use of high quality inertial devices in these
applications. The new technological advancement in the last few years has resulted in low
cost inertial sensors with reduced performance accuracies, which cannot be used as stand
alone navigation systems, but when integrated with other systems like GPS, can provide

acceptable performance.

The intent of this thesis is to address both the multipath and availability issues through
use of multiple GPS antennas as well as through integration with an IMU. The goal is to
provide reliable navigation and a measure of the reliability, as well as to increase the

availability of the position solution.
1.2 LiteratureReview

GPS error sources and their characteristics have been analysed in detail by Parkinson
(1994b) and Lachapelle (1990). Multipath error is a major error source for DGPS
applications (Parkinson and Enge, 1995). It is generally caused by the reflection or
defraction of the direct satellite signal from a near-by object. A comprehensive
investigation of multipath effects was done by van Nee (1995) and Braasch (1994).

Several receiver based multipath mitigation techniques have been developed such as the
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Narrow Correlator ™ (Fenton et al., 1991; van Dierendonck et al., 1992) which has 0.1
chip spacing and a larger bandwidth at the IF and provides good long delay multipath
mitigation. Similar technologies like MEDLL™ (Multipath Estimation Delay Lock Loop,
Van Nee, 1995), Edge Correlator™ (Garin et al., 1996), and Strobe Correlator™ (Garin
and Rousseau, 1997) use the correlator based approach to mitigate mulitpath. However,
code multipath errors can be as large as several tens of metres even with currently
available state-of-the-art receiver technologies, and cannot be removed through
differential positioning due to its highly localized nature (Braasch, 1994). Ray (2000) has
demonstrated the concept of using multiple closely spaced antennas to identify and

mitigate code and carrier phase multipath.

Various dead reckoning sensors such as odometers, rate gyros, inclinometers and
electronic compasses have very good short-term accuracy; but their errors grow with time
(Geier, 1998). In addition, their error behaviour depends on vibration, temperature and
acceleration. On the other hand, GPS has a very good long-term accuracy and moderate
short-term accuracy. Therefore, these two types of systems are complementary in nature

and may be integrated to provide accurate positioning.

The use of dead reckoning sensors to augment GPS for various applications has been
studied by Harris (1989), Bullock (1995), Ren and Dedes (1995), Geier (1998), and
Weisenburger and Wilson (1999). Krakiwsky et al., (1988) discussed a Kalman filter
strategy to integrate dead reckoning, map matching and GPS positioning. Harris (1989)
built a prototype for a automatic vehicle location and navigation systems in which
kinematic positioning was integrated with GPS and dead reckoning sensors such as a
differential odometer and map matching. Bullock (1995) developed a prototype portable
vehicle navigation system (PortNav) based on a notebook computer, a PCMCIA-type

GPS receiver, and a digital road map.

An IMU (Inertial Measurement Unit) is a measurement system designed to measure
specific force and angular rates with respect to the inertial frame in dynamic

environments, which when integrated, provide position and attitude. This is a self-
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contained system, and when augmented with GPS can provide better availability and
integrity of position. Since cost is an important factor in automobile navigation, a low
cost IMU in the range of $4000 — $8000 will be considered. This will be used as a
prototype system as it is expected that the costs will continue to decrease in the future.
The IMU chosen for this research is a three-axis measurement unit called MotionPak™
(Systron Donner, 2000). Zhang (1995) demonstrate the feasibility and effectiveness of
using MotionPak™ with GPS. The accelerometers and the gyroscopes are micro-
machined solid-state devices, which can measure acceleration and angular rate with a
resolution of <10pG and 0.004°/sec respectively. The bias stability of the accelerometer
and gyro for the complete operating range is <I000pG and <2°/sec respectively (Systron
Donner, 2000). Simulation studies conducted by Randle and Horton (1997) indicate the

feasibility of using low cost inertial devices for vehicle navigation.

Reliability measures such as blunder detection will be developed as part of the research to
identify multipath. Reliability issues for navigation have been addressed by Krakiwsky
(1990) and Abousalem (1993). Abousalem (1993) discussed an algorithm to integrate
different sensors for a vehicle location system. He compared two filtering approaches,
namely, centralized Kalman filter and federated Kalman filter and also discussed quality
control issues. The reliability of navigation for automobile applications using external
sensors such as a rate gyro and a digital road map was investigated by Sun and Cannon
(1997). Ryan et al., (1999) discussed the effect of multipath on various marine receivers
and discussed a blunder detection test to identify the measurements containing multipath
in a marine environment. Weisenburger, (1997), showed the benefits of using various
kinds of constraints with multiple receivers for on-the-fly ambiguity resolution. The
above-mentioned approaches such as reliability and constraints have been used

collectively to detect blunders in the form of multipath in the current research.
1.3 Research Objectives

The proposed research is aimed at providing reliable positioning in urban areas with good

availability and accuracy. The objectives of the proposed research are as follows:



* Analyze the characteristics of code multipath on a moving platform under various
environmental conditions such as open sky, urban, semi-urban and under heavy
foliage.

* Investigate the impact of multiple GPS antennas for multipath detection and
mitigation along with reliability assessment. The accuracy of GPS for vehicular
positioning under urban and suburban conditions is affected largely by multipath.
One of the properties of multipath is that it decorrelates rapidly as a function of
distance. Therefore, two antennas spaced at least 0.5 m apart, may be subjected to
different multipath conditions such that through comparative techniques the
detection capability may be improved.

* Investigate the benefits of wusing statistical reliability tests in different
environments.

* Use a low cost three-axis IMU to augment GPS and keep the cost of the overall
system low. The need to use an IMU arises due to the fact that GPS is a line of
sight radio navigation system and this limits its use as a navigation sensor in

urban areas with the presence of high—rise buildings.

* Investigate the feasibility of multipath detection and mitigation using IMU

measurements and improve the reliability and integrity of the system.

The accuracy goal of the integrated system is to achieve 100% position availability with
an accuracy of 5 m (2o) during GPS availability and 15 m (26) during GPS outage to 20
seconds. These goals are set on preliminary simulation results conducted by Randle and
Horton (1997). The improved availability and accuracy of position along with the

industry’s demand for low cost solutions justify the need for a low cost IMU.
14 ThesisOutline

Chapter 2 gives an overview of the Global Positioning System, including various error
sources that affect GPS signals. This chapter also gives a brief introduction into inertial

navigation systems (INS).



Chapter 3 contains a complete description of the test setup and a description of the
environment in which various tests were conducted. It also briefly describes the basic

principle of micro-machined gyro and accelerometer sensors.

Chapter 4 deals briefly with a description of code multipath characteristics, and
introduces a method to characterize multipath on a moving receiver. The results of code
multipath detection on a dynamic vehicle under various environmental surroundings are
presented. The temporal and spatial correlation of multipath is also shown, along with the

tracking performance of the GPS receivers under different conditions.

In Chapter 5, concepts of reliability using statistical test are presented along with a
method to use the geometry information between antennas through the application of
constraints. Some results with various scenarios and in different environments are also

presented.

Chapter 6 describes the concepts and algorithms used for integration of inertial sensors
with GPS. This chapter also presents some results of the field tests conducted to study the

benefits of integration under various environments.

Some conclusions and recommendations based on the observations made during this

research are presented in Chapter 7.



Chapter 2

Fundamentals of GPSand INS

2.1 Introduction

Navigation has been one of the major factors contributing to success of civilizations for
centuries. It has come a long way from using landmarks and monuments, angular
measurements from stars, magnetic compass to satellite based navigation. French (1995)
provides a brief history of navigation describing some of the Chinese inventions. After
the invention of radio, a different class of navigation systems were developed and some
of these were VHF (Very High Frequency) omnidirectional radios (VORs), long-range
radio navigation (LORAN), Radio detection and ranging (RADAR) (Parkinson 1994a).
All these systems have major limitations as they can only provide two-dimensional
position, and have limited range. Therefore, a cost effective and reliable navigation
system that could be used in all terrain and throughout the world was the main
consideration for the next generation of navigation systems. The inertial navigation
system (INS) can provide navigational capabilities in all terrain and anywhere on the
globe, but their use is severely limited by large drifts and hence the necessity for frequent

calibration.

2.2 Fundamentals of GPS

The next generation of navigation systems in the 70’s and 80’s focused on the space
based radionavigation systems. The Global Positioning System (GPS) is one such system,
which was originally developed as a military force enhancement system in 1973 (GPS
Navstar, 1995). GPS provides accurate three-dimensional position, velocity and time
information to a user anywhere in the world at any time. Position determination is based
on measurements of the transit time of radio signals from at least four satellites (Axelrad

and Brown, 1994).



The GPS system consists of three segments: space, control and user segments (Spilker

and Parkinson, 1994).
2.2.1 Space Segment

The space segment consists of a constellation of 24 operational satellites placed at an
altitude of 20,000 km above the earth, in six orbital planes, each with an inclination of
55° with respect to the equator. Each of the orbital planes contains four satellites and has
room for additional spares if required. The current constellation has 27 operational
satellites, that is three more than the specification. The satellites have nearly circular

orbits with a period of approximately 12 sidereal hours (Spilker and Parkinson, 1994)

Each of the satellites transmits data on two different frequencies L1 (1575.42 MHz) and
L2 (1227.6 MHz). These signals carry navigation data bits, which contain information
about the satellite position in terms of Keplerian orbital parameters and precise time
linked to GPS time. The time on-board the satellite is maintained by highly stable
caesium or rubidium atomic clocks. The clocks on all the satellites are synchronized with
respect to each other and the offset and the drifts in the clocks are monitored and

transmitted as part of the navigation message.
2.2.2 Control Segment

The primary task of the control segment is to monitor the health of each satellite and to
update the satellite clock and orbit corrections. The Operational Control Segment (OCS)
consists of five monitor stations and three ground antennas (GA). The OCS facilities are
based at Hawaii, Colorado Springs, Ascension Island, Diego Garcia in the Indian Ocean,
and the Kwajalein Islands in the west Pacific. The OCS in Colorado Springs is also the
Master Control Station (MCS). The GA, which is specifically designed, uploads
information received from the MCS to all operational satellites and are situated at
Ascension Island, Diego Garcia and Kwajalein. Monitor stations continuously track the
entire GPS constellation and collect navigation data from all satellites around the clock.

The OCS then uses this data to generate a high integrity navigation data set for each



satellite to be used in the future. The generated navigation data for each satellite is
uploaded using an “S-band” telemetry channel in the upload stations. The MCS is
responsible for all the OCS functions, such as navigation information processing, satellite

data upload, vehicle command control and overall system management (Francisco, 1996).

2.2.3 User Segment

The user segment is the largest and the most widely influenced of the three segments. It
consists mainly of GPS receivers belonging to a wide spectrum of user requirements. All
these receivers use the satellite ranging signals to determine their position and time with

the accuracy specified by the Joint Program Office (JPO).

The user segment can be broadly classified into military users and civilian users. Military
users have access to the high accuracy Precise Positioning Service (PPS), whereas the
civilian users have access to the less precise Coarse Acquisition (C/A) code. Civilian
users constitute a major portion of the user segment market, the estimated users in the
civilian segment is approximately a few million and is growing every year. The GPS
market in the user segment is currently a $2 billion/year market and is expected to grow

to $30 billion/year market by 2005 (Cannon, 2000).

GPS receivers compute the range by measuring the transit time of the signal from the
satellite to the receiver antenna. To compute position and time, the receivers perform
triangulation using range measurements from at least 3 satellites. However, since the
receiver local clock is not in synchronism with satellite clocks, an additional

measurement is required to solve for the clock offset.
2.24 GPSSignal Structure

The GPS L1 frequency contains two signals, namely the Precise (P) code and Coarse

Acquisition (C/A) code as shown in
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Figure2.1: GPS L1 signal phasor diagram (Spilker 1994d).

The L1 signal contains two components. The in-phase (C/A) and quadrature (P) signal
are both modulated on the same carrier. The C/A code is made up of a maximal length
sequence also called as the Gold Code because of its unique autocorrelation properties
and has a period of 1 ms and a chipping rate of 1.023 MHz, whereas the P code is a
pseudorandom sequence which has a chipping rate of 10.23 MHz and a period of 1 week
(actual length of the code is 267 days, but is reset every week). The L1 signal can be
expressed as (Spilker, 1994d).

fLi () = A XB()D; (i) cos(wt + ;) + A XG, (1) D; (D sin(wt + ) (2.1)
Where,
1 is the satellite index
Ap, Ac are the in-phase and quadrature signal amplitudes (volt,volt)
XP, XG are the P and C/A codes respectively
D is the navigation data bit
W is the L1 centre frequency (rad/s), and

Vi is the small phase noise and oscillator drift component (rad).
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2.25 Typical Receiver Architecture

A typical GPS receiver has four basic functional blocks, as shown in @l The
antenna along with the RF down converter block, signal processing block, navigation
processor and reference oscillator (Shenoy et al., 1999). The RF down converter
translates the high frequency (> 1GHz) L1 and L2 signals to a low intermediate
frequency (IF), typically around 4-16 MHz, which is also digitized by a sampling circuit.

Antenna
p Signal Navigation
Processing >
. processor
Down converter Section
N A
Reference
Oscillator

Figure 2.2: Typical GPSreceiver architecture

The digitized IF is then processed in the signal-processing block, which basically has a
number of correlators, and code and carrier numerically controlled oscillators (NCO) for
each channel. Each channel also contains code and carrier tracking loops; code tracking is
usually implemented as a delay lock loop (DLL), whereas a costas loop is used for

tracking the carrier.

The DLL along with correlators use local code generators, code discriminators and loop
filters for individual channels. The DLL aligns the locally generated code with the
incoming code to extract the signal which is buried in noise. The Costas Loop uses the in-
phase and quadrature-phase versions of the locally generated carrier, carrier
discriminator, loop filter, and matches the locally generated carrier with the incoming
satellite signal carrier (Spilker, 1994a). The phase error of the carrier discriminator
function is used to detect the navigation data. The pseudorange measurements, carrier
phase measurements, and Signal-to-Noise-Ratio (SNR) are generated as by-products of

the signal tracking loops.



12

The basic function of the navigation processor is to extract the navigation message and to
compute the user parameters (i.e. position, velocity and time). The data bits have a period
of 20 milliseconds, and are identified by the Costas loop. Navigation data is made up of
five subframes, where each subframe contains 300 data bits. Three of the subframes
make up the ephemeris data, which contains Keplerian parameters needed to the compute
satellite coordinates. The other two subframes contain a portion of the almanac data,
which constitutes a complete message after 12.5 minutes and can be used to compute

approximate satellite orbits and positions for the next six months.

2.3 GPSObservablesand Error Sources

The pseudorange and carrier phase measurements are the two basic observables from the
GPS signal. The pseudorange observations as mentioned before are obtained by
measuring the transit time of the signal from the satellite to the receiving antenna. The
signal travels through the inhomogeneous space, which has varying effects on code and
carrier measurements. The code and carrier phase observables can be expressed as

(Lachapelle, 1998)

P=p+dp+c(dt -dT) +djg, +dirgpo + £p

(2.2)
d=p+dpo+c(dt-dT)+ AN -d; ., +d +&
ion tropo ¢ 2.3)
Where P is the measured code range (m)
O is the measured carrier phase (m)
Yo, is the geometric range between the satellite and the receiver antenna (m)

do is the orbital error (m)
dt is the satellite clock error (s)

dar is the receiver clock error (s)

dig, 1s the ionospheric delay (m)
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dy 0po is the tropospheric delay (m)

is the integer cycle ambiguity (cycles)

A is the wavelength of the signal (m), L1 =0.19 m and L2 = 0.24 m

£p is the code noise (receiver noise + multipath) (m)
£ p is the carrier phase noise (receiver noise + multipath) (m)
c is the velocity of light in vacuum (m/s)

From equations {2.2)|and [2.3)|it can be seen that the carrier phase observable has one

additional term compared to the code measurement, which is the ambiguity term. The
code phase noise and multipath are replaced with the carrier phase noise and multipath in
equation Also, the ionospheric error has opposite signs on code and carrier phase

measurements.
2.3.1 Orbital Errors

Orbital errors occur due to the discrepancies in the actual position of the satellites as
opposed to the position estimated from the broadcast ephemeris. The radial component of
this error affects the pseudorange measurements. Absolute values of orbital errors are in
the range of 3 — 8 m, however by making use of the DGPS technique this error can be
minimized. This improvement is based on the baseline distance between the reference
and remote station and as a rule of thumb the improvement is better than 0.5 ppm
(Cannon, 2000). Precise ephemeris can be used in post mission to achieve accuracies less

than a few decimetres (Zumberge and Bertiger, 1996).
2.3.2 Clock Errors

The satellite clock errors are mainly the offsets in the clock frequency of each satellite
with respect to the reference clock. This is monitored by the MCS and the errors are
transmitted as coefficients of a polynomial as a part of the navigation message (Navstar
GPS, 1995). This error can be on the order of tens of metres but can be completely

eliminated by DGPS.
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2.3.3 Selective Availability

Selective Availability (SA) was the intentional degradation of the signal by DoD. SA
could be implemented in two different ways 1) introducing error into the satellite
broadcast orbit (known as the €-process), and 2) dithering the satellite clock frequency
(known as the O-process). SA was switched off on May 1, 2000 by a Presidential
directive. Therefore not much emphasis will be placed on SA. For further details see
Parkinson and Enge (1995). SA was present on two of the three data sets collected during
the research, however this effect can be completely eliminated by using DGPS since only

the satellite clock dither was implemented.
2.3.4 lonospheric Error

The 1onosphere is one of the largest sources of range error for high accuracy GPS users.
The ionospheric range error can vary from only a few metres at the zenith to many tens of
metres at the horizon. The ionosphere is a dispersive medium; that is the refractive index
of the ionosphere is a function of the frequency. Therefore, dual frequency GPS users can
make use of this property to measure and correct for the first order range and range rate
error effects. The ionosphere can have the following effects on GPS signals 1) group
delay of the modulated signal, 2) carrier phase advance, 3) scintillation 4) Faraday

rotation to name a few (Klobuchar, 1996).

