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Abstract
Humanity’s destiny in space is intimately tied to highly automated mechanisms, and as 

such, the ability for humans and machines to cooperate as an integrated team will determine 
the success of ambitious space missions of the future.

Autonomous vehicles are only as capable as the information afforded to them by their 
sensors, which has led to an ever increasing need for more advanced sensors. Technologies 
related to the Global Positioning System (GPS) have matured to the point where they are 
well suited for real-time control of autonomous vehicles both in space and terrestrially. This 
dissertation reports research performed in the Stanford Aerospace Robotics Lab to create 
and demonstrate new basic knowledge and techniques for using GPS to increase the sensing 
capabilities of free-flying space robots, and more generally, to explore how this advanced 
sensor can improve the capabilities of the human-robot team in space and on earth.

A comprehensive prototype system was built and demonstrated. The system consisted 
of a microcosm simulation of the space environment, two prototype space vehicles, consum­
mate software systems, and an intuitive human-robot interface. The space environment was 
emulated through a constellation of GPS pseudo-satellites (pseudolites) and an air-bearing 
support system which provided the drag-free, zero-g characteristics of space in two dimen­
sions for the prototype space vehicles. Proof-of-concept demonstrations showed that GPS 
sensing alone can be sufficient to perform precise intercept and capture of a free-floating tar­
get by an autonomous free-flying space robot. Other demonstrations showed how this type 
of sensor could enable unprecedented capabilities in space such as performing distributed 
science missions using several vehicles flying in formation.

The breakthrough of Differential Carrier Phase GPS technology, combined with the 
novel, inexpensive local GPS pseudo-satellite transmitters, enabled the successful in-lab 
demonstration of GPS-based control for precise robotic navigation. Since the experiments 
were carried out indoors where GPS satellite signals could not be received, the constellation 
of six GPS pseudolite transmitters was used exclusive of the NAVSTAR GPS satellites. 
The indoor GPS environment created by the close-range pseudolite transmitters required 
development of new algorithms for resolving vehicle positions and attitudes from the carrier 
phase measurements.

By performing these proof-of-concept experiments, many new arenas for application of 
GPS sensing have been conceived, ranging from the use of pseudolites for advanced space
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missions to indoor sensing of mobile manufacturing robots. In addition, new methods for 
initializing and calibrating GPS sensors were developed, and future directions for increasing 
the utility of this type of sensor were identified.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To my family -  
Ron L., Pat, Greg, Ron M., and Lynn, 

without whose constant love and support 
this endeavor would not have been possible.

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments
Someone once said, “If I have seen farther than others, it is because I was standing on 

the shoulders of giants.” Though this thesis may not have quite the impact of Principia, it 
does share in common the fact that it simply would not have been possible in the absence 
of the legacy of my predecessors. In that light, I am ever grateful to my principal advisor, 
Professor Robert H. Cannon, Jr., for the excellent research environment he has created and 
for the technical and philosophical guidance he has provided. That makes one shoulder. 
The other belongs to Professor Bradford W. Parkinson who had the insight to enable my 
graduate research by initiating the placement of the Global Positioning System way back 
when I was in elementary school.

I thank my reading committee, Professors Gene F. Franklin, Jonathan P. How and Mark 
A. Horowitz for their careful review of my dissertation and for their helpful suggestions 
throughout my work. I thank them, along with all of the superb and friendly professors at 
Stanford from whom I have taken courses over the years.

Just as my advisors have provided shoulders to stand upon, there are likewise distin­
guished pillars amongst former graduates who must be recognized. Marc Ullman and Clark 
Cohen set the precedent for this work. Marc not only designed and built the highly reliable 
robot system and related facilities, he more importantly instilled in me the “whole systems” 
engineering philosophy. Clark introduced me and a whole slew of impressionable graduate 
students to the seemingly magical powers of differential carrier phase GPS with his pio­
neering work in attitude determination using GPS. I thank him for his guidance along the 
way, as well as for leading a number of my peers who additionally served as a GPS support 
group.

Former ARL graduates Stan Schneider, Vince Chen, and Gerardo Pardo-Catellote are to 
be commended for their programming wizardry which has fortunately been encapsulated in 
the software tools used universally throughout the lab -  including ControlShell, StethoScope, 
and the Network Data Delivery Service. It has been inspirational to see both their dedication 
to their work and their courage to bring it to market. I also need to thank Stan for providing 
valuable guidance when I entered Stanford as well as for giving me direction upon graduating 
from Stanford.

