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ABSTRACT

- A new integrated DGPS / sensors land navigation system is introduced and
examined. It incorporates barometric height and gyro heading which act as vertical and
horizontal vehicle trajectory constraints to enhance position accuracy and availability in
urban and forested environments where satellite signals are frequently blocked by
obstructions. The concept of sensor constraint GPS navigation is briefly discussed.
Decentralized two-state Kalman filters are implemented to obtain smooth sensor
information and to estimate corrections. Error models for sensor input are developed to
evaluate the effect of corresponding constraints. Augmented least squares and Kalman
position estimators are chosen for constrained position determination. Field tests were
carried out and height and heading constraint DGPS solutions are compared with unaided
DGPS and barometric height aided DGPS solutions. For the cases tested, it improves the
positioning availability by 24 to 35% while mostly maintaining the positioning accuracy
within 10 metres DRMS. Conclusions are presented and advantages and disadvantages of

this concept are discussed.
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NOTATION

Symbols:
A amplitude of signal (chapter one)
A design matrix (chapter four)
c speed of light in a vacuum
C, covariance matrix of measurements
cdt receiver clock offset error
St receiver clock drift error
d.; cross-track distance to virtual wall
df distance measured at time #, by left wheel odometer
d? distance measured at time ¢, by right wheel odometer
o ionospheric delay
rop tropospheric delay
dp orbital error
dt satellite clock error
dar receiver clock error
dd distance between two epochs in latitude
dh distance between two epochs in longitude
h height
h, barometric height measurement
H, design matrix which gives noiseless connection between the
measurement and state vector at ¢ A |
k adaptation gain constant
K, Kalman filter gain at ¢,
1 observation vector
p range measurement

p(?) PRN code (either +1 or -1)
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o

smoothed range measurement at 7,

P, error covariance matrix associated with optimal estimate at ¢,

P, error covariance matrix associated with projected estimate at ¢,

q spectral density

q.a spectral density of receiver clock offset error

q.i spectral density of receiver clock drift error

q, spectral density of height position error

q; spectral density of height rate error

q, spectral density of longitude position error

q; spectral density of longitude rate error

ds spectral density of latitude position error

q, spectral density of latitude rate error

0 ‘ process noise covariance

Q adapted process noise covariance

Q, variance of process noise

r position vector of a satellite

R position vector of a land vehicle

R, radius of the left wheel’s curvilinear path

R, radius of the right wheel’s curvilinear path

R, variance of measurement error at 7,

v velocity

v, measurement error assumed to be white with a known covariance
structure

w weight

w’ misclosure vector

w, white noise with known covariance structure

XX



random forcing function

white noise input of receiver clock offset error
white noise input of receiver clock drift error
white noise input of height position error
white noise input of height rate error

white noise input of longitude position error
white noise input of longitude rate error

white noise input of latitude position error

white noise input of latitude rate error

solution vector

a priori position estimate vector

process state vector at time #.;

updated estimate at 7,

projected estimate at ¢,

system state vector

measurement vector at 7,

cross-track cutoff angle

azimuth heading of vehicle’s forward direction at epoch ¢,
cutoff angle of a satellite

time constant for the process

time correlation constant of receiver clock offset estimate
time correlation constant of height estimate

azimuth of a satellite (chapter seven)

time correlation constant of longitude estimate

time correlation constant of latitude estimate

relative azimuth of a satellite with respect to the vehicle’s heading



o least squares adjustments to parameters

5(1) Dirac delta function
~ dh height position error
Sh height rate error
oA longitude position error
&7 longitude rate error
o latitude position error
boT0) latitude rate error
Ad mean distance traveled over a data interval
AL path length difference
Ad phase difference
€,(%..)) barometric height error at time 7, ,
€, barometric height offset (residual) error
€, linear barometric height drift rate
€. (t,,,)  cross-track position error at 7,,,
€,(fhi1) gyro error at £, ,
€, gyro heading rate offset (residual) error
g, gyro drift error
€ ps GPS cross-track position estimate error
€, receiver noise
sé (te) heading error at 7,
€o initial heading error
0, relative multipath phase
¢ vehicle heading
A wavelength
A, longitude position at 7,
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T ratio of circumference of circle to its diameter

p geometric range
b, latitude position at ¢, (chapter six)
¢, matrix relating x, and x,,, in absence of a forcing function
(chapter five)
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CHAPTER ONE