The 1onosphere is made up of ionized plasma and can be classified into four regions, D,
E, F1 and F2 respectively. The D region extends from 50-90 km and has a negligible
effect on GPS frequencies. The E region extends from 90-140 km and is produced by
solar soft x rays and also has a negligible effect on GPS frequencies. The region F1
extends from 140-210 km and has a significant impact on GPS frequencies. F1 is
estimated to account for 10% of the daytime ionospheric error. The regions D, E, F1 are
associated with the daytime UV (ultra violet) ionization and hence is not present at night.

The F2 region extends from 210-1000 km. It is also the most active region and its
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influence on GPS frequencies is maximum. F2 region is present at nighttime unlike the

D, E, and F1 regions.

The ionosphere also causes a Faraday rotation to electromagnetic signals, which causes a
linearly polarized signal to undergo additional rotation along the plane of its polarization.
Since GPS signals are circularly polarized, Faraday rotation has no effect on GPS signals

(Klobuchar, 1996).

The ionospheric error can be of the order of 2 — 50 m in single point mode and it can be
reduced by DGPS. The improvement depends on the base line distance between the
reference station and the remote receiver, as the ionosphere decorrelates spatially. The
improvement is on the order of 2 ppm with differential corrections (Lachapelle, 1998),

but can surpass 17 ppm under high ionospheric conditions (Fortes et al., 2000).
2.3.5 Tropospheric Error

The troposphere is made up of the neutral atmosphere and is situated below the
ionosphere. The troposphere is a non dispersive medium, and to model it, information on
the atmospheric properties are required. The troposphere produces attenuation effects that
are generally on the order of 2-25 m and it varies with the satellite elevation angle and

atmospheric conditions (e.g. temperature, pressure and relative humidity).

The dry component of the tropospheric error constitutes around 80% of the total error,
and can be modelled within 2-5%. The wet component of the error is due to water vapour
in the atmosphere and is more difficult to model. Several models are available to estimate
the tropospheric delay such as the Hopfield model (1963) and the Saastamoinen model
(1972). Saastamoinen used the models of refraction of the troposphere that estimates the
delay versus the elevation angle. The dry atmospheric pressure is modeled using constant
lapse rate model for the troposphere (Spilker, 1994b). Hopfield (1963) developed
separate zenith models for the dry and wet components of the troposphere. The

Tropospheric error can be reduced to 1 ppm in differential mode (Lachapelle, 1998).
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All the errors discussed so far can be minimized by applying differential corrections
(DGPS). Conversely, multipath and receiver noise cannot be compensated and are

discussed below.
2.3.6 Multipath Errors

Multipath is the error caused by reflected signals entering the RF front end and mixing
with the direct signal. These effects tend to be more pronounced in static receivers close
to large reflectors. As shown in [Figure 2.3]the reflectors of electromagnetic signals could
be buildings, metal surfaces, water bodies, the ground, etc. Multipath error is specific to a
receiver antenna and depends on the surrounding environment. Hence care has to be

taken while installing GPS receivers for static applications, such as reference stations.

Satellite '

Direct
Signals

Reflected
Signals

Figure 2.3: Multipath environment

Code multipath errors can be of tens of metres and is highly localized and hence cannot
removed through differential techniques. Most of the multipath mitigation technologies

are based on the design of suitable architectures in receivers that can minimize multipath,



17

and there are also special antenna designs such as choke rings, multipath-limiting

antennas, which prevent multipath signals from entering the RF section of the receiver.

Code multipath is similar to carrier phase multipath, only its magnitude is several orders
of magnitude higher. For code measurements, the multipath signals are always delayed
compared to the line-of-sight signals because of the longer travel paths caused by the
reflection. The direct and reflected signals will superimpose to produce the composite

received signal and in turn affects the correlation property of the C/A code. This is

illustrated in

Direct +
Direct Multipath

<

Multipath

/ ¥

-T T -T T

Figure 2.4: Multipath effect on the correlation triangle, (Lachapelle, 1998)

The composite multipath signal can be expressed as (Braasch, 1994),

s(t) = —Ap(t) sin(w,t) — aAp(t + J)sin(w,t +86.) (2.4)
Where,

S(t)  is the composite signal

A is the amplitude of the direct signal
p(t) 1is the PRN sequence of the C/A code (+/- 1)

is the frequency of the direct signal (L1)

is the relative power of the multipath signal

o is the delay of the multipath signal with respect to the direct signal
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7] is the phase of the multipath signal relative to the direct signal

The superposition of direct and the reflected signal can either add or cancel the effective
multipath. Hence, on a moving platform usually the multipath tends to average out over
time, but can be significant in magnitude and decorrelates rapidly over spatial distances.
This property is studied in detail and will be used to detect multipath using multiple
antennas. This scheme is discussed in The magnitude of the multipath error
depends on the reflector distance and its strength, the correlator spacing and the receiver
bandwidth. The code multipath can be on the order of tens of metres whereas the carrier
phase multipath does not exceed 4.75 cm (Ray, 2000). Multipath errors and some of the
characterization methods are discussed in detail in .

2.3.7 Receve Noise

Receiver noise can be considered as white as it is uncorrelated over time and is usually
due to the high frequency thermal noise along with the effects of dynamic stresses on the
tracking loops (Spilker, 1994a). Also, because of the use of independent signal tracking
loops for individual parallel channels there is no correlation due to noise between the
channels for measurements taken at the same time. The noise level is a function of code
correlation method, receiver dynamics, and satellite elevation (due to the antenna gain
pattern) (Lachapelle 1998). Code measurement noise varies from a few centimetres to a
few metres depending on the spacing used in the correlators. However, the carrier phase
noise is on the order of few millimetres in most modern receivers. The receiver noise

increases by V2 when differential corrections are applied.



2.3.8 Error Summary

The nominal values of various errors in equations @land @Iare given in @

Table2.1: GPS Error sources (Lachapelle, 1998)
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. Differential
Single
Error source . errors Remarks
point (m)
(ppm)
Orbit 3-8 0.1-0 5 Errpr in broa}dcast ephgmerls due to
residual errors in curve fitting
Due to satellite clock drift, can be
Clock 10 i removed by DGPS
SA N/A N/A Switched off as of May 1, 2000
Depends upon elevation angle and solar
Ionosphere 2-50 0.5-2 activity. In DGPS mode the error depends
on the spatial decorrelation
Depends upon the water vapour content in
the lower part of atmosphere, and a
Troposphere 2-30 0.1-1 function of elevation angle. In DGPS
mode the error depends on the spatial
decorrelation
Can be up to 150 m with a correlator
. i i spacing of 1 chip and 15 m with a spacing
Code multipath 0.2-3 of 0.1 chip. It can not be eliminated by
differential corrections
Code noise 0.1-3 i C/A code noise depends upon receiver
technology
. Maximum 4.75 cm for L1 and 6.11 cm for
Carrier 0.001- . . .
. - L2, and is not affected by differential
multipath 0.03 .
corrections
. . 0.0002- Depends on the receiver technology and
Carrier noise - .
0.002 dynamic stresses
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2.4 Fundamentalsof INS

The basic principle of inertial navigation is based on integration of accelerations observed
by mounting accelerometers on the body of the vehicle. As shown in the first
integration of the vehicle acceleration provides velocity and the second integration
provides the position, however the initial conditions for integration have to be known. In
this case the initial velocity and initial position needs to be known. Hence, unlike GPS, an
INS is a relative positioning system. To determine the navigation parameters (position
and velocity) in the desired navigation frame, the accelerations have to be projected from
the body frame (frame on which the accelerometers are mounted) on to the navigation
frame of interest before integration (Salychev, 1998). A triad of orthogonally mounted
gyroscopes placed coincident with the accelerometers can measure the angular velocity

of these accelerations and provide the necessary information to orient the two different

frames.
. f Velocity Position X

Specific force

measurements > I I I Q >

from an

accelerometer
Initial Velocity Initial Position
estimate V(0) estimate X(0)

Figure 2.5: Principle of Inertial Navigation

There are two methods to realize the navigation frame. The first deals with physically
realizing the navigation frame using a three axis gyro stabilized platform also known as a
gimbal system. The second method is to realize the navigation frame analytically using
measurements from accelerometers and gyroscopes installed directly on the body of the

vehicle. Such a system is referred to as a strapdown INS.
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The accelerometers are designed based on the conservation laws of physics (Schwarz and
Wei, 1999). Similarly the mathematical models used to realize an INS are based on
classical mechanics. Using Newton’s second law of motion, the specific force near the

surface of the earth can be represented as

f=a-g
G (2.5)
Where, f is the specific force vector measured by the accelerometers
a is the absolute acceleration (acceleration with respect to the inertial frame)

0,, 1s the gravitational acceleration

The equation of the absolute acceleration in the inertial frame can be defined as

(Salychev, 1998)

(2.6)

Where, V' is the vehicle velocity in the earth fixed frame

U is the angular velocity of the earth

r is the position vector in the inertial frame

Lo

represents differentiation with respect to the inertial frame

Equation is based on the rule of differentiation of a vector with respect to inertial
space and this rule is also referred to as the Coriolis equation. By expanding equation

the general navigation equation can be derived (see, Salychev, 1998).

f‘=d_\t’ + @, <V +U XV — g

N

2.7)

is the differential of the velocity vector in the desired navigation frame
N

Where, dl
dt
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@, 1isthe absolute angular velocity of the navigation frame

0 is the apparent gravity (gravitational acceleration — centripetal

acceleration) gravity vector
2.4.1 Mechanization and Error Models

Mechanization equations express the relationship between the raw INS measurements to
the navigation parameters. The mechanization of a strapdown INS is briefly discussed in

this section.

Strapdown INS, as the name suggests, realizes the navigation frame (Local level frame)
mathematically in the onboard computer instead of physically torquing the platform as in
the case of a gimbal system. The torquing is realized by the high update rates of the
quaternion (50 Hz). A quaternion is a vector that expresses the rotation of the body by a

single rotation angle O about a fixed spatial axis. Hence four parameters are used to
represent the rotation matrix R!, one to represent the rotation angle and three to define

the direction cosines of the rotation axis in space (see, Salychev 1998; Schwarz and Wei,
1999 for details). The mechanization equations can be expressed in various frames such
as the earth fixed (e) frame, the wander frame (w) or the local level (1) frame. For
terrestrial navigation, the most popular mechanization is the local level and the wander

frame. For detailed description on mechanization see Schwarz and Wei, (1999).

The inertial navigation parameters (position, velocity and attitude), like GPS, are affected
by various error sources. The major component of this error, namely Schuler oscillations,
repeat periodically with a period of 84 minutes. Schuler oscillations can be modelled as a
stationary process. The INS error equations representing this stationary part for the east
channel is given by equation and for the north channel by equation (Salychev,
1998). The non stationary part is of the inertial errors is given by equation
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DN aVRE + W (2.8)

b = - é\éN o (2.9)

V", 0V are the east and north velocity error components, and represent the time

derivatives of east and north velocity errors (m/s)

o oY are the east and north misalignment angles errors (rad/s)
Wl wf are the east and north gyro bias (rad/s)

Be, By are the east and north accelerometer bias (rad/s)

g is the apparent gravity vector (m/s”)

R is the radius of the Earth (m)

a\]EnSI = _gq)rl:l5t +aN(Dup +aE:uE

(bnst - a\/EnSt

N R

. 2.10
a\/I\TSI = gq)rést _aE(Dup +aN:uN ( )
b =

: R
Where

NV, AV, are the non stationary components of the velocity errors, and represent the

time derivative of east and north velocity error components (m/s)
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ag,ay are the east and north accelerometer measurements in the navigation frame
(m/s?)
O, DN are the east and north misalignment angles errors (rad/s)

®p, P, P, are the east, north and up misalignment angles (rad)

The magnitude of the Schuler oscillations depends on the accelerometer and gyro biases,
whereas the period depends on (4/g/R), i.e. gravity and the radius of the Earth. This is
evident after solving the differential equation However on the surface of the

Earth the period is approximately 84 minutes. The north and east velocity errors are
shown in The amplitudes of attitude errors are much smaller because it is

inversely proportional to the radius of the Earth.

2500 T T T T T 500

-

North Velocity Error (m/s)
g 8§

East Velocity error (m/s)
-

0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Time (s) Time (s)

Figure 2.6: Schuler oscillations

Equations |(2.8)| and |(2.9)|are also used to update the state equations of the Kalman filter

which is used to model the dynamic model of the process.
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2.5 Initialization

Certain initialization procedures like calibration and alignment need to be performed
before computing the inertial navigation parameters (Salychev, 1998). The accelerometer

and gyroscope triad constituting the IMU is mounted on the body of the vehicle, which is

also the body frame, see

Zy

Xp

o -

\Yb

Figure 2.7: Body frame of reference

The Y - axis of the IMU coincides with the longitudinal axis of the vehicle (Y- axis
pointing towards the front of the vehicle), Z - axis is pointing upwards and the X - axis
completes the right-handed system. The origin of the body frame is located at the centre

of the accelerometer and the gyroscope triad.
The strapdown INS initialization algorithm contains the following two stages namely :

1. Calibration mode

2. Alignment mode
2.5.1 Calibration

In most of the high end or navigation grade INS, the gyroscope and accelerometer biases
and scale factors are usually factory calibrated and no separate calibration is required
every time the sensor is used. Occasional calibration every few months is recommended.
However, if low cost sensors are used, then the bias and the drift stability of the gyros are

much poorer and frequent calibration, which is every time the sensor is used, becomes a
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necessity. Calibration is performed by averaging the raw angular velocities measured
from the gyros over a period of 15-20 minutes in static mode. The calibration process for

a low cost IMU (e.g. MotionPak™) is described in Appendix C.
2.5.2 Alignment

To start the INS calculations, the initial parameters of the transformation matrix R]

(rotation matrix from the body frame to the local level frame, roll, pitch and yaw) is
required. The process of computing the initial parameter of the transformation matrix is
called the INS alignment procedure. There are two alignment modes, namely the
horizontal alignment (roll and pitch) and the azimuth (yaw) alignment. Due to the poor
quality of the gyroscopes used in a low cost IMU, azimuth alignment cannot be
accomplished, because the gyro drift exceeds the Earth rotation rate. Hence azimuth
alignment was done by storing azimuth information by an external aid which was a
magnetic compass in this case. The azimuth transfer is achieved by storing the heading
obtained from the compass manually, and due to the poor gyro drifts the accuracy of

stored azimuth can be on the order of 2° - 4°.
2.5.21 Horizontal alignment

Horizontal alignment is the procedure to compute the initial value of roll (p(0)) and
pitch (0(0)). The accelerometer axes are mounted to coincide with the body of the

vehicle and consequently the accelerometer measurements can be written as

f 0

X

— pb
fy] =R’ 0 (2.11)
f21, g
Where,
fo.f,,f, are the specific forces in the body frame
% is the rotation matrix from the local level frame to the body frame

g is the apparent gravity vector
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If the body frame of the vehicle is assumed to be close to the local level frame, then small

angle approximations can be made to the R’ matrix (see Appendix B for details) and

equation can be simplified as

fxb = _gy
f,o, =09 (2.12)
Where,

y is the roll angle

J is the pitch angle

However, the real accelerometers have additional biases, which result in

fxb = _gy + Bxb
f, =g9+B, (2.13)
fr,=0

The objective of the alignment procedure is to make f,, 00, f; 110.

Therefore, equation @l can be rewritten as

y(0)=—2
%o B, (2.14)
g

Equation also represents the horizontal alignment errors. Hence, the accuracy of

the horizontal alignment procedure is limited by the accelerometer biases.
2.5.2.2 Azimuth alignment

The azimuth alignment is realized by using the gyro measurements. Consider the
orientation of the body frame with respect to the local level frame, [Figure 2.8} If the
misalignment between the two frames in the azimuth direction is &, U being the

magnitude of the angular rotation of the Earth and ¢ the latitude. Then U cos¢ is the
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projection of the Earth rotation rate along the local level north axis and zero along the

local level east axis.

The projection of the Earth rate on the body frame is U cos¢gcose and U cos¢sin&

along north and east directions respectively.

A
Ucosg — | J

- - » E XY : Bod}{ fram?
U cos ¢ sin € R N,E : Local Leve
Tl frame
~a X

Figure 2.8: Principle of azimuth alignment

The estimate of the azimuth angle can be obtained by the equation

b

.,
£=—tan” (=) (2.15)
C()y
Where,
b b .
W, , W, are the true angular rates measured by the gyros in the body frame

The gyros not only measure the Earth rate but also contain the run-to-run bias in them,;

hence the true gyro measurements can be written as

@ = -U cos @sin £ + W
@, =U cos @cos £ + Wy (2.16)
Where,

Wi, a)ky’;)as are the gyroscope run-to-run random biases
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Once the coarse azimuth angle &£ is known then small angle approximation can be
applied to equation to derive the relation, which describes the achievable accuracy
for the azimuth alignment given in equation (For a detailed analysis see Salychev
(1998)).

bias

(0)
£(0)=—"2_
© Ucos@ (2.17)

Therefore, the horizontal alignment is solely dependent on the gyro bias drift and can be
on the order of a few arcmin for a good quality INS to a few degrees for a low cost INS
(Salychev et al., 2000). The Earth rotation is 4.166e-3°/s whereas the gyro bias variations
can be as large as 1.0°/s in the case of a low cost IMU (e.g. Motion Pak™), which, as
mentioned before, means that the gyros can not be used to perform a self contained

azimuth alignment.
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Chapter 3

System Realization and I nertial Sensors

To achieve the objectives discussed in Chapter 1 various mobile tests were conducted in
the city of Calgary. This chapter discusses the setup and the procedures followed during
the tests. An insight into the inertial sensors and their characteristics is also presented.
Finally a description of the route and the environmental conditions in which the tests

were conducted is described.
3.1 Test Vehicleand GPS Receivers

Data was collected from four GPS antenna/receiver systems mounted on a passenger
vehicle and a fifth antenna on the roof of the Engineering building at the University of
Calgary (UofC). The four antennas on the vehicle were connected to four NovAtel
MiLLennium™ GPS receivers. The GPS receivers were operated in the Narrow
Correlator™ mode. A NovAtel Beeline™ GPS receiver was mounted on a pre-surveyed
pillar on the roof of Engineering building to act as a reference station to generate
differential corrections. Although the MiLLennium™ receivers are dual frequency units
(whereas the Beeline™ is single frequency), only the L1 data was used during post-
analysis. A 5° cut-off elevation angle was chosen while processing the data. NovAtel’s
high performance active antenna (model 501) was used in the reference station and on the
vehicle. The raw binary measurement record (RGEB) and the ephemeris record (REPB)
were logged from the remote and reference station receivers at a rate of 1 Hz. Two laptop

computers with two serial ports on each were used to log data in the vehicle.