On the side of hardware wizardry, Stuart Cobb has never ceased to amaze me with the 
depth and breadth of his electronics knowledge and his practicality. The importance of his

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GPS pseudolite transmitter design to this research is readily apparent and goes without 
saying. I thank Stu and the other members of the GPS lab, including Dave Lawrence, Paul 
Montgomery, and Harris Teague for collectively helping figure out how Clark did it.

The ARL’s system administrators Denny Morse, Dave Meer, and Steve Ims, are the 
unsung heroes of the lab. Their work often goes unrecognized largely because they do it so 
well. Problems with the computer network are so infrequent that most users are unaware of 
the complexity of the system. I thank them for making the sun-valley network an invaluable 
engineering resource.

I thank office administrator Jane Lintott for offering me jelly beans, even when I gave 
her lots of work to do; electronics designer Godwin Zhang for nimbly wiring my electronics 
systems; mechanical designer Gad Shelaf for helping me design several components; and 
Aldo Rossi for machining my parts in less time than it took me to walk from the shop to 
the lab.

If I have been accused of being in graduate school for a long time, I would have to 
respond, “Why rush to depart such wonderful friendships?” Special friendships that have 
endured over the full duration of my stay at Stanford, listed in reverse alphabetical order, so 
as to not create jealousy, include Howard Wang, Ed Wilson, H.D. Stevens, Jeff Russakow, 
Tim McLain, Eric Miles, Dave Miles, Rick Marks, Gordon Hunt, Sanford Dickert and Young 
Man Cho. Recent friendships and camaraderie from the past include Bruce Woodley, Stef 
Sonck, Heidi Schubert, Bijan Sayyar-Rodsari, Larry Pfeffer, Kortney Leaboume -  who made 
me run the hills, Hank Jones, Steve Fleisher, Bill Dickson, Andrew Conway, Bill Ballhaus, 
and Larry Alder.

Occasionally I ventured away from the lab. During those times I found myself amongst 
other friends, including my roommates over the years Jim Kramer, Andrew Daiber, and 
Paul Ning; members of “The Bullpen” Steve Merrihew and Salma Saaed; and running 
buddy and fellow musician Jim Reese. Thanks for sharing the best of times.

The National Science Foundation is appreciately acknowledged for funding my first 
three years of graduate studies, and NASA TRJWG is gratefully thanked for sponsoring 
this research under contract NCC 2-33-S18.

And most of all, I thank my family for being the beating heart amidst the shoulders, 
providing breath to my life with their ceaseless love, support, and encouragement. It is to 
them that I dedicate this body of work.

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

Abstract iv

Acknowledgments vii

List o f Figures xii

1 Introduction 1
1.1 Motivation ............................................................................................................. 1

1.1.1 The Human-Robot Team in S p a c e .......................................................... 1
1.1.2 Task Level C o n tro l.....................................................................................  3

1.2 Research G o a ls ......................................................................................................  4
1.3 Fundamentals of the Global Positioning System ................................................  6

1.3.1 The NAVSTAR Global Positioning S y s te m ...........................................  6
1.3.2 GPS Sensing Techniques............................................................................  7

1.4 Research Is su e s ......................................................................................................  8
1.4.1 Sensing with a Pseudolite-based Positioning S y s te m ........................... 9
1.4.2 GPS Sensing for Automatic C o n tro l ......................................................  10

1.5 Contributions.........................................................................................................  11
1.6 Related R esearch...................................................................................................  13

1.6.1 Predecessors ............................................................................................... 14
1.6.2 Contemporaries............................................................................................ 15
1.6.3 Beneficiaries..................................................................................................  16

2 Experimented Apparatus 22
2.1 The Prototype Ftee-Flying Space R o b o t............................................................  22

2.1.1 Computer Architecture ............................................................................  23

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1.2 C om m unications........................................................................................ 23
2.1.3 GPS Receiver.............................................................................................. 25
2.1.4 Propulsion .................................................................................................  27
2.1.5 M an ipu la to rs .............................................................................................. 29