INTRODUCTION

The field of land vehicle navigation is growing rapidly with the maturation of the
Global Positioning System (GPS) and the advancement of positioning-related technologies
in recent years. GPS is a satellite based radionavigation system developed by the U.S.
Department of Defense (Spilker 1980). It includes a constellation of 24 satellites in six
orbital planes, which are strategically arranged so that a minimum of six satellites are
visible to users anywhere in the world at all times. The satellite altitude is approximately
19,652 km (Spilker 1980). One requirement of GPS positioning is that one must be able to
observe these multiple satellite signals simultaneously without mutual interference. The
GPS receiver uses .a set of at least four satellite range measurements to calculate a receiver
position with respect to a earth-centre earth-fixed (ECEF) coordinate system. The 1.6GHz
GPS signals are essentially line-of-sight.

Vehicle navigation and tracking is a topic of great interest today due to the large
potential market for both consumer and business vehicles. All of the major automobile
manufactﬁrers have been developing in-vehicle navigation systems. They guide travelers
and motorists to desired destinations, help them find correct roads and highways and give
them various data such as current location, distance to the destination and estimated
arrival time. Recent Japanese car navigation units are capable of receiving traffic
information via FM wave or beacons and they can suggest the “least clogged” route in the

real-time. Some have bi-directional communication functions to send back the location of
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a vehicle to a control station for advanced traffic controls (Sakata 1996). Another
extensive market is the tracking of commercial vehicles. In the United States alone, the
total number of commercial vehicles exceeds 17 million (Brown 1992). Low cost
electronics are already permitting the introduction of navigation systems into emergency
vehicles (fire engines, polices cars, ambulances) and into truck fleets. Other vehicle
tracking applications include delivery and courier services, armored car services, utility
companies, private security companies, stolen cars, high value goods delivery, automobile

towing service, dispatching taxi cabs, shuttle vans and so on (Brown 1992).

1.1 Statement of Problem

The major problem of GPS land navigation is insufficient satellite signal
observations in heévily populated and forested areas due to shadowing (signal blockage).
Shadowing occurs when tall buildings, bridges, overpasses, highways, tunnels and trees
cover the sky partially or entirely. Since the minimum signal strength of L1 C/A code is
~ defined as -160 dBW, GPS signals are not strong enough to penetrate these structures
(Spilker 1980). Because GPS positioning requires at least four satellite signals to compute
a3D posiﬁon estimate and a receiver clock offset relative to GPS time, these obstructions
severely reduce the position availability in such areas. Lachapelle et al. (1994) also suggest
limited performance of GPS under tree branches and leaves where GPS UHF signals are
largely attenuated. In such environments, GPS coverage is no longer optimal and one may
frequently encounter a GPS position outage period. Studies have shown that in inner city

downtown locations with buildings greater than ten stories, four satellites will be visible
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less than 50% of the time, which is far from acceptable coverage for land navigation
applications (Sushko 1993).

Another outstanding problem in urban and forested areas is the presence of an
unpredictable error called multipath. Multipath is defined as the error caused by the
reflection, refraction, or bouncing of the signal on its way to the receiver, resulting in the
same signal afriving at the receiver by more than one path (Navtech Seminars Inc. 1996).
Multipath provides a false position estimate to the user. Braasch (1996) gives the
mathematical model of a multipath-contaminated GPS signal (direct signal plus multipath

rays) as

s(1) = —4p(r) sin.(co Ot) -, Ap(t + Sl)sin(co NES )—- . -—a"Ap(t + Sn) sin(co of + 9mn)

=—Ap(?) sin((o 01) - Zn: a, Ap(t + Si)sin((n o + O,m.)
i=1

(1.1)
~where
A amplitude of direct signal [W],
p(D) PRN code (either +1 or -1),
0, carrier freduency plus Doppler shift [Hz],
a, amplitude of the ith multipath component relative to the direct path
[W],
d, time delay of the ith multipath component relative to the direct path

(which must be negative when given sign convention is used) [s],
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0, phase of the ith multipath component relative to the direct path
[rad],
n number of multipath signals.