The location of the antennas on the roof of the vehicle is shown in @ The
antennas were separated by distances between 76 and 92 centimetres and were designated
Antennas A, B, C and D. Two of the antennas labelled A and B were mounted on ski
racks and antennas C and D were mounted on magnetic mounts. The complete

experimental set up of the four antennas on the roof of the car is shown in
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Figure 3.1: Antenna locations on vehicle roof

e AT e -

Figure 3.2: Vehicle setup

Data was collected on June 30 and September 9, 1999 (herein referred to as Days 1 and
2). Another field trial was performed on May 13, 2000 with similar setup but with an
IMU device (referred to as Day 3). A detailed description of this test is provided in
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3.2 Inertial Sensor

The MotionPak™ from Systron Donner is a low cost solid-state six degree of freedom
inertial sensing system used for measuring linear accelerations and angular rates. It is a
highly reliable, compact, and fully self-contained motion measurement package. It uses
three orthogonally mounted solid-state micromachined quartz angular rate sensors, and
three high performance linear servo accelerometers mounted in a compact, rugged
package, with internal power regulation and signal conditioning electronics. Its

dimensions are 7.75 x 7.75 x 9.15 cm and it weighs less than 0.9 kg.

Figure 3.3: Systron Donner’s MotionPak™

3.2.1 Accderometer

An accelerometer is a sensor which converts an acceleration from motion and/or gravity
to an electrical signal. The accelerometer used in MotionPak™ is a force rebalance servo
controlled accelerometer and the operational concept of such a device is shown in
The accelerometer triad is made up of three surface micro-machined sensors each

capable of measuring positive and negative acceleration along their respective axes. Each
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sensor consists of a main beam tethered at four points with a number of centre plates at

right angles to the main beam as shown in @I

Axis of Agms'o'f B
xsot Fixed Plate 1 ensitivity Eﬁed Plate 1
Sensitivity C
C, T !
Centre Plat
T Acceleration % ene _E ©
5 = = <
m Fixed Plate 2 E * 2 Fixed Plate 2 E
z 2
S =
Sensor with no acceleration Sensor responding to acceleration
C1 O Cz Cl > C2

Figure 3.4: Accelerometer-Theory of Operation, Wuntronic (2000)

Each of the centre plates fits between two adjacent fixed plates, forming a capacitive
divider. The two fixed plates are driven with equal amplitude but opposite polarity square
wave signals. With no acceleration, the two capacitances are approximately equal and the
centre plate will be at approximately 0 volts. Any applied acceleration causes a mismatch
in plate separation, which in turn results in increased capacitance between the fixed plate
closest to the centre plate, and a voltage output can be detected on the centre plate. This
voltage output is proportional to the acceleration. A synchronous demodulator is used to
extract this acceleration signal and is used in a feedback loop to force balance the sensor.
A linear servomechanism is used to bring back the sensor to its 0 position. The balancing
force is obtained electrostatically, caused by driving the centre plates to a voltage
proportional to the acceleration signal (Doscher, 2000). The force balancing servo loop
response is fast enough and flat enough to track a level change, keeping the sensor nearly
motionless. This minimizes errors from geometric distortion, spring constant
nonlinearity, resonances, mechanical fatigue, etc. that are typical with open-loop sensors

(Wuntronic, 2000).
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3.2.2 Gyroscopes

Gyroscopes are designed to measure angular velocities and convert them into electrical

signals. The principle of operation is again based on the Newton’s laws of classical

mechanics.
i
&
0 i
A i Y
i Me
|
Drive tines [ | :
I A Amplitude
| Controller
\Q\:\ Ref
\ I v i Eo

i Synchronous Filter
i Demodulator Amplifier
i A
I DC rate

= | Support Signal

-\i\
!
!
Pickup tines : _____
i Filter Amplifier
e >
i
Input Axis

Figure 3.5: Vibrating tuning fork block diagram (Geier , 1998)

The MotionPak™ is made up of a vibrating quartz tuning fork to sense angular velocity
and the schematic is shown in The sensor is made up of a microminiature
double-ended quartz tuning fork and supporting structure, all fabricated chemically from
a single wafer of monocrystalline piezoelectric quartz (similar to quartz watch crystals).
The use of piezoelectric quartz material simplifies the active element, resulting in

enhanced stability over temperature and time. The drive tines, which constitute the active
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portion of the sensor, are driven by an oscillator circuit at precise amplitudes and this
causes the tines to move toward and away from one another at a high frequency. During
rotations each tine will experience a Coriolis force acting on it. The forces are
perpendicular to the plane of the fork assembly at each of the tines. This results in a

torque proportional to the angular velocity . The pickup tines respond to the torque by

moving in and out of the plane causing the output signals that will be picked up by the
pickup amplifier. After amplification these signals are demodulated into a DC signal

proportional to the angular rate by the synchronous demodulator (Geier, 1998).
3.23 MotionPak™ Characteristics

The parameter specifications of the MotionPak[] sensors are shown in m It is
important to note that the equipment accuracy varies from one unit to another even if they

have the same factory specifications. A laboratory test was conducted on a particular unit

and [Table 3.2|shows the best and worst case gyro accuracies that were observed.

Table 3.1: MotionPak™ paprmeter specification (Systron Donner, 2000)

Performance Rate Channels Acceleration Channels
Range + 100 deg/sec 5G
Bias <2 deg/sec <12.5 mG
Alignment to base <1° <1°
Resolution <14 deg /hrs <10 pG

Table 3.2: Gyro Accuraciesfrom Lab Test (Salychev et al., 2000b)

Gyro Accuracy Parameter BestCase WorstCase
day to day (run to run) drift <100 deg/h <360 deg/h
rate bias
drift rate bias in run (averaged
within 20 s) <60 deg/h <180 deg/h
drift rate bias in run (averaged <10 deg/h <50 deg/h

within 250...300 sec)




36

From the specifications and test results shown, the inertial measurement unit cannot be
directly used as a stand alone INS. Firstly, the gyros are not sensitive enough to sense the
Earth rate, which means that a self-contained azimuth alignment procedure cannot be
performed and as a result a stored azimuth alignment procedure is used. Secondly, the
run-to-run gyro bias has a large magnitude that leads to large INS output errors in stand-
alone mode. Therefore in order to use such a class of IMU for navigation purposes, it has
to be integrated with additional sensors like GPS. Separate calibration and azimuth

alignment procedures are also performed.
3.3 Inertial Augmentation Setup

The augmentation of GPS has been studied and used by a number of people for various
applications. Bullock (1995), Harris (1988), and Stephen (2000), used dead reckoning
sensors to augment GPS. Zang (1995) used a low cost IMU to demonstrate GPS/INS
integration. The complete experimental GPS/INS setup is shown in

NovAtel 501
antenna

+/-15V| Power Supply
NovAtel’s
Millennium Receiver

Time mark
signal

Raw Measurements

IMU ADC

u Sampled
accelerations &
Raw accelerations & angular rates
angular rates

Figure 3.6: INS/IGPS experimental setup
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The IMU was placed on the floor of the vehicle on a stable platform. The IMU was
powered by a +/-15V regulated DC power supply. The sensors are sensitive to the voltage
fluctuations, hence a regulated voltage is used. The Y-axis of the IMU was aligned to
coincide approximately with the longitudinal axis of the vehicle. The output of the IMU,
which is an analog signal is sampled at 50Hz and digitized by a 16bit ADC (Analog to
Digital Converter). The digitized signal is then stored in the PC. The PC time stamps are
appended to each of the samples before storing. At the end of every 50 samples, the ADC
card generates an end of conversion pulse. This pulse is connected to the time mark pin
on the Millennium™ card, which responds to the pulse by transmitting a GPS time stamp
corresponding to the pulse. The time stamps corresponding to every 50 sample is stored
in the PC. A linear clock drift model is assumed within a second and the GPS time
stamps corresponding to each of the sample are recomputed. Raw measurements
pseudorange (RGEB) and ephemeris (REPB) are recorded at a rate of 1 Hz and stored in
the computer. Data from the other three receivers/antennas are also logged
simultaneously in another computer at 1 Hz. The antennas are mounted at least 0.5 m
apart from each other. The data is then analyzed in post processing mode, using
MATNAV (Multi Antennas NAVigation) software developed at the University of
Calgary.

The hardware connection among the various components is shown in IF-rgurj‘I The
analog signals from the MotionPak™ are connected to six different analog to digital
conversion channels on the DAQPad-MO-16XE-50 data acquisition card. The internal
timer is pre-programmed to sample the analog data at 50Hz. The timer generates an end
of event pulse (TTL level) at the end of 50 samples, which is connected to the time mark
pin (pin 4) on the 9 pin I/O connector of the Millennium™ GPS receiver. The timing
uncertainty is limited by the buffering and transmission of data from the DAQPad to the

computer, and is expected to be within a few milliseconds.
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Figure 3.7: Hardwar e connections

34 Test Route Description

A route encompassing various conditions was chosen for the test. The route was divided

into four sections each representing a different environmental condition.

The four sections can be classified as:

Section 1:
Section 2:
Section 3:

Section 4:

Open sky and suburban, which is free from obstacles for the entire section

Dense urban environment in downtown Calgary

Heavy foliage environment

Open sky in a suburban environment

3.4.1 Section 1 [Open sky and suburban conditions]

The route traversed in Section 1 is shown as a dark red line in Mand has a very

clear view of the sky, which is free from obstructions on both sides of the road

(Crowchild Trail), but has a few underpasses along the road.
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Figure 3.8: Section 1route

3.4.2 Section 2 [Downtown section]

Section 2 of the test drive starts from Memorial Drive and passes through a rectangular
block comprising 9th Avenue, Centre Street, 6 Avenue, and 11" Street in the downtown
south west (SW) section of Calgary. The red line in shows the chosen route.
Memorial Drive has mild foliage on the south side of the road whereas 9" Avenue has
high rise buildings along the north side of the road and is fairly open on the south side.
Sixth Avenue has high rise buildings on both sides of the road and provides a very dense
urban canyon scenario where satellites below elevation angles of 50 degrees are
completely masked. Section 2 is approximately 9 km in length. Eleventh Street has clear

visibility.



Srals —|

Figure 3.9: Section 2 route

3.4.3 Section 3 [Foliage section]

A residential area in Calgary with sufficiently dense foliage was chosen for Section 3.
The route has a variety of foliage characteristics and the majority of the 5.5 km route has
moderate to very dense foliage. The most densely covered section is along Montreal
Avenue. Trees on both sides of the road branch out to cover the entire street providing
very little line-of-sight capability. Satellite visibility is good along 10™ Street, as there are
no trees on either side of the road. Some sections, like Carleton Street and Montcalm
Crescent, have few trees. The route shown in red in [Figure 3.10]provided a good variety
of foliage attenuation. Detailed description of the foliage in this section can be found in
Fotopoulos et al., (1998) who used the same route to test the performance of the

WADGPS LandStar™ system under different foliage densities.
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Figure 3.10: Section 3 route

3.4.4 Section 4 [open sky and suburban conditions]

The route in Section 4 starts from downtown Calgary and ends at the University of

Calgary and is mostly a retrace of Section 1. Satellite visibility varies from sparsely dense

to open sky along this section. The route shown in [Figure 3.11] is comprised of 17

Avenue, Crowchild Trail and 32" Avenue. Seventeenth Avenue has low buildings on

both sides whereas Crowchild Trail provides a clear and unobstructed view of the sky.

The total distance covered in this section is approximately 8km. The wide mix of

environmental diversity in the entire route made it ideal for analyzing code multipath on a

moving vehicle.
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Chapter 4

Code Multipath Characterization

41 Introduction

Code multipath error is one of the most significant sources of errors in DGPS
applications. The magnitude of code multipath error depends on various factors like the
correlator spacing, the precorrelation bandwidth and the antenna reflector distance. Ray
(2000) performed a detailed analysis of code and carrier multipath characteristics. This
chapter discusses one method of multipath characterization and the results of the code
multipath error and correlation properties under various environmental conditions, on a

mobile platform.
4.2 Code Multipath

Multipath is the phenomenon whereby a signal arrives at the receiving antenna by
multiple paths by reflection or refraction (Braasch, 1996a). Multipath can be classified
into diffused reflection, specular reflection and refraction. Diffused multipath results
when the GPS signal gets reflected from rough surfaces and specular multipath results
when the GPS signal gets reflected from smooth surfaces like water bodies and metal
surfaces while refraction occurs due to the bending of the signal. Multipath affects the
code and carrier of the GPS signal in different ways, for details see Ray (2000). The
multipath signal travels a greater distance compared to the direct signal to arrive at the
GPS antenna. The C/A code, which is a composite signal of the direct and the reflected
signal, is distorted by the relative amount of phase shift the reflected signal suffers. If the
direct signal is in-phase with the reflected signal then the signal power increases, and if
they arrive out of phase at the antenna then the signal power at the antenna decreases.
This has direct impact on the correlation peak and thus affects the pseudorange (and

carrier phase, if applicable) measurements.
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The magnitude of code multipath error in a receiver depends on the distance between the
reflecting source and the receiving antenna. It also depends on the correlator spacing and
the precorrelation bandwidth (Braasch, 1995). illustrates relative multipath
induced tracking errors encountered among various correlators. The standard correlator
has a spacing of 1.0 chip between the early and the late correlators and a precorrelation
bandwidth of 2 MHz. In constrast, the Narrow Correlator™ has a precorrelation
bandwidth of 8 MHz and a correlator spacing of 0.1 chip between the early and the late
correlators (van Dierendonck et al., 1992). From it can be seen that the
standard correlators are susceptible to substantial multipath errors for C/A code chip
delays of up to 1.5 chips, with the most significant C/A code multipath errors occurring at
about 0.25 and 0.75 chips (approaching 80 m error). On the other hand, in case of the
Narrow Correlator™, multipath susceptibility peaks at about 0.2 chip (about 10 m error)
and remains relatively constant out to 0.95 chip, where it rapidly declines to negligible
errors after 1.1 chip. The code multipath error envelope for two more techniques MET™
(Multipath Elimination Technique, Townsend and Fenton, 1994) and MEDLL™
(Multipath Estimation Delay Lock Loop, Van Nee, 1995) are also shown in
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Figure4.1: Code Multipath error envelope (Ford, 1998)
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MET™ is an improvement of Narrow Correlator'™ with respect to multipath mitigation
(Townsend and Fenton, 1994). It estimates the slope of the two sides of the
autocorrelation peak as well as the amplitude, thus estimating for two lines that intersect
at the peak, irrespective of the slope. MET™ has a multipath error envelope, which is
oscillatory in nature, but is less susceptible compared to the Narrow Correlator™.
However, MEDLL™ performs the best under multipath environment. For details on
MEDLL™ see Van Nee (1995). MEDLL uses multiple narrow-spaced correlators to
estimate multipath and remove it from the correlation function to provide a more pure
signal correlation function (Van Nee, 1995). As MEDLL uses multiple correlators the
receiver is bulky and expensive and is usually used in reference stations. All correlator
based mitigation techniques are effective for long delay multipath errors but are
ineffective to short delay multipath. Ray (2000) developed a method to mitigate short
delay multipath error for static receivers. All the techniques listed above can remove 50%
to 60% of multipath error (Ray, 2000) and the residual multipath error can still be

significant on the order of few metres.

The maximum multipath delay (delay between the direct signal and the reflected signal)

that can introduce an error in the measurement also depends on the correlator spacing and

is given by equation

Mosey =Te *To (4.)

Where,
T is the C/A code chip width, and

Ts is the spacing between the prompt and early or prompt and the late
correlator spacing

Hence, for a standard corrleator with a spacing of 0.5 chip between early and prompt
correlators, the maximum multipath delay can be 1.5 chips, which translates to 450 m.
However, for Narrow Corrlelator™ with a spacing of 0.1 chips, the maximum delay that

can cause multipath error is 1.05 chips, which translates to 315 m. Therefore a reflector
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placed more than 315 m from the receiving antenna will not introduce any code

multipath.
Some of the characteristics of code multipath can be summarized as:

e  Maximum code multipath error can be up to +/-150 m for receivers with wide
correlator spacing (Ray, 2000).

* Affected by multipath signal delayed up to 450 metres.

* Non zero mean (van Nee, 1995).

* Magnitude of multipath error depends on the precorrelation bandwidth.

* Error is high frequency in nature under dynamic conditions.

* Decorrelates rapidly over distance.

* Code multipath has day-to-day repeatability in static receivers, (sidereal time) see,

Lachapelle (1998).

For detailed description on the effect of multipath error on the various correlators,

discriminator functions refer to Ray (2000).
4.3 Code Multipath Characterization

To characterize code multipath, it has to be detected and isolated. One of the most
popular methods to isolate code multipath is the code minus carrier method also
described by Braasch (1995). Other techniques involve estimation of multipath by
comparing the measured correlation triangle with an accurate reference correlation

triangle and estimating the multipath error as in MEDLL™ (van Nee, 1995).

Multipath analysis tends to be performed on the measurement residuals, which are output
from an estimator in DGPS mode (e.g. least squares adjustment). This approach is
simpler compared to other methods like MEDLL™. Most of the multipath mitigation
techniques analyze these residuals to estimate and mitigate multipath, which works well
for static applications. However, in kinematic applications the multipath environment is

changing continuously and also the multipath characteristics on different antennas will be
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different due to differences in satellite visibility (different levels of shading on various
antennas). Hence, one of the code minus carrier methods to determine the multipath

signature was implemented.