2.2 The Free-Floating Target V ehicle......................................................................  30
2.3 The Pseudolite-based Positioning System ........................................................  31

2.3.1 Discussion on Positioning S y s te m s ......................................................... 31
2.3.2 The Pseudolite C onste lla tion .................................................................. 34
2.3.3 The Helical Transmitter A n te n n a s ......................................................... 35

2.4 The Development E nvironm ent.........................................................................  37
2.5 The Overhead Vision S y s te m ............................................................................  38

3 GPS For R eal-T im e Control 40
3.1 The Control System Softw are ............................................................................  41
3.2 The Phase-to-State Mapping Component ....................................................... 44

3.2.1 Model Simplifications ..............................................................................  44
3.2.2 Non-linear Observation Equations ........................................................  46
3.2.3 Measurement Weighting M atrix ............................................................... 51

3.3 The Phase Difference Com ponent......................................................................  53
3.3.1 Time Bias C orrections..............................................................................  54
3.3.2 Configuration M anagem ent....................................................................  55

3.4 The Integer Manager Com ponent......................................................................  58
3.4.1 Cycle Slip M anagem ent........................................................................... 58
3.4.2 Multipath Suppression.............................................................................. 59

3.5 Summary of GPS for C o n tro l............................................................................  62

4 Experim ental Dem onstrations 63
4.1 Autonomous Rendezvous ................................................................................... 63
4.2 Autonomous Formation F ly in g .........................................................................  73
4.3 System P erfo rm ance............................................................................................  79

4.3.1 Step R e sp o n se ...........................................................................................  79
4.3.2 B a n d w id th .................................................................................................  79
4.3.3 Stochastic Noise Characteristics ............................................................ 81
4.3.4 Bias Error Characteristics........................................................................  83

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4 Summary of Experimental Results 97

5 Initialization 100
5.1 Initialization Techniques.......................................................................................  100
5.2 Integer Resolution for Near-Constellation G P S ................................................  101

5.2.1 Logistics.......................................................................................................  101
5.2.2 A pproach....................................................................................................  102
5.2.3 Theoretical D erivation..............................................................................  103
5.2.4 Simulation R e su lts ....................................................................................  105
5.2.5 Positioning Via Signal P o w e r .................................................................. 106

5.3 Application to Space S ystem s.............................................................................. 112

6 Calibration 113
6.1 Calibration A pproaches.......................................................................................  113

6.1.1 Line Bias Calibration .............................................................................. 123

7 Conclusions 125
7.1 Summary and Conclusions.................................................................................... 125
7.2 Future Research ....................................................................................................  129

7.2.1 Indoor GPS System s.................................................................................  129
7.2.2 GPS for Real-Time C o n tro l..................................................................... 131

7.3 Space Flight System Considerations .................................................................  140

A Near-Constellation in th e  Limit 150

B  M aple Equations 152

C A n Algorithm for Visual Tracking in Three-Dimensions 160

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

1.1 Concept of an Autonomous Space Vehicle Retrieving a Satellite.................... 2
1.2 Experiment Configuration: Scale D ia g ra m ........................................................  5
1.3 GPS Signal Com ponents........................................................................................  8
1.4 Differential Carrier Phase G P S ............................................................................ 9
1.5 Related Research N etw ork..................................................................................... 13
1.6 The International Space S tation...........................................................................  17
1.7 The Ranger Telerobotic Flight Experiment ..................................................... 18
1.8 Indoor GPS for M anufacturing ............................................................................ 20
2.1 Interrelation of the System C om ponen ts ...........................................................  23
2.2 ARL Free-Flying Space R obot..............................................................................  24
2.3 Discrete Thruster A c tu a to r .................................................................................  28
2.4 Two Degree-of-Freedom M anipulator.................................................................. 28
2.5 Manipulator and G r ip p e r ..................................................................................... 29
2.6 Free-Floating Target Vehicle.................................................................................. 30
2.7 Criterion For Validity of the Planar Wavefront Approximation ...................  32
2.8 Pseudolite T ransm itter........................................................................................... 34
2.9 Helical Antenna Parameter D efinitions..............................................................  36
3.1 GPS Signal Flow D iagram ..................................................................................... 42
3.2 Model Simplifications ........................................................................................... 45
3.3 Phase Difference Method ..................................................................................... 46
3.4 Variable Definitions .............................................................................................. 48
3.5 Variance vs. Signal to Noise R a t i o ..................................................................... 52
3.6 Raw Carrier Phases Used to Compute Inter-Vehicle Double Differences . . .  57
3.7 Signal Diagram of Multipath Suppression Through Signal Bounding . . . .  59
3.8 Multipath Phase Error Likelihood .....................................................................  60