Several attempts have been made to model the signal structure of the multipath to
minimize its error (Van Nee & Siereveld 1994). Multipath range error is typically in the
order of 0-50 metres depending on the environment, antenna type, receiver type and user
dynamics. Multipath errors of over 100 metres have been reported near skyscrapers
(Braasch 1996). In urban and forested environment, the multipath may severely degrade
the positioning accuracy. With little or no redundancy, a position estimate may become

highly vulnerable to contaminated GPS observations.

1.2 Literature Review

It has become common, as inexpensive and reliable positioning sensors are being
~introduced (Nakamura 1990, Phillips 1993, Allen et al. 1994, Martinelli & Tkeda 1995), to
combine GPS with other positioning devices to enhance navigation capability in urban
canyons. Most commercial GPS land navigation systems are capable of utilizing distance
sensors (e.g. odometer) and heading rate sensors to enable GPS-independent positioning,
called dead reckoning (DR), in the absence of sufficient GPS signals. Dead reckoning uses
heading and distance sensors to measure the displacement vectors which are then used in a

recursive manner to determine the current vehicle position.
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Kao (1991) examined the possible combination of GPS and DR systems to obtain

superiqr performance. He suggested the combination of a gyro, magnetic compass and
odometer in the DR system. Gyro measurements are used to eliminate the short term
magnetic anomalies in compass heading measurements. Geier et al. (1993) took a simpler
approach as shown in Figure 1.1. They integrated an odometer and gyro into the Trimble
Placer™ GPS/DR system. This DR sensor configuration is used in many DR and GPS/DR
systems. The system uses the filtered position solutions which provide a level of multipath

rejection.

Gyro
Dl 7 |Anelos
. inputs npu
Odom
Alarm DR GPS _Y
: TANS
Back-up pkts
o o,
: (Tap
NMEA RTCM or

Configuration TANS Pkts
RS-232 ports:

Figure 1.1. Trimble Placer™ GPS/DR System from (Geier et al. 1993)
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Figure 1.2. Architectural Design of the AVLIN 2000™ Prototype System from
(Harris 1989)

Harris (1989) employed the differential odometry theory with a map database
module and GPS as seen in Figurel.2. As each odometer only measures distances traveled
by one wheel, two are required for differential odometry. This technique eliminates the
need for rotation sensors since differential odometry can provide heading change
information. Map matching and DR methods are used to update positions when GPS is
not available. Ishikawa et al. (1995) utilized map matching technology in addition to a
distance sensor, fibre optic gyro and GPS receiver to improve position accuracy. This
system employed another technique to obtain a smooth trajectory. When a fibre optic gyro
reading is below the threshold value, the vehicle is assumed to be on a straight line. The

system then solves a regression line equation to smooth the vehicle trajectory. Bullock
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Figure 1.3. PortaNav Map-Aided GPS Navigation System from (Bullock 1995)

(1995) proposed a portable land navigation system which does not require an odometer or
gyro as shown in Figure 1.3. He selected the Etak digital road maps and a Trimble
MobileGPS, a PCMCIA card-type GPS receiver with six parallel channels and eight track
satellites, and created the PortaNav map aided GPS navigation system. The system
features an 8-state Kalman position filter, various route finding algorithms and map aiding

logic.

1.3 System Requirements

The requirements of the navigation system proposed herein are (1) portability, (2)
acceptable accuracy and (3) low cost. Requirement (1) is of primary importance due to the
nature of the research project. A dedicated test vehicle would be ideal since certain
sensors, such as an odometer, could be installed permanently. A vehicle equipped with

anti-lock brakes may have odometer(s) to monitor the rotation of the wheels. However,
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such a vehicle still requires the installation of an odometer output reader. Since most
testing was done with a rental vehicle, modifying the vehicle was not an option.
Requirement (2) depends on the system configuration, particularly that of GPS. Table 1.1
shows the error budgets of single point GPS positioning.

In single point mode, a GPS receiver is subject to errors from the atmosphere,
multipath, satellite orbits, satellite clocks and receiver noise (Bullock 1995). However, it is
known that the spatial correlation of satellite orbit and clock errors (includes selective
availability) and atmospheric errors are reasonatﬂy high for short baselines in differential
mode. Differential GPS takes advantage of this by placing a GPS monitor station at a
control point. Given the accurate coordinate of the control point, the monitor receiver can
compute a GPS range error mostly induced by spatially correlated errors. The range error
is then sent to the remote GPS receiver as a range correction. This technique reduces the

GPS positioning error dramatically, from 100 m to several metres for a code solution.