The pseudorange and carrier phase observables can be expressed as in F%ﬂﬁl and Fﬂ%—)-l

respectively.

By subtracting carrier phase measurement from code measurement (P-¢), the code minus

carrier equation can be written as

P-®=r=2d

-AN+¢& +¢
ion p

s (4.2)

Equation contains the ionospheric error (actually twice the ionospheric error),
carrier phase ambiguity, code receiver noise and code multipath. Carrier receiver noise
and multipath can be neglected since they are very small compared to the corresponding
code values. The ambiguity term is a constant if there are no cycle slips and the
ionospheric error generally varies slowly over time. A piece-wise linear regression model
can therefore be implemented to remove terms due to the ionosphere and ambiguity.
Since the ionospheric error changes with time, a regression model was implemented with
predefined averaging intervals. An averaging interval of 6 minutes was chosen in the
current model. The resulting code minus carrier residual (r), contains multipath and

receiver noise which can be used for further analysis.

shows the code minus carrier differences for satellite number 31 having an
elevation of 20°. The data was collected for a period of one hour. The green line in the
figure is the regression fit of the data. The receiver was placed on the roof of the
Engineering building and was operated as the reference station. The differences show a
slowly varying bias, which is a characteristic behaviour of the ionospheric error with the

initial bias due to the integer ambiguity.
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Figure4.2: Code— Carrier difference, SV 31, (Elevation - 20°)

shows the code multipath error after removing the mean error by regression
process and shows the corresponding temporal decorrelation of static

multipath.
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Multipath errors up to one metre can be seen from m To analyze the temporal
correlation of multipath in static conditions the auto correlation function was computed

from the same sample. The method of computing the autocorrelation function is

described in Section

The temporal decorrelation shows that the multipath error reaches 70% of its value after

10 minutes, which indicates a slowly changing process.

The regression process treats the integer ambiguity and the ionospheric error as a
combined bias error and does not try to separate the two. Choosing the right period for
the regression interval is also important. If the interval is too large, then the ionospheric
error will not be completely removed and some residual errors will remain. If the interval
is too small then the multipath error will also be removed as part of the estimation. Hence
an optimum time interval has to be chosen. Various intervals were tested and an interval

of six minutes was chosen for all the following analysis based on these tests.

Subtracting out the mean as determined from the regression model removes not only the
integer ambiguity, but also the bias components present in all of the remaining terms.
Code multipath is a non-zero mean process (van Nee, 1995) and this technique only
isolates relative multipath effects and not the absolute multipath because the regression

process removes the portion of multipath with nonzero mean (Braasch, 1995).

One limitation of this technique is that it cannot be used in real time, as the estimation of
ionospheric error using the regression method is a batch process and requires stored data.
Ray (2000) demonstrated a real time estimation of multipath, ionospheric error and

ambiguity using a Kalman filter.
4.3.1 Multipath Correlation

One of the important reasons for the isolation of multipath error is to analyze its spatial
correlation property between multiply spaced antennas. Spatial correlation can be studied

by analyzing the cross correlation between the antennas. Correlation provides a measure
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of the relationship between two quantities, which is multipath error between two antennas

in this case.
The correlation between two signals can be computed from the following equation.

W(XY) = E[XY] (4.3)
X and Y are real stationary random processes and E[ ] is the expected value operator
(Maybeck, 1994). The random variables X and Y can be standardized and the expectation
of the product of the standardized variables is a dimensionless quantity known as the

correlation coefficient.
The correlation coefficient is given as
X —p (Y- u
o, g,

Where,
Uy, U, are the mean of the random variables X and Y, and

0,,0, are the standard deviations of random variables X and Y
Equation can be simplified to (Maybeck, 1994)

g

— Xy
P 0,0, (4.5)

The correlation coefficient can take values

—l=p, =1 (4.6)
The two random variables are perfectly positively correlated if p,, = +1 and uncorrelated
if p,, =0. All other values of correlation coefficient give a measure of the similarity

between the multipath errors between the two antennas.

4.3.2 Other Effects

Land mobile users are one of the largest users of GPS and foliage and urban

environments are some of the most frequently encountered environments by these users.
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Foliage attenuation is often characterized as attenuation in dB/m of foliage penetration.
The attenuation depends on the nature and height of the tree. When a mobile receiver is
moving rapidly past intermittent trees, the mean attenuation should be considered instead
of attenuation from a single tree. Spilker (1994c) has provided comprehensive analysis on
foliage attenuation of GPS signals on moving and stationary GPS receivers. Lachapelle et
al., (1994) conducted tests to study the seasonal effect of foliage on GPS signal

availability and accuracy for vehicular navigation.

The intermittent blockage imposes severe stress on the carrier and code tracking loops,
which can result in frequent loss of signal lock. Also, the poor signal power (C/N,)
reaching the antenna will severely affect the quality of the measurements and the position

estimates.

The Doppler measurement is generated from the carrier tracking loop and as a result is
affected by carrier phase multipath. The effect of multipath on code has already been
discussed in section Unlike code multipath, carrier phase multipath can only have
values up to one quarter of a wavelength. A derivation for carrier phase error due to

multipath and experimental results can be found in Ray (2000).

Ray (2000) also showed that multipath with 90° phase error with the direct signal
introduces phase error, where as a multipath signal with phase error of 0° and 180° does
not exhibit phase error in the composite signal but effects the signal amplitude. The
change in signal amplitude will cause code multipath error and does not impact the
Doppler measurements. Also the error in phase is a function of the distance of the
reflector with respect to the antenna and the power of the reflected signal (van Nee,
1995). Ray (2000) has shown that the carrier multipath frequencies are in the order of
0.01 Hz for static case, which can introduce an error of few millimetres/sec in Doppler
and its effect is much smaller on a moving platform due to the averaging effect.

Therefore, the effect of multipath on Doppler on a moving vehicle can be neglected.
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4.4 Results

The receiver tracking performance under different environmental conditions gives a good
insight into the ability of the receiver to operate in various environmental conditions. It
also gives an insight into the quality of the computed position. This can be analyzed by
studying the Geometric Dilution of Precision (GDOP), which is a quality indicator,
related to the geometry and in turn a function of the satellites tracked. The tracking
performance is discussed before proceeding to the multipath error. All the discussion is
based on the data collected from Day 1, and is applicable to Day 2 and Day 3. Data on

Day 2 and Day 3 were collected at the same sidereal time as Day].
4.4.1 Tracking Performancein Section 1 [Open Sky]

F-i'gu-rc-ﬁhﬁ-land |F-rg'u-rc-4-6| show the number of satellites tracked by all four antennas and
their corresponding GDOP’s in Section 1.
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Figure4.5: Satellite visibility for each antenna - Section 1
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Although Section 1 has clear visibility there are some outages in satellite visibility due to
underpasses present along the road. Most often these outages are correlated across
antennas, which is a characteristic of complete signal masking. In situations when there
are less than three satellites a solution is not available, and GDOP is shown to be zero,

whereas theoretically it tends to infinity.
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Figure4.6: GDOP variation for each antenna - Section 1

The variation in the GDOP in all four antennas is between 2 to 6. Despite overall good
satellite visibility, there is a large variation of GDOP in all antennas, which can be
attributed to the constant changes in geometry associated with the motion of the vehicle

and also due to the occasional obstruction of the signal by the neighbouring vehicles.

The average number of visible satellites and GDOP for Section 1 are summarized in

able 4.1} All the plots shown in this chapter are generated from data collected on Day 1.
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Similar results were observed on Day 2 hence the results are not shown. The base line

separation between antennas is shown ing@and range between 0.7 to 0.9 m.

Table4.1: Average satellite visibility and GDOP - Section 1

Antenna A Antenna B Antenna C Antenna D

Average GDOP 33 3.5 3.4 3.2

Average number

of SVs 5.8 5.7 5.8 4.7

The percentage visibility of the number of satellites tracked in section 1 is shown in
Figure 4.7 The graph indicates a given number of satellites (say six) visible as a
percentage of the total time during Section 1. For example seven satellites are visible in
Antenna A (shown in blue colour in 40% of the time. Also, in all antennas, at

least six or seven satellites are visible more than 30% of the time.
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Figure 4.7: Percentage visibility of satellitesin Section 1
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4.4.2 Tracking Performancein Section 2 [Urban Canyon]

Section 2 contains dense urban conditions and it imposes severe restrictions on the
tracking performance of the receivers. Due to the anisotropic nature of the signal
masking, the geometry of the satellites is also severely affected. Figures 4.8 and 4.9 show

the number of satellites tracked and their corresponding GDOP’s for all four receivers.
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Figure 4.8: Satellite visibility for each antenna - Section 2

There are a lot of satellite outages all through this section and the number of satellites

being tracked varies from 3 to 8.
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Figure4.9: GDOP variation for each antenna - Section 2

From the figures severe signal outages can be inferred. The GDOP varies between 2 and

19. The average number of visible satellites and GDOP during Section 2 is shown in

[Table 43

Table4.2: Average satellite visibility and GDOP - Section 2

Antenna A Antenna B Antenna C | Antenna D

Average GDOP 5.6 6.1 5.5 59
Average number of 39 26 33 12
SVs

There is a severe decline in the average number of satellites in all four antennas
compared to Section 1 and also the average values of GDOP is larger compared to the

values in Section 1. The numbers in the table represents the average satellites tracked for
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the entire section, and it includes the epochs when there were no satellites or less than
four satellites available. There were sufficient number of satellites available to compute a

position fix most of the time and the results are shown below.

MShows the percentage visibility of satellites for all four antennas. The graph is
generated based on the satellites available to compute position from the post processing

software and indicates the number of satellites visible as a percentage of the total time of

the test.
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Figure 4.10: Percentage visibility of satellites - Section 2

Most of the time (50-60%) only four satellites were available and no solution was
possible for 38.6%, 50.4%, 40.3% and 46.2% in Antennas A, B, C and D, respectively.

This means that a solution was available for less than 50% of the time during this test.



59

4.4.3 Tracking Performancein Section 3 [Dense Foliage]

To address the receiver tracking performance during this section, the satellite visibility
graphs, and DOP variations are once again analyzed. Figures 4.11 and 4.12 below show

the number of satellites tracked and the GDOP values in each of the four antennas.
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Figure4.11: Satellite visibility for each antenna - Section 3
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The GDOP variations are large which is a result of frequent changes in the satellite
visibility. The satellite visibility in [Figure 4.11|shows large variations, which correlate to
the GDOP values in However there is a small section at the beginning,

which is also the entrance to the 10™ Street where the visibility is good.

The average number of visible satellites and the average GDOP during the entire section

1s shown in [Table 4.3

Table 4.3: Average satellite visibility and GDOP - Section 3

Antenna A Antenna B Antenna C Antenna D
Average GDOP 4.9 59 5.1 53
Average number
of SVs 3.5 3.1 3.3 2.3
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Once again the average number of satellites tracked in this section is less than four as it
includes the epochs when there were no satellites or less than four satellites available.

However, the actual percentage visibility of each satellite for position computation is

shown in
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Figure 4.13: Per centage visibility of satellites - Section 3

At least four satellites were visible 55-60% of the time, and less than four satellites were
available for 40.6%, 49.1%, 42.7% and 45.3% in Antennas A, B, C and D respectively.

This means that a solution was available only 45% of the time on average for all

antennas.
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4.4.4 Tracking Performancein Section 4 [Semi-urban conditiong]

Section 4 is mostly the retrace of section 1 and the results are similar to the section 1. The

tracking performance and the GDOP variations among the four antennas are listed in

[Table 4.4

Table 4.4: Average satellite visibility and GDOP - Section 4

Antenna A Antenna B Antenna C Antenna D

Average GDOP 2.9 3.2 3.1 3.2

Average number

of SVs 6.7 6.5 6.6 5.7

The visibility performance is similar to section 1 (open sky) and the percentage visibility

graph for section 4 is shown in[Figure 4.14
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At least seven or eight satellites were visible for at least 40% of the time and less than
four satellites were available for 6.6%, 5.8%, 5.8% and 5.2% in Antennas A, B, C and D,
respectively. This means, on average, a position solution was available at least 95% of

the time for all receivers.

To provide a reference, the percentage visibility of the reference station was computed. A
NovAtel Beeline™ receiver, which is an eight-channel receiver, was setup as the
reference station. The base station had eight satellites for almost 100% of the time; the

GDOP at the base station was also less than 2.
445 CodeMultipath Error in Section 1 [Open sky]

The results of code minus carrier difference for various sections among different antennas
are presented in this section. Code multipath errors in all four receivers for satellites 17

and 26 during Section 1 are shown in Figures 4.15 and 4.16, respectively.
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The vehicle is in motion during the entire period, except for a few stops at the lights. The
multipath errors have magnitudes up to +/-0.75 m and are present in all antennas.
shows the code multipath error for a slightly lower elevation satellite, which has a

higher susceptibility to multipath.
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Figure 4.16: Code-carrier differences (SV - 26), Elevation (31° - 14°) - Section 1

The code minus carrier differences in [Figure 4.16]has oscillations due to multipath up to
magnitudes of 1m. Around GPS time 335980 (3.20 PM local time) multipath oscillations
up to 1m can be seen on all four antennas. At this particular time, the vehicle had stopped
at traffic lights and the multipath could be due to reflections from surrounding vehicles.
Small jumps or spikes are noticeable in the figures, which are due to the restarting of the
averaging interval of the regression process used to remove the ionospheric error.

Multipath is smaller during the remainder of the run when the vehicle was moving which
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agrees in principle with the fact that multipath averages out in dynamic conditions

(assuming a relatively open environment).

The mean, and RMS values of these multipath errors for some of the satellites are shown

in [Table 4.5

Table 4.5 Statisticsfor code minus carrier differences - Section 1

Antenna A Antenna B Antenna C Antenna D

Mean | RMS | Mean | RMS | Mean | RMS | Mean | RMS

(m) (m) (m) (m) (m) (m) (m) (m)
Elv\?\6/81--733° 0.00 | 0.11 | -0.00 | 0.16 0.00 0.16 -0.01 0.11
ElV:S\8/8§?64° -0.00 | 0.16 | -0.00 | 0.13 | -0.00 0.16 -0.03 0.13
EIVS:\; 125140 0.00 | 0.20 | -0.00 | 0.19 | -0.00 0.18 -0.01 0.18
Elv :84\(603_410 -0.00 | 0.15 0.00 0.14 | -0.00 0.19 0.01 0.23
Ele:V8°3.]_;32° 0.00 | 0.28 | -0.00 | 0.19 0.00 0.40 0.00 0.27
Elvs:\g°?24° -0.02 | 0.24 | -0.01 0.61 0.00 0.23 -0.00 0.31

The RMS value of the multipath error progressively increases (0.11 m to 0.61 m) for
lower elevation satellites, which is expected since lower elevation satellites are more
susceptible to multipath error. The mean multipath error is also zero in most of the cases.

The multipath error in this section is very small less than half a metre in most cases.

To study the multipath spatial correlations properties between antennas on a moving
platform the cross correlation between the antennas was computed and the results are
shown The multipath between antennas, are not entirely uncorrelated but
have some oscillations, which are not similar across the antennas. This is because the

code multipath delay changes from antenna to antenna and could be totally out of phase
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with respect to the first antenna. The multipath oscillations depend on the relative path

delay between the direct and the reflected signal (Braasch, 1996).
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Figure4.17: Correlation coefficient (SV - 17), Elevation (68° - 33°) — Section 1

If the code minus carrier differences between antennas were uncorrelated then the cross

correlation would be a constant. The cross correlation plots above show weak correlation

in the code minus carrier differences between antennas. This decorrelation property can

be used to identify and remove multipath. The plot also shows multipath correlation

between antennas for certain delays. For example, with a delay of 100 seconds a

correlation of 0.45 can be seen between Antennas A and B. However, the pseudorange

measurements are used in real time and only the multipath errors at zero delay is of real

concern. Therefore correlation between two antennas at zero delay should be considered.

A maximum correlation coefficient of 0.2 was seen for measurements for various

satellites between various antennas. A correlation coefficient of one means perfect

correlation and a coefficient of zero represents uncorrelated signals. Therefore, a
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correlation coefficient of 0.2 represents very weak correlation between two antennas. To
analyze the temporal correlation of multipath in each antenna the autocorrelation of the

multipath error was computed and the result for all the four antennas are shown in @
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Figure 4.18: Temporal correlation (SV - 17), Elevation (68° - 33°) — Section 1

The temporal correlation shows that multipath error decorrelates to its 50% value within
5 s where as for the static case the decorrelation time is few minutes (Figure 4.4). The
temporal correlation shows the averaging nature of multipath in dynamic conditions and

does not have any impact on the methodology chosen in this research.
446 CodeMultipath Error in Section 2 [Urban environment]

The results of code minus carrier difference in an urban environment are presented in this
section. Code multipath errors in all four receivers for satellites 17 and 26 in Section 2

are shown in Figures 4.19 and 4.20, respectively.
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The code minus carrier differences in Figures 4.19 and 4.20 show oscillations due to
multipath up to magnitudes of 2 m. Due to the high-rise buildings the masking angle is
restricted to 50° above the horizon. As a result there are hardly any measurements
available for satellite number 26, which has elevation angle less than 30°. The multipath

error is random in nature unlike the multipath error in Section 1.