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.9 Position Error Versus Multipath Error B o u n d .................................................  61
3.10 Orientation Error Versus Multipath Error B o u n d ........................................... 61
4.1 Rendezvous Sequence Snapshot Images...............................................................  64
4.2 Overhead Time-Lapse Sequence............................................................................ 65
4.3 Task-Level Command Graphical User In te rfa c e ................................................ 67
4.4 Coordinate Frames of the Robot, Workspace, and Target V ehicle................... 68
4.5 Rendezvous Time-Lapse Sequence .................................................................... 69
4.6 Bang-Off-Bang Translational T rajec to ry ..........................................................  71
4.7 Desired Orientation C o m m an d ..........................................................................  72
4.8 Grasping E r r o r .....................................................................................................  74
4.9 Formation Flying Sequence Snapshot Images .......................................  75
4.10 Formation Time Lapse: Rotational R e sp o n se ....................................  76
4.11 Formation Time Lapse: Translational R esponse.................................  77
4.12 Formation Time Lapse: Rotational and Translational Response...... 78
4.13 Position Step Response ...................................................................................... 80
4.14 Orientation Step Response................................................................................... 80
4.15 Bandwidth Experiment Signal Flow* D ia g ra m ................................................. 82
4.16 Stochastic Noise Characteristics.......................................................................... 83
4.17 Signal-to-Noise Ratio P eriod icity ......................................................................  85
4.18 Multipath Characterization E xperim en t..........................................................  86
4.19 Likelihood of Error Due to Multipath .............................................................  87
4.20 Phase Center Measurement E xperim en t..........................................................  90
4.21 Phase Center M a p ...............................................................................................  91
4.22 Likelihood of Error Due to Phase Center V a ria tio n .......................................  92
4.23 Polarization Effect on Double-Differenced M easu rem en t..............................  97
4.24 Likelihood of Error Due to Phase Polarization Effects ................................... 98
5.1 Integer Resolution Convergence S eq u en ce .......................................................... 107
5.2 Theoretical Signal Power Based on Antenna P a t t e r n ......................................  109
5.3 Theoretical Signal Power -  Side View ...............................................................  110
5.4 Experimental Signal Power -  Side V ie w ..........................................................  110
5.5 Theoretical Signed Power -  Front V iew .............................................................  I l l
5.6 Experimental Signed Power -  Front View..........................................................  I l l
6.1 Calibration Data Sample S p ace ...........................................................................  115

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2 Variation of Estimated Parameters versus Assumed Param eters...................  116
6.3 Robot Antenna Deflections for Collecting Out-of-Plane Calibration Data . . 119
6.4 Target Antenna Deflections for Collecting Out-of-Plane Calibration Data . 119
6.5 Likelihood of Error Due to Calibration E r r o r .................................................  122
6.6 X-Y Table Calibration M echanism ...............    123
6.7 Line Bias Calibration Schem e.............................................................................. 124
7.1 Fundamental Understanding of Distinction Between Far- and Near-Constellation

G P S .........................................................................................................................  126
7.2 First Experimental Demonstration of Autonomous Rendezvous Using GPS

as the Only S en so r................................................................................................  127
7.3 Connectivity Between Research Issues and Thesis Contributions ................ 128
7.4 Single-Channel Code- and Phase-Lock State Diagram .................................. 137
7.5 Single-Channel Code- and Phase-Lock Control L o o p ..................................... 138
7.6 The International Space Station Outfitted with a Near-Constellation Posi­

tioning S y s te m ....................................................................................................... 141
7.7 A Multi-vehicle Spacecraft Cluster For Deep-Space O bservations................ 143
7.8 Formation Flying with Laser Reflection Experiment ..................................... 145
7.9 Mars Positioning System ....................................................................................... 147
7.10 NASA’s Mars Pathfinder M ission .......................................................................  148
A.l Variable Definitions for Linear Far-Constellation System ............................... 150
C.l Fiducial Markings on Object for Visual Sensing in Three Dimensions . . . .  161