Table 1.1. Single Point GPS Error Budgets
from (Lachapelle 1995, Braasch 1996, Bullock 1995)

Error source Typical C/A code range error
Tropospheric delay 2-30m
Ionospheric delay 2-50m
Satellite orbit errors 5-10m
Satellite clock errors 10m
Selective availability (SA) 5-80m
Measurement noise | 0.1-3m
Multipath 0-50m

For land navigation applications, it is desirable that the user be able to determine
the location of a vehicle both on the highway and in dense downtown regions. US
Department of Transportation defines the minimum accuracy requirement for the
automatic vehicle location (AVL) applications as 30m 2DRMS (US Department of
| Transportation and Defense 1990). For the intelligent vehicle highway system (IVHS),
required accuracies are between 1 and 7 metres in urban areas and 10-30 metres in rural
areas (Chadwick 1994). For this project, the accuracy requirement is set to 10 m DRMS
which is a typical width of a two-lane road. As a consequence, differential GPS mode is
chosen to fulfill this requirement. The challenge lies in maintaining positioning accuracy
while improving the position availability under the condition that the incoming GPS signal
is insufficient and contaminated, satellite geometry is weak or even singular.

Requirement (3) is not important for the research project but absolutely critical for

commercial applications. The proposed system is flexible in that the system can accept
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input from sensors of diverse quality without redesigning the entire algorithm. All
hardware components used in this system may be easily obtained. The current system
supports the NovAtel GPSCard™ as the GPS receiver but should work with any GPS
receiver which generates GPS time and raw data including pseudorange and carrier phase

(for smoothing) observations.

1.4 Objectives

The research project presented in this theéis is primarily aimed at overcoming poor
positioning performance in urban areas by introducing constraints on a vehicle’s vertical
and horizontal trajectory. The author initially tested a barometric height aided GPS system
and still encountered poor horizontal geometry in urban areas which resulted in poor
horizontal positioh estimates. The poor performance was caused by the fact that,
ironically, height aided GPS navigation was capable of three-satellite positioning and three
satellites formed weak geometry more often than four. We desire a widely distributed
- satellite constellation to ensure that the solution is not weak in any given direction.
Consider the satellite constellation projected in the horizontal plane. If satellites are
located oﬁ a line, the horizontal position accuracy of the direction perpendicular to the
solid line shown in Figure 1.4 suffers greatly. This geometric weakness may be manifested
as inaccurate position estimates as well as an unexpectedly high Horizontal Dilution of

Precision (HDOP).
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Figure 1.4. Weak Satellite Geometry.
Three GPS Satellites are Aligned As Shown By The Solid Line

In urban environments, weak satellite geometry is frequently observed in terms of
the cross-track satellite geometry, a direction perpendicular to the vehicle trajectory.
Consider driving a vehicle in a downtown area. There are more obstructions on each side
of the vehicle (e.g. multi-storey buildings) than in front of or behind it. These obstructions
. block incoming GPS signals from the receiver and cause inferior cross-track satellite
geometry. The poor satellite geometry, combined with the limited signal availability,
increases the dilution of precision (DOP) in the cross-track direction by one to numerous
orders of magnitude and causes poor positioning accuracy. Therefore, there is a need to
enhance the satellite geometry in order to improve the cross-track position accuracy.

In this project, the author is proposing an inexpensive urban navigation system.
Dead reckoning (DR) systems are relatively low cost but require a distance sensor such as

an odometer. Since the system for this research had to be portable so that it could be
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moved from vehicle to vehicle, a DR system could not be implemented. A new concept
had to be developed in order to increase the position availability and accuracy without DR.
The concept is called sensor constraint GPS navigation. It employs a barometric pressure
transducer (barometer) and a fibre optic gyro (FOG) in addition to a GPS navigation unit.
The vertical and horizontal (cross-track) position displacement is constrained according to
the sensor information. It is also capable of two-satellite GPS navigation which increases
position availability.