The mean, and RMS values of these multipath errors for some of the satellites are shown

in [Table 4.6

Table4.6: Statisticsfor the code minus carrier differences - Section 2

Antenna A Antenna B AntennaC Antenna D
Mean | RMS | Mean RMS Mean RMS Mean RMS
(m) (m) (m) (m) (m) (m) (m) (m)
SV 17 0.01 0.47 0.00 0.29 0.00 0.36 0.00 0.35
EIV: 680_330 . . - . . - . . - . .
SV 23
Elv: 88°-64° 0.01 0.26 -0.00 0.19 0.00 0.15 0.02 0.15
SV 26 0.00 0.42 0.00 0.18 0.00 0.37 0.00 0.29
Elv: 31°-14° | ) ’ ’ ) ’ ) ’
SV 3
Elv: 46°-41° 0.00 0.55 -0.00 0.29 0.00 0.45 -0.00 0.27
SV 3l 0.00 0.16 0.00 0.42 0.00 0.19 0.00 0.19
EIV: 80_320 . . - . . . . - . .
SV 9
Elv: 6°-24° 0.00 0.23 -0.00 0.28 0.00 0.26 -0.00 0.35

The RMS values of the multipath error for all satellites and in all antennas are larger by
an order of magnitude compared to Section 1. The RMS values for low elevation
satellites are smaller (0.25m, SV 9) compared to the higher elevation satellites, because
most of the time the low elevation satellites were completely blocked by buildings and

the RMS errors does not show any multipath during these times. The spatial decorrelation

of multipath error across the antenna assembly for satellite 17 is shown in |[Figure 4.21
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Maximum multipath errors up to 11 m, 5.2 m, 6.2 m, and 6.0 m was seen on Antennas A,

B, C and D respectively.
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Figure 4.21: Correlation coefficient (SV - 17), Elevation (68° - 33°) — Section 2

The cross correlation plots above show very weak correlation in the code minus carrier
differences between antennas. A maximum spatial correlation of 0.3 was seen on some
measurements. This shows that multipath is weakly correlated among different antennas

and this behaviour will be exploited to detect multipath in the form of blunders, and is

discussed in [Chapter 5|
4.4.7 CodeMultipath Error in Section 3 [Dense Foliage environment]

The results of code minus carrier difference under heavy foliage environment are
presented in this section. Code multipath errors in all four receivers for satellites 17 and

26 in Section 3 are shown in Figures 4.22 and 4.23 respectively.



71

Antenna A
o
T

Antenna B

Antenna C

@]

]

c

c

[©]

IS

< -1 I I I
337906 338206 338506 338806
03:52 03:57 04:02 04:07

GPS Time/Local Time (Sec/Hr:min)

Figure4.22: Code-carrier differences (SV - 17), Elevation (68° - 33°) — Section 3
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Figure 4.23: Code-carrier differences (SV - 26), Elevation (31° - 14°) — Section 3
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The code minus carrier differences show multipath oscillations between GPS time
337906 and 338206 during which time the vehicle was travelling on 10™ Street that had
fairly good visibility. However, on Montcalm Crescent and Frontenac Avenue large
outages can be seen on the code minus carrier differences due to poor tracking as a result
of dense foliage. Some satellites with high elevation angle (SV number 23 with an
elevation angle of 80°, Appendix D) show fairly good tracking with small multipath

oscillations.

The mean and RMS values of these differences for different satellites are shown in l‘llail

Table4.7: Statisticsfor the code minus carrier differences - Section 3

Antenna A Antenna B Antenna C AntennaD
Mean | RMS | Mean | RMS | Mean | RMS | Mean | RMS
(m) (m) (m) (m) (m) (m) (m) (m)
EIV:S\6/8:(I;-733° -0.02 | 0.26 | 0.03 0.20 -0.04 | 035 -0.01 0.15
EIV:S;/;EZ 40 0.00 | 027 | -0.03 | 0.23 0.02 0.15 -0.02 0.23
EIV:S\?fl%-Gl 40 0.00 | 0.23 | -0.00 | 0.19 -0.00 | 0.36 -0.03 1.87
Elv:Sé:/6°?i41° 0.06 | 044 | -0.05 | 0.37 -0.01 0.34 0.03 0.29
Eli\gizo 0.06 | 046 | 0.02 0.37 -0.06 | 0.57 -0.02 0.53
EIV:SZO-Q24° 0.06 | 034 | 0.01 0.41 0.09 0.48 -0.05 0.29

The multipath error in Section 3 is relatively smaller compared to Section 2 for high
elevation satellites (0.2 — 0.3 m), this is because foliage, unlike buildings, does not reflect
signals but absorbs the energy from electromagnetic signals resulting in attenuation of
signal power. The lower elevation satellites have higher RMS errors (0.3 m to 0.6 m);

most of the errors are due to the buildings present in the beginning and the end of the test.
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The RMS errors are consistent across antennas except on Antenna D for SV 26, which
has RMS errors in the range of 1.9 m. There were also a few blunders in Antenna D in
the range of 9 m. This is the kind of blunders that the system is expected to detect and
eliminate. The correlation coefficients across antennas are shown in M and

@respectively.
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Figure 4.24: Correlation coefficient (SV — 17), Elevation (68° - 33°) — Section 3
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Figure 4.25: Correlation coefficient (SV - 26), Elevation (31° - 14°) — Section 3

The spatial correlation of multipath error among various antennas showed a correlation
coefficient of 0.5 between Antenna A and B. The correlation coefficient is similar to

Sections 1 and 2, which indicate the weak spatial correlation property of multipath.
448 CodeMultipath Error in Section 4 [Semi-urban environment]

The multipath environment in Section 4 is similar to the Section 1 as this is just the

retrace of trajectory in Section 1. The Mean and RMS errors of the multipath error for

different satellites are listed in [[able 4.8
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Table 4.8: Statisticsfor the code minus carrier differences - Section 4

Antenna A Antenna B Antenna C AntennaD

Mean | RMS | Mean | RMS | Mean | RMS Mean | RMS

(m) (m) (m) (m) (m) (m) (m) (m)
Elv:S\6/8%.733° 0.03 | 021 | -0.04 | 0.29 0.06 0.25 0.01 0.35
Elv:S\gsfi 40 -0.02 | 029 | 0.04 0.19 | -0.03 0.24 0.02 0.22
Elv:S\3/1§i4° 0.00 | 0.27 | 0.00 0.35 | -0.00 0.56 -0.00 | 036
Elv:a/6341° -0.08 | 0.30 | 0.06 0.29 0.02 0.38 -0.04 | 0.22
E1VS;\§;3§20 -0.08 | 038 | -0.02 | 033 | -0.07 0.35 0.03 0.44
Elv:SZO-924° -0.09 | 035 | -0.01 | 043 | -0.14 0.66 0.06 0.39

The RMS errors show larger error for low elevation satellites (0.4 m) compared to the
high elevation satellites. The RMS errors are similar to the errors in Section 1, hence the

multipath error and the spatial correlation graphs are not shown.
45 SNR Analysis

The signal-to-noise ratio (SNR) relates to the power of the GPS signal in the receiver.
Multipath affects not only the code range and carrier phase measurements, but also
affects the power of the composite signal (made up of the direct and the reflected GPS
signals). The reflected signal adds constructively and destructively with the direct signal
(as the relative phase varies with time). The power of the composite signal also varies
with time (Ray, 2000). The signal power can be measured in the receiver from the carrier
tracking loop and can be used to estimate carrier and code multipath errors. This
technique has been successfully used to estimate carrier phase multipath for static
applications (Axelrad, 1994). The SNR of each satellite was also analyzed to study the
possibility of using it as an indicator of multipath. The SNR for one of the sections

(Section 3) on different antennas is shown in [Figure 4.26
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Figure4.26: SNR for SV — 17, Elevation (68° - 33°) — Section 3

Although SNR variation can be related to multipath it has very large variations due to the
signal loss resulting from the environment rather than multipath. Hence the SNR analysis

provided inconclusive results in the kinematic situation.
46 Summary

A series of tests were conducted in Calgary whereby four antennas were mounted in
vehicle and raw GPS data was collected over four sections of urban and suburban routes.
Data from the four antennas was processed using code minus carrier technique to analyze

the presence of multipath and its correlation from one antenna to another.

The code minus carrier differences provided a good representation of the multipath error.
The results of the code minus carrier differences in an open sky, downtown-urban and
dense foliage environments show that the multipath error is heavily dependent on the

surroundings and the vehicle dynamics. In spite of the harsh multipath environments,
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gross multipath errors of few metres (6 — 9m) were observed were observed only few
times. This could be due to the high performance Narrow Correlator™ technology used
in the Millennium™ receivers. The cross correlation results showed rapid decorrelation
of multipath among antennas. Since multipath amplitude and phase change rapidly with
the vehicle dynamics it is not possible to use the geometry information between the
antenna to detect and mitigate multipath from the pseudorange measurements. Using the
SNR to estimate multipath error is also not very effective in kinematic mode as SNR
depends not only on the multipath but also on satellite elevation angles, and the

surrounding environment.

These results indicate that by combining information from multiple antennas and by
performing some sort of blunder detection, multipath errors can be removed. This

approach is pursued further in next chapter.
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Chapter 5

Reliability and Constraints

5.1 Introduction

An approach to detect multipath is to treat the errors as blunders and then define a
statistical test to detect corrupted measurements. This method is similar to the RAIM
algorithm proposed by Parkinson and Axelrad (1988). The defined statistical test assumes
only one blunder to be present at any given instant, however this assumption may not be
always true. Therefore, a reliability measure based on internal and external reliabilities is
computed which can be used as a quality indicator. If the statistical test identifies the

blunder then the particular measurement is eliminated from the estimation process.

In addition to the statistical test, measurements from several antennas may be combined
using constraints before solving for the parameters. This is also expected to improve the
reliability. These two concepts are discussed in this chapter, along with some results of

this approach.
5.2 Rédiability Theory

A brief introduction to the reliability theory and its ability to detect blunders based on

some statistical properties are described in this section.

Reliability refers to the ability to detect blunders in the measurements and to estimate the
effects of undetected blunders on the solution (Leick, 1995). There are two kinds of
reliability, namely internal reliability and external reliability (Krakiwsky and Abousalem,
1995). Internal reliability is defined as the minimum detectable blunder on residuals
resulting from a statistical test and the impact of this undetected blunder on the

parameters space is defined as external reliability.

The usual course of action followed is to make a statement about the probability

distribution of the population and then to test if the sample drawn from the population is
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consistent with the statement. In order to detect a blunder on an observation, a statistical
test is performed with the underlying assumption that the residuals are normally
distributed. Such a statement made about the probability distribution of the population is
called a statistical hypothesis. For every hypothesis Hy (NULL Hypothesis) an alternate
hypothesis H; exists. A hypothesis is tested by drawing a sample from the population,
computing the value of a specific sample statistic, and then making the decision to accept
or reject the hypothesis based on the value of the statistic. The hypothesis Hy cannot
result in a certain definite outcome as the test is based on a sample drawn from a sample

population and not from the entire population. Hence, four possible outcomes can occur:
1. Hpis accepted, when H, is true.
2. Hj is rejected, when Hy is true.
3. Hyis accepted, when Hj is false.
4. Hpyis rejected, when Hy is false.

If outcomes (1) or (4) occur then no error is made and the correct action has been taken.
Conversely, outcome (2) is known as Type | error and outcome (3) is referred to as Type

Il error.

A Type I error occurs when a good observation is rejected and the probability associated
with this is denoted as a. A Type II error occurs when a bad observation is accepted and
the probability associated with this is denoted as [. shows graphically the
relationship between Type I and Type II errors. The non-centrality parameter (\/% ),

which is also the bias in the standardized residuals, can be determined by selecting values

for a and 3 from [[able 5.1)
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Figure5.1: Typel and Typell errorswith non-centrality parameter

Table5.1: Non-Centrality Parameter (Leick, 1995)

a B | Jw
5.0% | 20% 2.80
2.5% | 20% 3.10
5.0% 10% 3.24
2.5% 10% 3.52
0.1% | 20% 4.12
0.1% 10% 4.57
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Baarda (1968) introduced this concept of fixing the size of the model error that can be

detected at a certain probability level by a certain test. Once (1/w0)is computed, the

statistical test shown in equation [(5.1)]is performed.

fi
n=—
g
Where,
f 1s the residual, and

g, is the standard deviation of the residual

f

(5.1)
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The standardized residual is tested against @ and has standard normal density (n(é&;0,1))

with mean of zero and a variance of one. The smallest blunder that can be detected
through statistical testing is termed as the Minimum Detectable Blunder (MDB). The
MDB can be estimated from the relation (Baarda, 1968).

MDB =g, \/Z—T (5.2

Where, i is the i™ observation
JW, 1is the non centrality parameter

g is the redundancy number of the i"™ observable, and

Oji is the standard deviation of the i™ observable

The redundancy matrix g;is given as:

g =(C:C (5.3)

Where,
C.

; is the variance-covariance matrix of the residuals, and

C' is the variance-covariance matrix of the observations

Once the MDB for each observation has been calculated, the impact of this blunder on
the parameter space, which provides a measure of the expected error on the parameters, is

given by equation This is also referred as External Reliability (Baarda, 1968).

AS, =-CyATCO)) (5.4)
Where,

Cq is the covariance matrix of the parameters

A is the design matrix

0 is a column vector containing all zero’s except for the MDB in the it

position
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In the current approach, measurements are differentially corrected over a baseline less
than 10 km, as a result the ionospheric and tropospheric errors are minimized and only
multipath errors and receiver noise are assumed to be present. The receiver noise has a
normal distribution whereas multipath errors in a kinematic situation are random in
nature and decorrelate rapidly (Nayak et al., 2000a). Therefore, the standardized residuals
can be assumed to be normally distributed unless there are multipath errors, in which case
the residuals will be biased and can be detected by a statistical test provided there is
sufficient redundancy. This test actually eliminates blunders and does not distinguish

multipath errors from other errors like integrity failures.

Only one blunder per antenna is considered to exist at any given time. Although this
assumption appears insufficient; maximum multipath error is observed in urban
conditions where satellite visibility is poor. By eliminating the measurement with the
maximum multipath error, the reliability is expected to improve substantially. To achieve
better reliability, additional observations in the form of constraints between the antennas

can be applied.
5.3 Constraints

If two or more antennas are present, then fixed distance constraints between the antennas
can be used as additional observations in the adjustment process. If there are four
antennas then six independent constraints can be formed. To apply constraints, the
distance between antennas is measured a priori with a measuring tape. The model used

for a fixed baseline constraint is given by

feL =\/(X2 _X1)2 +(Y, _Y1)2 +(z, _21)2 (5.5

Where (x,y,z); and (x,y,z), are the WGS84 coordinates of the two antennas. The design
matrix for this constraint, which is of dimension 1 x u (where u is the number of

parameters), is

A{MMMM%MOOOOO ...... 0 (5.6)
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If the approximate coordinates of the two antennas are known then the following can be

derived (Cannon, 1991) (for complete derivation see Appendix A) :

oty _of ox  of oy  of oz
Jp oXdgp Odyodp 0z0dg

oy _ of ox  of oy  of 9z (5.7)
94 9x0A oay oA oz aA

Of, _ 0f ox  of oy of oz
oh o0x dh  dy dh 9z dh

Since approximate values of the antenna coordinates are used in the formation of the

design matrix, applying baseline constraints can skew the position of all other antennas in

the system (Weisenburger, 1997). From if the actual antenna position before

applying constraints is ABCD then after applying constraints the antenna coordinates

could be shifted as indicated by A'B'C'D’.
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Figure5.2: Constraints between antennas

This occurs because non-linear mathematical models are used in the design matrix for the
constraints. This error can be resolved in a few different ways. One method is to include
the second order terms in the design matrix, which is generally neglected during the
linearization process (Widnall, 1972). The second method is to increase the estimates of
the covariances on the constraints (Weisenburger, 1997). Thirdly, as followed in this

research, is to wait for the filter to settle before applying the constraints.
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54 Accuracy Assessment

One of the ways to access the improvements in accuracy is to compare the position
results with some known reference. In this case the positions computed by the post
processing software are compared with a highly accurate digital road map of Calgary.
The digital road map obtained from the City of Calgary is accurate to within a few
centimetres, and was generated by airborne photogrammetric techniques. The coordinates
of the map are referenced to the centre of the road and are listed in UTM coordinates. The
road is divided into small straight-line segments and the two end coordinates of this
segment are stored in the database. The density of the coordinates depends on the
geometry of the road and as a result the map co-ordinate density is high on roads with
curves. The required trajectory for each test section is selected on a segment-by-segment
basis and the corresponding UTM coordinates are exported using the Mapinfo™
software. The true trajectory is then generated by passing straight lines through these

coordinates. This method is explained in detail below.

The GPS estimated positions, which are in WGS-84, were converted to UTM coordinates
using standard transformation equations (e.g. Snyder, 1993). The digital road map

contains piecewise-linearized segments of the road as shown in the [Figure 5.3

Figure 5.3: Piece-wise linearized segment of theroad

From segments AB and BC are the linearized segments of the road whereas P
is the GPS-derived position. The intention is to compute the distance d from point P to

the nearest segment which is BC. The procedure to accomplish this is the following:
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1. The node nearest to point P (node B) is identified by computing the minimum

distance between P and all the nodes in the database using the equation.

9 min =J(X1 -X0) +(y; ~¥) (5.8)

2. Distances to the adjacent two nodes A and C are then computed to determine that

the nearest segment to P is BC.

3. The shortest distance between P and a straight line segment BC can be computed
using the equation for the perpendicular between a point (x1,yl) and a line

segment Ax+By+C=0, which is

2 2

_[A By +C
= (5.9)

A" +B
4. The distance d then provides the error between GPS coordinates and the reference
map data. The errors are computed on a section-by-section basis and the results

are discussed in the following sections.

The digital map database contains only two-dimensional topography; therefore it cannot
be used to assess the accuracy in the vertical direction. Another inherent problem is that

this method does not provide any information regarding the long track error.
5.5 Softwarelmplementation

Data was collected by the test setup described in m The C°NAV™ (Combined
Code and Carrier for GPS NAVigation, Cannon and Lachapelle, 1995) software
developed at the U of C was modified to become MATNAV (Multiple AnTenna
NAVigation), which can process data from up to four antennas and has additional
features like reliability testing and constraints, and it is also capable of integrating inertial

data from an IMU.
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MATNAV reads in an option file, which contains all the parameters for processing

multiple antennas. Some of the added features of MATNAYV are:

e Multiple Antennas (maximum of four antennas can be processed simultaneously)
* Option to apply constraints between the antennas
* Option to test for blunders using reliability methods

* Option to use inertial data

The differentially corrected measurements from different receivers are independently
post-processed in a least squares estimation process using carrier smoothed code and a

user selectable cut-off elevation angle (5° in this case).