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 

Introduction

This dissertation presents theoretical and experimental investigations into the use of the 
Global Positioning System (GPS) as the sole feedback sensor for controlling the relative posi­
tions and attitudes of multiple space vehicles. A recent technique for extracting information 
from the GPS signal, known as Differential Carrier Phase GPS, can achieve measurement 
resolution down to the sub-centimeter level at bandwidths high enough for real-time auto­
matic control. A complete prototype system was devised and used as a platform to perform 
proof-of-concept experiments. The culmination of these experiments was the precise inter­
cept and capture of a  free-flying target by a prototype autonomous free-flying space robot. 
The scope of this thesis encompasses the experimental demonstration of methods for using 
GPS for real-time control of autonomous systems and the use of GPS in unconventional 
manners, such as indoors, through the use of artificial GPS satellites or pseudolites.

1.1 M otivation

1.1.1 T h e  H u m an -R ob ot Team  in Space

The inception of the Mir and International Space Stations marks humankind’s transition 
from routine visits into space to permanent extraterrestrial residence. As with the conquest 
of frontiers in the past, technological innovation, in the form of automated systems, will 
play the key role in establishing permanent human presence in space. The unprecedented 
challenges of space have severely limited our attempts to use mere extensions of terrestrial 
construction and maintenance practices in orbit. The incremental movement into space

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION

Figure 1.1: Concept of an Autonomous Space Vehicle Retrieving a Satellite
Under this scenario, both the robot and the satellite are equipped with GPS re­
ceivers. The GPS measurements made by the satellite are broadcast to the robot 
via a radio transmitter so that the robot can determine precise relative position and 
attitude.
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CHAPTER 1. INTRODUCTION 3

is a  consequence of the incremental change in the tools humans have used to perform 
work in space. For example, the human still needs to be physically present a t the work 
site, working hands-on with the satellite, using derivatives of conventional terrestrial tools 
such as wrenches and screwdrivers that have been modified for space. The astronaut is 
encumbered by problems such as limited range of motion and reduced visibility imposed by 
a bulky space suit, unfamiliar work conditions, short work periods due to radiation risks, 
and high support costs of a large ground support team. A new tool -  the autonomous space 
robot -  will completely revise the way that humans work in space.

1 .1 .2  T ask L ev e l C ontrol

Space robots working in Low Earth Orbit will be most effective if the human is employed 
at the supervisory level, directing tasks, while the robot manages the details of each task 
through local feedback control. For example, a human, working through a graphical world- 
model interface, would direct an assembly operation by merely indicating the parts to be 
assembled and how they should be assembled. The world model state is communicated to 
the robot (or robots), and the robot autonomously carries out the task through the use of 
stimulus-based strategic control and sensor-based feedback control. The robot continuously 
communicates its progress back to the world model interface, wherein the human -  either 
nearby inside the space station or at great distance -  can monitor the assembly process 
until it is completed [36] [45] [40] [15] [35].

This conceptual division of labor for the human-robot team, referred to as Task Level 
Control, is especially suited to the requirements, constraints, and characteristics of re­
mote operation in Low Earth Orbit. Such considerations include: limited communications 
bandwidth, susceptibility to delayed and lost telemetry, well-understood dynamics and a 
fairly well-modeled environment. Typical operations include satellite retrieval, Orbital- 
Replacement-Unit (ORU) maintenance, and assembly of modules and truss structures.

The need for an effective means for directing space robots at a supervisory level has 
been recognized in studies such as [42]:

[Current] space station robotic command and control procedures consume a 
great deal of IVA [Intra Vehicular Activity] time and thus reduce time available 
for other productive research and experiments. More efficient command and
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CHAPTER 1. INTRODUCTION 4

control architectures are needed to reduce the on-orbit IVA time required for 
robotic operations.

Task Level Control is an effective paradigm for performing these operations, because hu­
mans currently are far better a t visual perception, situation analysis, and task supervision, 
while robots excel at precision, repeatability, and speed.