As mentioned earlier, solutions in urbén and forested environment are more
vulnerable to GPS range errors. Providing height and heading constraints implies that the
position estimate is also “constrained” against the erroneous signal. Thus, this technology
may also be used to reduce multipath error. The arising problem is how to correctly detect
the solution containing the multipath error. There are some approaches to detect
multipath. Since the vehicle dynamics is limited, we may use this fact as an error threshold.
Another idea is to monitor the excessively large GPS range residuals.

We will develop a new land navigation system in the following chapters. Chapter
Two describes the overview of the proposed system configuration. In Chapter Three, the
current seﬁsor technology is presented and the specifications of the barometer and heading
rate gyro, which are employed in the project, are also given. The sensor constraint
positioning algorithm is developed in Chapter Four. Various Kalman filters are developed
in Chapter Five. In Chapter Six, the navigation software is described. Two field
experiments, open sky testing for simulation and downtown Calgary testing, were

conducted and results are given in Chapter Seven. The least squares approach is compared
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to the Kalman filter approach. Finally, conclusions and recommendations are presented in

Chapter Eight.
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CHAPTER TWO

SYSTEM DESIGN

2.1 System Structure

The structure of the sensor constraint GPS navigation system is shown in Figure
2.1. Basic hardware includes a GPS receiver, barometer and heading rate gyro. Data from
the GPS, barometer and rate gyro are used in the “augmented” navigation algorithm.
Differential GPS was selected to increase the positional accuracy. Thus, another GPS

receiver is employed at the monitor station. The system has adopted the modular concept

GPS Antenna

Barometer

GPS Receiver

Heading Rate Gyro

GPS 0.p g
_SM

Gyro correction 1«

KF vhe .

Gyro heading rt + Headi Navigation
ro heading rate > -» Heading P Algorithm [ >
KE Jo ~ @0 | KF lo | skm | AP
" |Barometer correction |«
N "

y +

Barometer height
KF gh B NS htéh

v

Figure 2.1. System Structure of Sensor Constraint GPS Navigation System.
SM = Carrier Phase Range Smoothing Algorithm, KF = Kalman Filter
and LS = Least Squares
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to maintain flexibility. It operates with GPS alone, GPS and barometer, GPS and gyro or

all three sensors.

The system utilizes a decentralized filter approach (Abousalem 1993). This
approach is specifically used for multi-sensor systems (Abousalem 1993). The
decentralized filtering algorithm is applied to smooth out the raw and noisy sensor
measurements and to estimate their errors. This approach has a clear advantage over the
conventional centralized filter in terms of the computation time and versatility. A
barometric pressure transducer input is transformed into a barometric height, corrected
and serves as a sensor height. At each epoch, the gyro sensor input is corrected and
converted into a vehicle heading. When the GPS data is insufficient, corrupted or
geometrically weak, the sensor height and heading data are utilized to constrain the
position estimate. .These data are treated as measurements that reduce the number of
necessary GPS observations, normally four for a 4D solution, by the number of
independent sensor constraints. Thus, the minimum number of GPS observations
" necessary for a position computation with the sensor height and heading information
becomes two. It is possible to further reduce the number of required satellites by adding
another sénsor information. For instance, an estimated receiver clock offset in addition to
the current system could reduce the required GPS observations to one. In addition, an
odometer, or distance sensor, could be used for DR positioning during the GPS outage

period.
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2.2 Hardware Components

- The hardware components are designed to be mounted in a vehicle without any
modification. This feature is important because rental cars were used for the project.
Consequently, the system needs to maintain portability. As shown in Figure 2.2, the
hardware system consists of a Viatran Model 246 barometric pressure transducer, an
Andrew AUTOGYRO™ digital fibre optic gyro, a NovAtel GPSCard™ 951R GPS
receiver and antenna, an Advantech PCL-711 12-bit data acquisition board, an IBM-

compatible laptop computer and 12 VDC power supply. Another NovAtel GPSCard™ is

Figure 2.2. Hardware Configuration of Sensor Constraint GPS Navigation System.
(From top left to right) Viatran Model246 Barometric Altimeter, Andrew
AUTOGYRO™ Fiber Optic Gyro, NovAtel GPS Antenna, (centre) IBM-

Compatible Laptop Computer Installed with NovAtel GPSCard™ 951R and
Advantech PCL-711 DAC Board