If the statistical test option is chosen, a 0.1% significance level for hypothesis Hy and a
10% significance level for hypothesis H; is used. This means that the probability of
rejecting a good observation is 0.001 and the probability of accepting a bad observation is
0.1, which is highly significant (Mikhail and Gracie, 1998). These are some of the

optimal significance levels (Leick, 1995) for which the non-centrality parameter is given

in [Table 5.1]

The standardized least squares residuals are then tested against this threshold. If any of
the residuals fail the statistical test, subsets of the original set of observations are formed.
The statistical test is again performed on each of these subsets. If only one subset passes
the test, then the blunder is eliminated, and if none of the subsets pass the statistical test
then there is more than one blunder and all the observations are discarded. This is a very
conservative approach but if this method is used for real time navigation, then a message
can be generated to the user to inform about the presence of an undetectable blunder in
the measurement. However, if more than one subset passes the statistical test then the
subset with the smallest sum of squared residuals is chosen for computing the position.

The methodology is detailed in the flow chart shown in
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Figure5.4: Flow chart of the statistical test

In addition to the statistical test, constraints can be applied if there are more than two

antennas. The standard deviation of the constraints depends on the external method of



88

measuring the baseline. For the experiments conducted, the baseline lengths were

measured with a tape and a standard deviation of 1 cm was chosen.

To study the performance of reliability and constraints, the data was processed with and

without constraints, with and without reliability, for all combinations of antennas.

Latitude (@), longitude (A), altitude (h) and clock bias (c,) are the four unknown
parameters that are estimated for each antenna using least-squares estimation. If there are
four antennas, the total number of estimated parameters is 16. Therefore, according to the
prevailing visibility conditions, the number of parameters that are estimated at a given
instant may vary from 4 to 16. Then depending on the antennas used at that epoch,

appropriate constraints can be applied.
5.6 Scenarios

The data for each section, along with different antenna combinations were processed in

the following modes:

* No constraints, No reliability (NCNR)

* No constraints, With reliability (NCWR)
e With constraints, No reliability (WCNR)
* With constraints, With reliability  (WCWR)

The results for each of the four sections of the test were analyzed individually and some
of the different scenarios are shown below. The position errors (horizontal components)
were computed by comparing the MATNAYV positions with the highly accurate (< 20 cm)
digital map data. The coordinates of the map correspond to the centre of the street. Since
the vehicle keeps moving in and out of the centre of the road depending on whether the
road is a single lane or a two-lane road, it is practically impossible to estimate the true
distance from the centre of the road to the vehicle. Hence the results shown below include

these errors due to the motion of the vehicle from the centre.
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5.7 Resaults

The results from the various environments described in m are again presented
section wise. The results correspond to two sets of data collected on Day 1 (June 30,
1999) and Day 2 (September 9, 1999). Both sets of data were collected with the same

satellite constellation and the same route.

5.7.1 Section 1—-Open Sky

The position coordinates are computed from all four antennas without reliability and

constraints. The coordinates from Antenna A are shown in [Figure 5.5

Graph of GPS coordinates VS Map coordinates

3000

2000

1000

-1000

Northing (m)

-2000

-3000

|
|
|
|
|
L
500 1000 1500 2000 2500 3000
Easting (m)

-4000
0

Figure5.5: Section 1, GPS and map trajectory

The red (black) continuous line in is the trajectory extracted from the digital
map and the blue (black) circles are the coordinates computed from Antenna A. The
trajectories of all the other antennas are similar and hence not shown. There are a few

outages in this section due to some underpasses along the road. The error between GPS
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and the true reference is shown in m Comparisons are only done in 2D mode as
explained in Section ﬁof this chapter. The absolute errors have a mean of 2.3m and an

RMS of 2.7m. As the digital map corresponds to the centre of the street, the error shown
inmincludes the deviations of the vehicle from the centre of the street.

Error between GPS and MAP trajectories
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Figure5.6: Absolute error between the GPS and truetrajectories— Section 1

The RMS errors of the absolute position errors for various scenarios on two different
days are computed and the results are shown in Figures 5.7 and 5.8 respectively. The
mean and RMS values are averaged across antennas and are represented for each
reliability-constraint scenario. To apply constraints, at least two antennas have to be
selected, and hence the scenario with one antenna and a constraint is not possible.
Therefore no results are shown in these figures for the case with one antenna and

constraint.



4.5

No Constraints, No Reliability

RMS (m)

w

25F

Average : 3.24

RMS (m)

25¢

With Constraints, No Reliability

AN

Average : 4.02

2 3
No Of Antennas

4.5

No Constraints, With Reliability

RMS (m)

25F

Average : 3.16

With Constraints, With Reliability

RMS (m)

25¢

A

Average : 4.01

2 3
No Of Antennas

Figure5.7: Average RM S agr eement between DGPS and map coor dinates for

various scenarios, Section 1, Day 1

4.5

No Constraints, No Reliability

RMS (m)

w

251

Average : 3.45

With Constraints, No Reliability

RMS (m)

251

Average : 3.48

2 3
No Of Antennas

4.5

No Constraints, With Reliability

N

RMS (m)

251

Average : 3.44

4.5

With Constraints, With Reliability

IS

RMS (m)

251

Average : 3.47

2 3
No Of Antennas

Figure 5.8: Average RM S agr eement between DGPS and map coor dinates for

various scenarios, Section 1, Day 2

91



92

The results shown above correspond to the average position error when multiple antennas
are used. The average position error increased from 2.6 m to 3.7 m by increasing the
number of antennas from one to four in the scenario NCNR on Day 1. This just shows
that the average error is bounded to the maximum error amongst all the antennas used.
However, the position error improves slightly when reliability tests are conducted but
worsen when constraints are applied. This is because constraints are applied with
approximate coordinate information and forces the combined solution to be skewed. The
reliability tests did not improve the accuracy considerably because this test was in an

open area and the multipath errors were small to begin with.

The use of a reliability algorithm with constraints showed marginal improvements in the
position domain, but an increase in the accuracy does not mean better reliability.
Therefore to assess the reliability of the solution, the maximum expected horizontal
position error from the minimum detectable blunder is calculated which is also known as
External Reliability in statistical theory, see Section The average of these maximum
horizontal errors with various scenarios and with data collected on Days 1 and 2 are

shown in Figures 5.9 and 5.10, respectively.

The maximum expected horizontal errors improve substantially with the application of
constraints. The RMS errors improve from 60 m to 14 m on Day 1 and 16 m to 7 m on
Day 2, respectively. An improvement larger than 50% can be seen. This indicates that
having additional antennas helps to achieve better reliability as opposed to having a
single antenna and performing a statistical test. The improvement is consistent on both
days and the results are in agreement with the improvement in MDB by the addition of
extra observations (Salzmann, 1991). The improvement in reliability with additional
antennas is substantial 19 m (two antennas) to 7 m (with four antennas) on Day 1. The
improvement is 40% from two antennas to four antennas on Day 2. The average RMS
errors on Day 1 is 68.7 m where as the RMS errors are in the order of 16 m on Day 2, this
is because on Day 1 the HDOP values were in the range of 6 — 8 for a duration of 3

minutes due to poor visibility and this directly effects the external reliability.



93

No Constraints, No Reliability No Constraints, With Reliability
150 . . 150 . :
Average : 68.77 Average : 68.85
100} A 4 100 A 4
E £
(%) %)
= =
X 5ot A X 5ot A
VN VN
0 0
With Constraints, No Reliability With Constraints, With Reliability
150 . : 150 . ‘
Average : 14.01 Average : 14.01
~ 100+ 100t
£ £
(%) %)
= =
X sof X sof
A A A A
VN VN
0 0
1 2 3 4 1 2 3 4
No Of Antennas No Of Antennas
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5.7.2 Section 2—-Urban

The GPS trajectory for Section 2 overlaid on the digital map is shown in@@ The
GPS coordinates are computed from Antenna A without applying any constraints or

performing a reliability test.
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Figure5.11: Comparison of GPS and digital map coor dinates - Section 2

The red (black) continuous line in the figure represents the reference trajectory extracted
from the digital map and the blue (black) circles represent the coordinates computed from
antenna A on an epoch-to-epoch basis. Two outliers (A and B) shown on the figure are
some of the gross outliers clearly visible in section 2. The outlier A is a result of very bad
geometry (GDOP > 20) and outlier B is a gross multipath error. The position is erroneous
by 100m and 60m at outliers A and B, respectively. Some error is also noticeable at the

intersection of Centre Street and 6™ avenue. The absolute horizontal error between the

two trajectories is shown in|Figure 5.12
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Error between GPS and MAP trajectories
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Figure5.12: Absolute error between the GPS and true map trajectory — Section 2

There are a few large errors (> 20 m) in the above figure. Most of these errors are due to
very high DOP values resulting from the urban canyon environment. The mean and RMS
values of the position error are 7.0 m and 13.4 m, respectively. The average RMS errors
of the position errors for various scenarios on Days 1 and 2 are shown in Figures 5.13 and
5.14. The corresponding maximum horizontal errors computed from the MDB are shown

in Figures 5.15 and 5.16.

The statistical tests were able to identify a few multipath errors, but were not very
effective because to perform the reliability test successfully, redundant observations are
required. Most often the redundancy was affected by poor visibility. Also, most often
there were more than one observation corrupted by multipath and also a severe
degradation in DOP was observed when some observations were discarded during the

reliability test.
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The maximum horizontal errors (external reliability) reduce from 200 m to 40 m by
applying constraints. This clearly shows that the reliability can be improved by having
multiple antennas. An improvement of 40% can be seen when reliability and constraints
are applied when four antennas are used as opposed to 2 antennas. The average position

errors in various scenarios for Days1 and 2 are summarized in [Table 5.2

Table5.2: Average RM S position errorsfor Section 2 under various scenarios
NCNR' | NCWR? | WCNR® | WCWR*

Sggonlz RMS | RMS | RMS | RMS
(m) (m) (m) (m)
1 antenna 13.96 14.34 N/A N/A

2 antennas 17.07 16.81 17.36 18.05

3 antennas 16.23 15.07 16.50 16.73

4 antennas 14.87 14.31 15.52 15.03

Section 2
Day -2

1 antenna 23.08 23.02 N/A N/A

2 antennas 13.43 13.27 11.23 10.33
3 antennas 15.41 15.26 11.07 11.07

4 antennas 34.94 40.79 20.17 16.23

1 No Constraints, No Reliability

2 No Constraints, With Reliability

3 With Constraints, No Reliability
4 With Constraints, With Reliability

The increase in the accuracy of the position is marginal with the addition of constraints
and reliability, mainly because reliability imposes severe restrictions on geometry (DOP).
However on Day 2, an improvement of 53% can be seen from scenario NCNR to WCWR
when four antennas were used. There is hardly any improvement on Day 1 by using
multiple antennas, however, on Day 2 around 50% improvement can be see when four
antennas are used with constraints and reliability as opposed to four antennas without

constraints and reliability.
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The GPS trajectory for Section 3 overlaid on the digital map is shown inw The

GPS coordinates are computed from Antenna A (no constraints or reliability applied).
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Figure5.17: Comparison of GPS and digital map coor dinates - Section 3

The red (black) continuous line in the figure represent the truth trajectory extracted from

the digital map and the blue (black) circles represent the coordinates computed from

Antenna A on an epoch-to-epoch basis. Two outliers A and B are shown in the figure

above. Outlier A is caused by multipath and is erroneous by 50 m whereas outlier B is

175 m from the reference trajectory and was due to very bad geometry (GDOP > 20). The

gross errors mentioned above are seen along the 10" Street, where the visibility is better

compared to other streets in this section and the multipath could be due to some of the
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buildings present along the street. The error between the two trajectories is shown in

fremesy

Error between GPS and MAP trajectories
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Figure5.18: Absolute error between the GPS and true map trajectory — Section 3

The mean and the RMS values of the errors are 3.9 m and 9.8 m, respectively. Compared
to Section 2, where the mean and RMS errors were 7.0 m and 13.4 m respectively. This
indicates that Section 3 is a less multipath prone environment compared to Section 2.
There are fewer gross errors in Section 3 compared to Section 2 mainly because foliage

causes attenuation of radio signal rather than reflection.

F-i'gu-rc—ﬁ.—Hl and F-rg'urc—ﬁi*el show the mean and RMS values of the position error for

various scenarios with multiple antennas for Days 1 and 2. There is very little

improvement with different scenarios. This is because there was very little multipath
error in this section, since most of the time the visibility is poor due to signal loss.

Figures 5.21 and 5.22 show the reliability estimates for Days 1 and 2 in this section.
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Figure5.21: External reliability RM Serrorsfor various scenarios, Section 3, Day 1

Figure 5.22: External reliability RM Serrorsfor various scenarios, Section 3, Day 2
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The improvement in position error is just 9% on Day 1 from scenario no constraints — no
reliability to the scenario, with constraints-with reliability and an improvement on 17%
was observed with similar scenarios on Day 2. These errors are significantly smaller to
the errors in Section 2 (urban environment), where the RMS errors were in the range of
30 m. As mentioned earlier this is because foliage causes attenuation rather than

reflection.

The reliability improves with the application of constraints similar to the improvements
seen in Sections 1 and 2. The maximum horizontal errors reduce from 100 m to 20 m by
applying constraints. The improvement with additional antennas is also significant. RMS
errors improved by 50% when constraints and reliability were added to three antennas as
opposed to two antennas (Day 1). Also the improvement was 30% from three to four

antennas.
5.7.4 Section 4 — Semi-urban

The GPS trajectory for section 4 overlaid on the digital map is shown in m The
scenario ‘No constraints, No Reliability’ is used to compute the GPS coordinates from

Antenna A.
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The absolute horizontal position error is shown in [Figure 5.24|and the corresponding
RMS error statistics with various scenarios for Days 1 and 2 are shown in Figures 5.25

and 5.26, respectively.
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Figure5.24: Absolute error between the GPS and true map trajectory — Section 4

The position errors, which have a mean of 2.5 m and RMS of 4.3 m is comparable to the
errors in Section 1 (Open sky). There are still a few outliers in the range of 20 to 30 m,
which are due to blunders in the observations and also due to larger DOP values resulting

from obstructions such as underpasses along the route.
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Figure 5.25: Average RM S agreement between DGPS and map coor dinates for
various scenarios, Section 4, Day 1
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A major portion of the route in this section is a retrace of Section 1 and the results are
also very similar to the results obtained in Section 1. The average RMS errors are on the
order of 5 m in Section 4, which is similar to the results in Section 1 (Open sky). The
improvement in reliability as a function of antennas used is not as substantial as in
Section 2 (urban environment) or Section 3 (foliage). This is because there are very few

blunders in this section.
575 Statisticswith limiting HDOP

To study the impact on the statistics the data was reprocessed with a HDOP limit of 5.
The RMS errors in the position domain on Day 1 in Section 2 (downtown) and Section 3

(dense foliage) are shown in Figures 5.27 and 5.28 respectively.
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Figure 5.27: Average RM S agreement between DGPS and map coor dinates for
various scenarios, Section 2, Day 1
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various scenarios, Section 3, Day 1

The improvements in RMS errors were marginal compared to the unlimited HDOP
results shown in Figures 5.13 and 5.19. This is mainly due to the fact that most often the
HDOP is within 5 and the occasional explosion is DOP is like an outlier and does not
affect the averaged statistics. However, the maximum horizontal errors, which were on

the order of 180 m, are now restricted to 60 m.

The impact on the external reliability is shown in Figures 5.29 and 5.30 respectively. The
improvement in reliability is considerable as geometry affects the external reliability
statistics. An improvement of 13% in Section 2 and 7% in Section 3 for the scenario no
constraints and no reliability can be observed. The satellite visibility degraded in this
mode. In Section 2 (downtown) there was no solution available for 40%, 50%, 38% and

30% for antennas A, B, C and D respectively.
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Figure 5.29: External reliability RM Serrorsfor various scenarios, Section 2, Day 1
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5.8 Summary

The algorithm used to perform statistical testing did not substantially improve position
accuracy in the open sky environment because the blunders or multipath errors in this
section were too small to be detected by the statistical test. However, by applying
constraints the positions of all the four antennas are bounded by each other, which means

that the coordinates of the all the antennas can get shifted.

The results were more promising in urban area (downtown) and foliage sections. The
RMS position errors in urban areas on Day 2 with four antennas, and without any
constraints and reliability, is around 20 m, but improves to 13 m by applying constraints
and performing the reliability test. However, the improvements on Day 1 are much
smaller. This is because the multipath environment is different during different runs and
the improvement is proportional to the blunder. This method does not eliminate multipath

completely but depends on the detection capability of the statistical test.

Some of the blunders were removed with the addition of constraints and reliability tests
and sometimes there were more than one blunder in the observation set and the statistical
test failed. The average position errors did not improve substantially due to the increase
in DOP, which resulted when some measurements were discarded. Also, most often there

were not sufficient measurements (redundancy) available to perform a reliability test.

Another important aspect is the choice of the number of antennas to be used. This should
be chosen based on the nature of application. For highly critical applications such as
collision avoidance where reliable solution is of primary concern, using more
antennas/receivers is useful. However, for less critical applications such as position
reporting system one or two antenna/receiver system should suffice. This is important

because the cost of the total system is a function of the receiver.

The method described in this chapter can detect blunders under certain conditions and

also provide an estimate of reliability but cannot provide continuous position updates in
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harsh environmental conditions. Therefore the next chapter addresses this issue, where

the concepts of integration of low cost inertial sensor with GPS are discussed.
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Chapter 6

Inertial Aiding

6.1 Introduction

The use of additional sensors for augmenting GPS has been pursued extensively in the
past (Harris, 1989, Bullock, 1995, Zhang, 1995, Geier, 1998, Stephen, 2000). However
the automobile, and land applications market in general has been constrained by the cost
factor, and this has prevented the use of high quality inertial devices in most of these
applications. An attempt has been made here to use a low cost IMU (MotionPak™,
$8000) from Systron Donner to augment GPS. The complimentary nature of the INS and
GPS errors makes them ideal for integration. Salychev et al., (2000a) describes one such

scheme of integration, which is used in this thesis.