The diversity of the operations that a robot can manage under the Task Level Control 
paradigm depends on the sophistication of its sensors, actuators, and control system. This 
thesis extends the versatility of Task Level Control through the development and intimate 
use of a novel sensor, the Differential Carrier Phase GPS receiver. In particular, Differential 
Carrier Phase GPS technology provides high-rate and punctual measurements of the relative 
position and orientation between multiple vehicles, thus enabling tasks such as autonomous 
rendezvous and multi-vehicle formation-flying. A conceptual photo of an autonomous space 
robot retrieving a satellite is depicted in Figure 1.1.

1.2 Research Goals

The research goals of this project were to address the issues discussed in the previous 
section, namely to develop from first principles a GPS-based generic system for sensing and 
controlling the relative positions and attitudes of multiple vehicles in space. Of course, 
the only way to fully test such a sensor is through a  space flight experiment. However, 
flight experiments are expensive, difficult to garner, and typically not the first step one 
takes toward developing a fledgling technology. The first research goal, by necessity, was to 
develop an accurate experimental system with which to investigate GPS sensing and control 
issues in the lab well in advance of flying a mission. The research goals were:

•  Design a high-fidelity testbed for studying autonomous free-flying vehicles with inte­
grated real-time control and GPS sensing. A primary issue was to isolate and contain 
the GPS signal environment by recreating it in a laboratory setting. When using 
the NAVSTAR GPS, one must deal with the drawbacks of working outdoors such as 
unpredictable weather, motion of the satellites, intentional signal degradation, and 
the need for portable equipment. An important aspect of this system is the new char­
acteristics of its near-field geometry compared with the essentially planar waves from 
NAVSTAR satellites.
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CHAPTER 1. INTRODUCTION 5

Figure 1.2: E x p erim en t C onfiguration: Scale D iagram

This to-scale perspective diagram illustrates the configuration of the experimental 
apparatus used in this thesis. GPS signals are generated by six pseudolites dis­
tributed around the laboratory above the workspace of the vehicles. The robot 
combines its GPS measurements with the target’s GPS measurements to estimate 
their relative position and attitude. With this real-time knowledge, the robot can 
be commanded to maintain a fixed formation with the target, or to rendezvous and 
capture the target.

• Extend the state of current theory of GPS sensing to include multiple vehicles, six 
degrees of freedom each, with near-field transmitters and no fixed reference station. 
(Existing algorithms were designed to handle attitude determination of a single vehicle 
with its position measured with respect to a well-surveyed and fixed reference station.)

• Develop a generically reliable Differential Carrier Phase GPS sensor and integrate it 
into a real-time control scheme for a multi-arm free-flying robot. Implicit in this goal 
is the broader need to investigate practical implementation issues such as calibration 
and initialization.

• Experimentally demonstrate representative tasks such as autonomous rendezvous and 
formation flying. These can be achieved only through successful integration of the 
sensor with the red-time control system.
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CHAPTER 1. INTRODUCTION 6

The to-scale perspective diagram shown in Figure 1.2 illustrates the experimental apparatus 
constructed to achieve the stated goals. GPS signals are generated by six pseudolites dis­
tributed around the laboratory above the workspace of the vehicles. The robot combines its 
GPS measurements with the target’s GPS measurements to estimate their relative position 
and attitude. With this real-time information, the robot can be commanded to rendezvous 
and capture the target. Vehicle mobility is achieved by floating on a cushion of air a few 
thousandths of an inch above an extremely flat and smooth granite air-bearing surface. 
This is done to simulate the zero-gravity, zero-drag conditions of space in two dimensions.

1.3 Fundamentals o f th e  Global Positioning System

It is necessary to have some basic knowledge of the working principles of the Global Position­
ing System to understand the research issues addressed in this thesis, hence the following 
background is provided. Parkinson, et. al. [4] provides thorough coverage of the theory 
and applications of GPS. The term “Global Positioning System” generally refers to the 
NAVSTAR Global Positioning System. However, this thesis deals largely with novel uses of 
GPS (some of which are completely independent of the NAVSTAR system), so a distinction 
will be made between the NAVSTAR Global Positioning System and the other GPS-like 
systems investigated.