In this chapter a brief introduction to Kalman filtering and state space modelling is
presented and different popular integration schemes are then discussed. Finally the

integration scheme involving GPS and INS along with the results are discussed.
6.2 Linear Discrete Kalman Filter

A Kalman filter is an unbiased linear minimum variance estimator provided the
measurement and the system noise can be described as a zero mean Gaussian white noise
process (Gelb, 1974). Part of the elegant aspect of this method is the representation of the
entire system as a combination of a dynamic model and measurement model. It is
basically an algorithm that estimates the state of the system based on the knowledge of

system dynamics and a series of measurements corrupted by noise (Gelb, 1974).

The system dynamics in discrete state space form can be represented as

Xt = @ X +W, (6.1)
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The measurement process can also be represented in the discrete form as

Z, =HX, +V, (6.2)

Where,

X, 1s the state vector at time ty

(7} is the matrix relating X, to X,,, in the absence of a forcing function and
is purely a state vector update based on the system model

W,  is assumed to be a white noise forcing function with known covariance

Z, 1s the vector of measurement at time ty

H, is the design matrix relating the measurements to the state vector

<

is the vector representing the measurement error, assumed to be white

sequence with known covariance

The covariance matrix for W, and V, vectors are given by Brown and Hwang (1992)

. 1 :k
efyw] =19 |
- 0, i Zk
. 1 :k
EVk\/iT] = Rk’ I (63)
) 0, i Zk
Efw,vT| =0, For all kandi

The relations given in equation indicate that measurement noise and system noise
are uncorrelated for all instants of time. The relation also shows that system noise is
uncorrelated with itself at all time instants except at time t, this is also true with the

measurement noise.

Kalman filter concepts and fundamentals are described in detail in Brown and Hwang

(1992) and Gelb (1974). In reality the system could be non linear and the noise non-
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Gaussian. Various techniques to handle these special cases are also discussed in Brown

and Hwang (1992).

The Kalman filter algorithm is comprised of a prediction stage based on the dynamic
model and the update stage based on the measurement model. The estimates before
measurement updates are denoted by superscript (-) and denoted by (+) after
measurement update. The Kalman filter algorithm is shown in (Brown and
Hwang, 1992).

apriori estimates of the
state vector )A(k_ and its

error covariance P

\ 4
K, =R H/(HR'H] +R)™

/ Kalman gain computation \
k+1 ﬂ( x

Poi =@R& +Q S X HK(Z, - H X))
Project the state vecotr Measurement update

and error covariance estimate
Compte the error covariance for

the updated estimate

Figure6.1: Kalman filter algorithm

The detailed derivation of the state transition matrix (¢) and, the system process noise

(Q) matrix is detailed in Brown and Hwang (1992) and Gelb (1974). The filter is
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initialized with the initial estimates of the error covariance matrix Py and the initial state

vector X
The filter can be operated in three different estimation modes, which are

* Filtering mode
*  Smoothing mode

¢ Prediction mode

In filtering mode the value of the state vector X, at time ty is estimated in real-time using
all the information including and prior to ty. In smoothing mode the state vector X, is

estimated in post mission using the information before, including and after time t.
However, in prediction mode the state vector at time ty is estimated using information

prior to time t. Clearly the smoothing mode provides more accurate estimates of the state

vector X, but cannot be used for real-time applications.

Kalman filtering provides an efficient method to integrate various sensors. There are two
basic methods of integration, which can be classified into open loop (feed forward)

scheme and closed loop (feed back) scheme. The concept of both these schemes are

shown in[Figure 6.2|and [Figure 6.3|respectively.

Inertial X
Navigation
System (INS)
\ 4
Global o/ Kalman |
Positioning | Measurement Filter Error in the
System 7 ’ estimates

Figure 6.2: Feed forward scheme (Open loop)
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Figure 6.3: Feed back scheme (Closed loop)
Any of these two basic approaches can be implemented in order to integrate the INS with
GPS (or DGPS) information. The first one, referred as open loop, deals with an
estimation of the INS errors using GPS information and does not affect the operation of
the INS. The second approach, called a closed loop, uses the GPS measurements to
estimate the INS errors (sensor errors, such as gyro bias and accelerometer bias) as well
as the INS sensor errors, and compensation of sensor errors is performed within the
calculation procedure of the INS mechanization scheme. Whereas, in open loop scheme

the sensor errors are uncompensated.

In principle, the closed loop scheme is more accurate, but the advantage of this
realization depends on the application and on the stand-alone INS accuracy. The state
vector estimation accuracy is highly sensitive to the vehicle dynamics and the random
part of the estimation components. Hence if the random errors are not modelled properly
the filter can become unstable. The open loop scheme operates with output error
compensation, and as a result, it is more robust with respect to environmental changes.
Therefore, the open loop scheme has been chosen in this research as it guarantees

acceptable accuracy for various ranges of inertial sensors.

From the specifications and test results given in Tables 3.1 and 3.2, the MotionPak[]
cannot be directly used as an inertial measurement unit (IMU) for a stand-alone INS.

Firstly, the gyros are not sensitive enough to sense the Earth rate, which implies that a
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self-contained azimuth alignment procedure cannot be performed. Secondly, the run-to-
run gyro bias has a large magnitude that leads to nonlinear error behavior in stand-alone
mode. In order to use this unit in an open loop integration scheme, a special damping
error procedure is introduced using INS/DGPS measurements (see Salychev et al.,

2000b).

In order to use the MotionPakl[] integrated with GPS, several preliminary procedures
have been implemented in the software called GAINI™ (GNSS Aided Inertial
Navigation), which was used in this thesis. This software has been co-developed by
Laboratory of Inertial Geodetic Systems and University of Calgary (Salychev et al.,

2000c¢). Several specialized algorithms and procedures have been designed such as

* horizontal alignment based on the acceleration output
e stored azimuth alignment using a magnetic compass or any external heading
information

* calibration of the run-to-run gyro drift rate bias.

The GAIN1™ program is designed to process data in post-mission mode, but can be
easily modified to operate in real time. shows the functional diagram of INS
algorithm implemented in GAIN1™. The first step is to compute the run-to-run gyro bias,
which is accomplished by the correction step procedure. The next step is to perform
horizontal alignment, whereby the azimuth alignment is accomplished by using an
external magnetic compass. All these procedures can be realized in real-time and take up
to 15 minutes of stationary data. This process is performed on the vehicle before the start
of the test. After that, the data processing program switches to navigation mode, which

includes the following correction loops:

* INS error damping;
e "Calculated platform" correction using real time GPS output;
* Velocity correction;
e Attitude correction;

* Error model estimation for prediction mode.
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Figure 6.4: Software algorithm of GAIN1™ (Salychev et al., 2000a)

The heading estimate is computed from the GPS-derived velocities using the relation

H =tan™' (V¢ /V,)

(6.4)



118

Where,

H is the heading in radians
Vg is the velocity along the local level East

VN is the velocity along the local level North

The heading error, OH, in this case depends on the speed of the vehicle and is given as

H = o(DGPS)

Wi +ve (65)
Where a(DGPS) is the standard deviation of the DGPS velocity estimates. It can be seen
from equation that the accuracy of the DGPS-derived heading is inversely related to
the speed of the vehicle. Therefore, in order to determine heading angles with acceptable
accuracy, a minimum value of the speed (10 m/s) was used. If the speed is below this

value, the GPS heading was considered unreliable and was not used.

In the current implementation, a decentralized filter (Geier, 1998) approach is used to
estimate the states and as a result two separate Kalman filters are designed to estimate the
velocity errors and horizontal component of misalignment angles. The position errors are
estimated separately using a least squares filter, which also has algorithms to apply

constraints and perform reliability tests.

The state vector that is estimated in the Kalman filter is:

X = [é\/N,é\/E,é\/UP;5¢N55¢E55wN’5a)E’&driﬂ ! (66)

Where,

oV,  North velocity error component (m)

V.  East velocity error component (m)
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M, Vertical velocity error component (m)
Oo¢,  North misalignment error angle (radians)
O¢. East misalignment error angle (radians)
Oow, North gyro drift error (rad/s)

Ow. East gyro drift error (rad/s)

C,x Clock drift error (m)

The vertical channel in the INS is unstable and hence not computed by the INS algorithm.
However, it can be estimated from the GPS measurements and has been included in the
estimation process; the azimuth misalignment is estimated separately. The state transition
matrix ® is given by equation (see Salychev, 1998 for details). The raw Doppler
measurements from the antenna with maximum number of satellites are used as the
measurement in the Kalman filter. Since the effect of multipath on Doppler
measurements is almost negligible, Doppler from any one of the antennas is sufficient to

compute the receiver velocity.

[ dT 0 0 0 gdT 0 0 O]
dT 0 —-gdT 0 0O 0 0
0 dT 0 0 0o 0 0
0 dT/R 0 dT 0 0O 0 0
® =
-dT/R 0 0 0 dT 0 0 0 (6.7)
0 0 0 0 O dr o0 0
0 0 0 0 0 dr o0
i 0 0 0 0 0 0 dT|
Where,
g is the apparent gravity vector (m/s”)

dT is the interval at which the filter is updated (s)
R is the radius of Earth (m)
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In this research, the GAINI™ software was integrated with C°NAV™ (Cannon and
Lachapelle, 1995) to become MATNAYV. The integration scheme employed in MATNAV

1s shown in [Figure 6.5

Preliminary procedures
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» Stored Azimuth Alignment
a(ba a,/ba azb
Inertial Sensors y Calibration of run-to-run bias
oy Wt iy T
External heading Hrm Navigation algorithm with inertial error damping
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Figure 6.5: GPS/INS integration scheme used in MATNAYV (Nayak et al., 2000b)

After the initial run-to-run bias calibration and alignment procedures, the software
computes the INS outputs (Position, velocity and attitude) at a rate of S0Hz. The INS-
computed velocity is used as the linearization point around which the Doppler
measurements are used to estimate the INS velocity and attitude errors. The local level
platform corrections are computed based on the GPS corrections. The velocity and the

attitude errors are resmoothed using two separate Kalman filters. The velocity estimate is
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then updated to the previous position to obtain an estimate of the current position. The
updated current position is used as the linearization point in the least squares estimation
filter. Latitude (¢), longitude (M), altitude (h) and clock bias (cp) are the four unknown
parameters that are estimated for each antenna using least-squares estimation. The least
squares algorithm uses pseudorange measurements from multiple antennas (up to four). If
there are four antennas, the total number of estimated parameters is 16 and according to
the prevailing visibility conditions, the number of parameters that are estimated may vary
from 4 to 16. Therefore, depending on the antennas used at a particular instant,

appropriate constraints can be applied.

The heading information is updated using speed information from GPS. The estimates
from the Kalman filter are then used in the prediction mode to compute the position and
velocity increments during GPS outages. The accuracy and performance of this is shown

in the results discussed in the next section.
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6.3 Reaults

Field tests were conducted on May 13, 2000, herein referred as Day 3. Raw GPS and
IMU data was collected with the experimental setup described in The route
chosen is similar to the previous route, except that the foliage section has been omitted.
The data from receiver D was unusable, most probably due to a faulty power connector;
hence data from only three receivers was used for the analysis. The total duration of the

test was 50 minutes and a distance of 30 km was covered during this test. The complete

trajectory of the route is shown in
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Figure6.6: Trajectory of Antenna A

The trajectory shown above was computed from a single antenna using GPS-only with no
constraints or reliability applied. There are quite a few GPS outages due to underpasses
and partial satellite blockage in downtown Calgary. [Figure 6.7]shows the percentage of

GPS availability for the duration of the test with constraints and reliability, and without
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any inertial aiding. Antennas A, B and C had 82.8%, 84.7% and 81.1% GPS availability
respectively. The visibility was severely affected in downtown sections, and also due to

few underpasses along the route in the open sky section.
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Figure 6.7: Percentage visibility

Horizontal position errors were computed and compared against the digital map of
Calgary. The RMS errors for the entire test with different antenna combinations and with
different scenarios are shown in All the results are with only three

antenna/receiver combinations as the data from one of the receivers was unusable as

mentioned previously.
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Figure 6.8: Average RM S agreement between DGPS and map coor dinates for
various scenarios

The RMS errors show a marginal improvement when reliability is applied (scenario No
constraints, with reliability) compared to the scenario where no constraints and reliability
are applied. However, when constraints are added, the performance deteriorates
marginally because constraints can bias the overall solution. These results are similar to
the results in Section The external reliability, which has been described in Sections
and is also computed for various antennas and scenarios. The results of the

reliability tests are shown in
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Figure 6.9: External reliability RMSerrorsfor various scenarios, Day 3

The external reliability improves considerably with the application of constraints and also

with addition of antennas. This is also consistent with the results shown in Section

The DGPS data is then integrated with the inertial data collected at 50 Hz from the
MotionPak™. The GPS/INS integrated trajectory for the entire test is shown in
The integration result shown is generated from only one antenna without applying
any constraints or reliability. The continuous red line represents the trajectory of the
vehicle extracted from the digital map and the blue circles represent the INS/DGPS
integrated trajectory. Most of the data gaps due to underpasses are effectively bridged by
the INS. Some outages can be still noticed because the prediction mode is limited to 20
seconds after which there is no position or velocity updates. Hence the GPS availability is

not 100% but improves from 84% with GPS-only to 92% with INS/GPS.
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Figure 6.10: Integrated DGPS/INStrajectory of Antenna A, prediction limit of 20 s

A maximum horizontal error up to 160 m was observed in the downtown section. The
estimation accuracy of the state variables in this section is poor mainly due to frequent
outages. Most often a GPS outage occur before the filter is able to converge and the
Kalman filter switches into prediction mode. This makes the filter rely more on the
system model, as the measurements are available only sparsely. This system noise model
is not able to adequately represent the INS errors and in turn results in large position

CITOT1S.

The RMS errors of the GPS/INS integrated solution is compared with the digital map and

the results are tabled along with the DGPS-only configuration. The results under various

scenarios are listed in [Table 6.1
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Table6.1: Average RM S position errorsfor Day 3 under various scenarios

DGPS ONLY (m) (m) (m) (m)
1 antenna 20.5 20.6 N/A N/A
2 antennas 24.2 253 23.9 239
3 antennas 26.5 22.5 18.1 26.6
Day -3
DGPS/INS
1 antenna 9.5 9.6 N/A N/A
2 antennas 10.4 12.6 10.1 10.0
3 antennas 12.9 14.2 10.4 10.5

The RMS errors improve by as much as 50% when inertial measurements are used for
augmentation. This improvement can be seen in all scenarios, and also with the single
and multiple antenna case. This clearly demonstrates the benefit of using an inertial
device to augment GPS. Reliability, which is independent of accuracy, depends on the
ability to detect blunders in the system. The addition of inertial measurements into the

system in the current configuration does not help reliability because the estimation

procedure uses a least squares technique and the initial covariance matrix (C,) of the

parameters, which is affected by the inertial measurements is unknown and not
propagated in the filter. However, if a Kalman filter was used to estimate the position

errors, then the effect of additional measurements from the INS on reliability can be seen

to be propagated through the error covariance matrix (P ™).

IF'i'gLﬁl'lshows the trajectory computed from the GPS/INS integrated system without
limiting the prediction interval. The position availability is now 100% whereas the
accuracy is poor after about 20 seconds. Horizontal position errors up to 2.5 km can be
seen from the figure. The reason for such poor performance is again due to the poor

estimation of INS errors in downtown sections and the fast changing drift rates of the
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gyros during these outages. This problem can be solved if better quality gyros are used in

the IMU.
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Figure6.11: Integrated INS/GPS trajectory, without any prediction limit

GPS outages up to 3 minutes were observed in this section mainly when the vehicle had
stopped at the lights. There was no improvement in position accuracy with multiple
antennas, however, improvements on the order of 50% was seen in reliability estimates
when three antennas were used as opposed to two antennas. The improvement in position
error was largely due to the external aiding provided by INS rather than multiple

antennas.
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6.3.1.1 Performance Analyses

To access the performance of the integrated system, GPS outages were simulated along
various portions of the test trajectory. The results of two such simulations under different
vehicle dynamics are presented below. The accuracy of the predicted positions is then
compared with the digital map. A 20 second GPS outage was simulated at a fairly high
dynamics of 0.4 m/s” along a straight line and the predicted trajectory is shown in
‘Start’ and ‘stop’ in the figure indicate the beginning and the end of the simulated

blockage. An approximate distance of 0.5 km was travelled in this duration. The absolute

horizontal error is shown in [Figure 6.13
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Figure 6.12: Trajectory with a ssmulated GPS outage of 20s (high dynamics)
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Figure 6.13: Difference between integrated position and digital map trajectory

An error up to 30 m can be seen from during the simulated GPS outage. Also
an error of 28 m can be seen in the beginning of the test, which is due to non-availability
of map coordinates inside the parking area. Map data is available only on the streets and
not inside parking areas therefore, as the vehicle moves to the nearest street; the absolute

horizontal error decreases.

To study the behaviour of the filter under benign conditions a 20 second GPS outage was
simulated at constant vehicle velocity. The start and stop in indicate the

beginning and end of the simulated outage interval.
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A total distance of 0.38 km was traversed during this time interval, and the absolute

horizontal error as compared with the digital map is shown in |[Figure 6.15
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Figure 6.15: Difference between integrated position and digital map trajectory
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The absolute horizontal error in this case is limited to 9 m. Once again the large position
errors of 28 m in the beginning is due to unavailability of digital map information. These
tests clearly show the performance of the Kalman filter under different dynamics. The
larger error in case of higher dynamics is because of the poor representation of the system

model.
6.3.1.2 Attitude

One of the major benefits of using an inertial device is the availability of attitude
information. Although this is not a focal point of this thesis, a brief discussion on the
attitude performance of the system is included for completeness. The attitude information
can be used to determine the banking of the vehicle during turns and for heading
computation. The attitude accuracy of MotionPak™ was compared with a highly accurate
Russian 1-21 gimbal INS system in airborne mode, for details see Salychev et al.,

(2000b). The attitude performance of MotionPak™ obtained from GAIN1™ is shown in

[[able 6.

Table 6.2: GAIN1™ attitude error statisticsfor MotionPak[d (Salychev et al., 2000b)

RMS Error Pitch (arcmin) Roll (arcmin) Heading (arcmin)

25.1 22.4 43.7

The results indicated errors of few tens of arc minutes, which means although the attitude
derived from MotionPak™ cannot be used for precise applications it is still well suited for
estimating the banking angle of the vehicle. For further details see Salychev et al.,
(2000D).

6.4 Summary

This section focused on the detection of multipath blunders based on reliability analysis

and multiple antennas with external aiding from a low cost inertial device. Field data was
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collected once again to verify the algorithms and to assess their performance under

several scenarios.

There is a considerable error in the position domain in the downtown areas (around 30 m)
mainly due to poor geometry (GDOP > 15). Some of the blunders were removed with the
addition of constraints and reliability tests, but the improvement in position error is
marginal. Also, most often there were not sufficient measurements available to perform a
reliability test. The results showed that position accuracy did not improve by using
multiple antennas, however, there was a substantial improvement in the reliability.
Improvements on the order of 50% were seen in reliability when three antennas were

used instead of two antennas.

The tests also showed a negative improvement of 11% in position error when only
reliability was applied. This was again due to an increased DOP, which is an outcome of
discarding satellites resulting from the statistical test. However, an improvement of 6%
was observed with the application of constraints and reliability. These results are the
average RMS errors for the entire test. Also an improvement of 10% (position
availability) is observed by limiting the prediction mode to 20 seconds. However, 100%
position availability is possible if no limit is set on the prediction time, but results in
reduced accuracy due to the poor quality of the inertial sensors. This can be minimized by
using better quality gyros, which have lower drift characteristics, or by improving the

estimation of the sensor errors by the Kalman filter using carrier phase observables.

The results shown in this section were much poorer compared to the dead reckoning
approach used by Stephen (2000). One of the reasons for this is that the gyro bias was
calibrated frequently (every time the vehicle is stationary) unlike the current approach
used in this thesis, where the gyro bias is calibrated in the beginning before the start of

the test.
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Chapter 7

Conclusions and Recommendations

7.1 Introduction

The research had three major components. In the first part of the research a series of tests
were conducted in Calgary whereby four antennas were mounted on a vehicle and raw
GPS data was collected over four sections covering different environmental conditions
such as urban, suburban and dense foliage. The data from all the four antennas was
processed using the code minus carrier technique to characterize multipath and its
correlation from one antenna to another. The influence of code multipath on multiple
antennas separated by less than a metre was analyzed using this approach for spatial and
temporal decorrelation effects. GPS receivers tracking performance under different
environments were also studied. The possibility of using Signal to Noise ratio (SNR) to

estimate multipath was also investigated.

The second part of the research focused on detection and isolation of multipath based on
reliability analysis and geometry of multiple antennas/receivers. Field tests were once
again conducted to collect data and to verify the algorithms and assess the performance
under several operational environments. Various scenarios were formed using
combinations of antennas, reliability and constraints. The advantage of each of these
scenarios was scrutinized. The horizontal position accuracy for each scenario was

computed by comparing the results with an accurate digital road map.

The focus of the third part of this research was to access the benefits of using a low cost
inertial device to augment GPS during satellite blockages and to see if better performance
in terms of accuracy and reliability could be achieved. A non-conventional GPS/INS
integration architecture was discussed (GAIN1™). The software MATNAV was
developed by integrating C°NAV and GAINI™ along with the options to perform

statistical testing and to make use of baseline constraints between multiple antennas.
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7.2 Conclusions

From the various tests performed (Daysl,2 and 3) the following conclusions can be

drawn.

1. The code minus carrier differences provided a good representation of code
multipath error in dynamic environments. The code minus carrier differences for
Sections 1 (open sky) and 2 (urban) show that the multipath error depends on the
surrounding environment and the dynamics of the vehicle. In spite of the harsh
multipath environments in section 2, few gross multipath errors of 6 to 10 m were
seen. This is due to the high performance Narrow Correlator™ technology

employed in the Millennium™ receivers.

2. The cross correlation results showed rapid spatial decorrelation of multipath
among antennas. Since multipath amplitude and phase change rapidly with the
vehicle dynamics it is possible to use the geometry information between the
antennas to detect and mitigate multipath from the pseudorange measurements.
The spatial decorrelation (correlation coefficient) among antennas varied from 0.2
to 0.4. The temporal decorrelation of code multipath on a moving platform is also
very rapidly changing quantity. The code multipath reduces to 50% of its value

within 5 seconds, compared to a few minutes for the static case.

3. Using the SNR to estimate multipath is also not very effective on a moving
platform as SNR depends not only on the multipath but also on the vehicle
dynamics, satellite elevation angles, and the surrounding environment. SNR is
affected more by the loss of signal due to shading effects than multipath, hence

SNR cannot be used to identify multipath.

4. Multipath errors up to +/- 6 m were observed in downtown sections, whereas
there was hardly any multipath error in section 3 (dense foliage), however the
satellite visibility was poor and comparable with the downtown section. Foliage

affects the signal by absorbing the power rather than reflecting it.
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5. The reliability and constraints algorithms used did not substantially improve the
position accuracy in an open sky environment (Section 1). The blunders or
multipath errors in this case are too small to be detected by the statistical test,
however by applying constraints the positions of all the four antennas are bounded
by each other. The results were more promising in urban environment (Section 2)
and foliage (Section 3). The RMS position errors in urban areas on Day 2 with
four antennas, and without any constraints and reliability, is around 20 m, but
improves to 13 m by applying constraints and performing the reliability test.
However, the improvements on Day 1 are much smaller. This is because the
multipath environment is different during different runs and the improvement is
proportional to the blunder. This method does not eliminate multipath completely

but the performance depends on the detection capability of the statistical test.

6. Some of the blunders were removed with the addition of constraints and reliability
tests and sometimes there were more than one blunder in the observation set and
the statistical test failed. The average position errors did not improve substantially
due to the increase in the DOP, which resulted when some measurements were
discarded. Also, most often there was not sufficient redundancy in measurements

to perform a reliability test.

7. The results show that having a reliability test and constraints together is better
than having only reliability or constraints. The number of antenna/receivers that
needs to be used depends on the reliability requirement of the application. The
reliability increases with every additional antenna. The cost of the overall system
also increases with every additional antenna/receiver. However, for non-critical
automobile navigation applications such as position reporting two antennas with

reliability and constraints is adequate.

8. The tests demonstrated that the GPS/INS integrated system shows promising
results for accurate navigation with improved position availability using low cost

inertial sensors. An improvement of 10% is observed by limiting the prediction
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mode to 20 s. However, 100% position availability is possible if the prediction
time is not limited, but with reduced accuracy due to the poor quality of the
inertial sensors. The sensor errors increase rapidly over time due to their poor
stability and to obtain better performance in severe urban conditions integration
with map database is an alternate option. These kinds of systems can be widely

used for a variety of cost effective navigation applications.

The tests conducted with the GPS/INS integrated system showed a negative
improvement of 11% in position error when only reliability was applied. This was
due to an increased DOP, which is an outcome of discarding satellites as a result
of the statistical test. However, an improvement of 6% was observed with the
application of constraints and reliability. These results are the average RMS errors

for the entire test.

The performance of the integrated system is completely dependent on the
environment and dynamics of the vehicle, and the results shown in this research

represents just one such environment.

7.3 Recommendations

1.

One of the methods to improve the MDB is to increase the redundancy. This can
be achieved by estimating fewer parameters in the estimation process, which can
be accomplished by having a common clock and solving for one clock parameter
for all the receivers instead of estimating clock parameters for individual
receivers. The benefits of using clock constraints on reliability by using good

quality external oscillator needs to be investigated.

When GPS is augmented with INS the velocity and attitude accuracy depends on
the estimation accuracy of the INS errors. Therefore, by using carrier phase-

derived Doppler and range observations, better estimates of velocity can be
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obtained, which in turn can be used to propagate position and velocity estimates

for longer duration and with better accuracy.

The inertial sensors bias and scale factors are usually sensitive to temperature
variations; and the MotionPak™ inertial sensor outputs the temperature
information along with the acceleration and angular rate measurements. This
information is currently not being used. Improved gyro and accelerometer bias

drift models can be developed based on the temperature variations.

The multipath blunders seen were very small, except for a few large blunders, but
generally on the order of few metres due to the Narrow Correlator™ technology
used in the receivers, hence the improvements in position accuracy were very
small. Similar tests on standard wide correlator receivers may yield different
results. Therefore further testing with multiple antenna/receiver configurations
along with the low cost inertial device and standard correlator receivers needs to

be done.

The attitude accuracy that can be achieved with the integrated system needs to be
evaluated by comparing attitude derived from highly accurate carrier phase

measurements derived from a multi antenna system.

The robustness of the system needs to be evaluated by using a additional samples
of the inertial sensors by the same manufacturer and also similar sensors from

other manufacturers.

For the reliability tests only one blunder is assumed to be present, however in
reality there could be more than one blunder. Hence, a statistical test that accounts

for two or more blunders (Ryan, 2000) also needs to be investigated.

One of the benefits of using inertial devices is that it can be used to improve the
tracking loop sensitivity by reducing the bandwidth. With low cost inertial

devices it may not be possible to do this because of their poor sensor
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characteristics. However, the code-tracking loop has low dynamics compared to
the carrier loops and the inertial devices can be used to improve the sensitivity of

the code tracking loops.
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APPENDIX A

Derivation of the Design Matrix for Applying Constraints Between Antennas

If the coordinates of the two antennas are (X,Y,,z) and (X,,Y,,Z,)then the baseline

distance between the two antennas can be expressed as

=06 =X ) +(¥, =)’ +(z,-2)? A1)

The design matrix for this constraint which is of dimension mxu (where u is the number

of parameters and m is the number of observations) is given by

of of of o o o
A{OOOOOOOOOO ...... 0 (A2)
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If the approximate coordinates of the two antennas are known then the following partial

derivatives can be formed (Cannon, 1991):
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Where

a is the WGS84 semi-major axis, and

e is the ellipsoidal eccentricity
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APPENDIX B

Rotation M atrices

B.1 Definitions

Rotation matrices represent the relationship between the body frame and the navigation

frame. The attitude matrix also provides the three orientation parameters namely roll (),

pitch (0) and yaw (77). These parameters are illustrated in Figure B.1.

U

A
Z o .
Longitudinal axis

Y
Transverse axis X %
~ > N
15'é \\) H

Figure B.1: Attitude parameters

The N, E, U axes in the figure represent the local level coordinate system, whereas the X,
Y, Z axes represent the body frame, with the body longitudinal axis coinciding with Y

axis.

H represents the heading angle (angle between the projection of the longitudinal axis on
the horizontal plane and the North direction). The relationship between the heading angle,

azimuth angle, and yaw is shown in Figure B.2.
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Figure B.2: Definition of heading angle (Salychev, 1998)

Yaw angle (77) is the angle between the projection of the longitudinal axis of the vehicle

on the horizontal and the Y-axis of the navigation frame (Salychev, 1998). Clearly from

the figure if the navigation frame is local level frame then H =7 and if wander frame is

chosen as the navigation frame then

H=n-¢ (B.1)

Where, € is the wander angle.
B.2 Direction Cosines

The transformation from the body frame to the navigation frame can be expressed as

(B.2)

N < X
I
el

N < X

| b
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In the Equation B.2 R! is the transformation matrix or the direction cosine matrix from

the body frame to the local level frame. If the precise rotation of the body is known then
the elements of the matrix can be computed by incrementally transforming the body
frame and compute the direction cosine between the axes each time. This is illustrated in

the Figure B.3.

z %
Az 7 z,
(©) y|
\
Y,
I —
Yi Yy,
z y
X, X
X X, X, X
R3 R2 R1

Figure B.3: Sequence of Rotations from Body frameto Local level frame

The individual rotations R3, R2, and R1 can be expressed as (Schwarz, 1998)

X cos®, sin®, 0
R3=|y, |=|—-sin®, cos®, 0

| Z 0 0 1

x| [1 0 0
R2=|y,|=|0 cos®, sin®,

zZ, 0 —-sin®, cos®P,

X cos®, 0 -sin®,
R3=ly, |=| O 1 0
4 sin®, 0 cos®,
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Therefore, the total transformation matrix is

(-
R, =RRR
cos®, cos®, —sin®, sin® sinP, cos®, sin®,sin®, —cos®, sin®,
R = —cos®, cosP, sin®, sin®, cos®, +sin®, cosP sinP,
sin®, cos®, +sin®, cos® sin®, sin® sin®P,-sin®, cosP sin®, cos®, cos®,

(B.3)
Now, ®@,,® ,®, can be replaced by the pitch (), roll (y) and yaw (77) which are

equivalent.

The roll, pitch and yaw can be computed from the R, matrix as

pitch() = tan™ (Rg(z,s)/ JR.(1,3)* + Rg(3,3)2)

roll(y) = —tan™ (R!,(l,3)/ RL(3,3)) (B.4)

yaw() = tan—1(R(2,)/R,(2,2))

The computation of the rotation matrix from the raw angular rate measurements involves

parameterization and solution of linear equations. For details refer Salychev (1998),

Schwarz (1998), or El-Mowafy (1994).

B.3 Simplified Alignment Equations

If the body frame is closely aligned to the local level frame, then small angle assumptions

can be made to the transformation matrix given in equation (B.3).
Therefore,

sin® O

B.5
cos® 1 (85
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Hence, equation (B.3) can be simplified as
L+ydn n+yd -y

-n 1 J

, s (B.6)

Since, y,3,n is close to zero, the product terms can be neglected. The equation (B.6) can

be further simplified to

R=|-n 1 9 (B.7)
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APPENDIX C

Calibration

The low cost sensors used in this research have poor stability and needs calibration every
time this sensor is used. The gyro bias calibration procedure explained in this section was

performed on the vehicle before beginning the test.
C.1 Sensor Biases

This sections shows the gyro and accelerometer bias when the sensor was mounted on the
vehicle. The sensor data was logged for 15 minutes while the vehicle was stationary.
Figure C1 shows the gyro biases (sensor output) as measured by the 3 independent

S€Nsors.

Gyro X (deg/hr)
o

Gyro Y (deg/hr)
=
1

Gyro Z (deg/hr)
o
1

2 ! ! ! | |
0 1 2 3 4 5 6

Samples

x 10°

Figure C.1: Gyroscope biases
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The data was logged at 50Hz for duration of 15 minutes. The raw gyro measurements
have a random nature with some outliers. The averaged gyro bias and the corresponding

standard deviation are shown in Table C.1.

TableC.1: Gyrobias

Gvro Bias Standard Scale factor
{ iegs Deviation (deglv)
(degls) manufacturer
X - Axis 0.226 0.205 1/24.893¢-3
Y — Axis 0.217 0.196 1/24.843¢-3
Z - Axis 0.108 0.295 1/25.028e-3

The gyro bias is a function of temperature and also changes every time the sensor is
switched on. The autocorrelation function of the X-axis gyro bias is computed after
filtering out the high frequency components. The normalized correlation is shown in
Figure C.2. The correlation time 5000 s was observed from the graph. The correlation

time can be used to model the gyro drift as a Gauss-Markov process.

Normalized Correlation
o o o o o o o
w B [6)] (o)) ~ [oe] ©
T T T T T T T

o
N
T

0.1

0 | | | | |
6 -4 -2 0 2 4 6

Samples 4

Figure C.2: Autocorrelation of the X-axis gyro measurements
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The raw accelerometer measurements in all 3 axes are shown in Figure C.3.
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Figure C.3: Accelerometer measur ements

The accelerometer shows a larger bias but has smaller standard deviation compared to the
Gyro measurements. The results are tabulated in Table C.2, which are basically for the
case when IMU is in static mode and include the gravity components due to non levelled

body frame in them.

Table C.2: Accelerometer bias

Accelerometer Bias | Standard Deviation

(m/s?) (m/s?)
X - Axis -0.234 0.055
Y — Axis 1.414 0.032

Z - Axis -9.773 0.043




The autocorrelation of the raw accelerometer measurement is shown in Figure C.4.
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Figure 7.1: Autocorrelation of X-axis accelerometer
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The accelerometer bias and scale factor calibration was performed in the lab as described

in Salychev (1998) and the results are shown in Table C.3.

Table C.3: Accelerometer biasand scale factors

Accelerometer Bias

Accelerometer Scale factor

(mg) (mg)
X — Accelerometer -46.61 2.84
Y — Accelerometer -24.51 3.08
Z - Accelerometer 5.44 2.55

The accelerometer bias, scale factor and the gyro scale factor values computed from the

lab test was determined to understand these errors, and was not used in the test. However,

the values provided by the manufacturer were used in the test. These values are much

different from the results in Table C.2 as in the lab the gravity component is eliminated

by rotating the sensor in various directions.
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APPENDIX D

Additional Results

Antenna A
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%
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FigureD.1l: Code minuscarrier differences (SV —23),Elevation (88° - 64°)—Section 1
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Antenna A
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FigureD.8: Correlation coefficient (SV — 23), Elevation (88° - 64°) - Section 1

Antenna A-C Antenna A-B

Antenna A-D

0.4

0.4

0.2

o

-0.2

-0.4

0.2

0.1

-0.1

-0.2
-1500

-1000

-500

0
Delay (s)

500

I
1000

1500

Figure D.9: Correlation coefficient (SV —23), Elevation (88° - 64° - Section 2
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Figure D.10: Correlation coefficient (SV — 23), Elevation (88° - 64°) - Section 3
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Figure D.11: Correlation coefficient (SV — 3), Elevation (46° - 41°) - Section 1
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