1.3.1 T he N A V ST A R  G lob a l P o sition in g  S y stem

The NAVSTAR Global Positioning System consists of 24 satellites at an altitude of 20,300 
km, traveling in circular orbits, and distributed in six orbital planes. Each of these satellites 
transmits a multi-component navigation signal shown schematically in Figure 1.3. The first 
three components, referred to as the LI frequency components, are for civilian use, while 
the other two components, the L2 components, can be blocked from civil use by the U.S. 
Military at any time. For this reason, many commercial receivers operate on a single 
frequency and are designed to work exclusively with the LI components of the GPS signal. 
Dual-frequency receivers can achieve better accuracies by taking advantage of the additional 
information supplied by the L2 component. The receivers used in this research project were 
single-frequency receivers, so only the LI components of the GPS signal will be discussed 
further. Although dual-frequency receivers with the features required by this project do 
not yet exist, such receivers would likely change many aspects of this project.
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All of the satellites in the NAVSTAR GPS constellation transmit on the LI (1575.42 
MHz) frequency band. The satellites are distinguished from one another through a spread 
spectrum technique involving modulation of the LI carrier by a Pseudo-Random-Noise 
(PRN) Coarse Acquisition (C/A) code. This code is unique for each satellite and con­
sists of a pseudo-random sequence 1023 bits long. A receiver can distinguish individual 
satellites by correlating the received signal with its own internal C/A code generator. The 
signal is additionally modulated by a 50 bits/sec data signal which contains, among other 
information, a time-of-broadcast tag.

1.3.2 G P S S en sin g  T ech n iq u es

A number of techniques, listed in Table 1.1, have been used to extract navigational infor­
mation from the GPS signals.

• Pseudo Ranging -  A receiver can compute the conventional pseudo-range estimate by 
taking measurements from four (or more) satellites to extract the four unknowns - 
three spatial dimensions and time. The received signals are subject to atmospheric 
distortions and intentional degradation known as Selective Availability, leading to 
accuracies in the range of 10 to 100m for this technique.

• Differential GPS (DGPS) -  Relative positions between two local receivers can be ob­
tained with greater accuracy (2 to 5 meters) by taking the difference between the 
two pseudo-range measurements. This technique is known as Differential GPS. Since 
atmospheric distortions are approximately the same for two local receivers, the differ­
encing of the two positions removes distortion incurred errors.

• Differential Carrier Phase GPS (DCP GPS) -  The Differential Carrier Phase tech­
nique involves reconstruction of the GPS carrier wave signal within the receiver [5]. 
The receiver phase-locks onto the signal and then measures the phase difference be­
tween antennas of the same receiver or between antennas of separate receivers. The 
basic principle is illustrated in Figure 1.4. Since the LI carrier wavelength is 19.03 
cm, the maximum achievable accuracy is 19.03 cm times the receiver phase resolution. 
Given that the phase resolution for the receiver used in this project is 256 samples per 
wavelength the theoretical accuracy is actually sub-millimeter (0.74 mm). In practice, 
though, several noise sources limit the typical accuracy to the centimeter level. One
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Technique Method Accuracy Special Requirements
Pseudo-range GPS 
(time-of-flight)

Measure signal TOF 
from each satellite

10-100m
(absolute)

Susceptible to 
intentional degradation

Differential GPS 
(DGPS)

Take difference of the 
TOF measurements 
between two receivers

2-5m
(relative)

Requires two local receivers 
with communication link

Differential Carrier 
Phase GPS 
(DCP GPS)

Reconstruct GPS 
carrier, measure phase 
diff. between two 
antennas

< 1cm 
(relative)

- Requires common oscillator,
or synchronized receivers

- Must solve integer ambiguity

Table 1.1: GPS Sensing Techniques

difficulty with this technique lies in determining the number of integer wavelengths 
within the total phase difference between the master and slave antennas. Differen­
tial Carrier Phase measurements can be made between two different receivers if the 
receivers are synchronized and the raw carrier phase measurements are accurately 
time-tagged.

LI Carrier 
1575.42 MHz

C/Acode
I.023Mhz

Oscillator

Figure 1.3: GPS Signal Com ponents 

1.4 Research Issues

The research issues pertinent to this thesis fall under two main categories. (1) Sensing 
•with a Pseudolite-based Positioning System and (2) GPS Sensing for Automatic Control.
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/
From Satellite

GPS Carrier Wave

Baseline

-S' Slave AntennaMaster Antenna

Figure 1.4: D ifferential C arrier P h ase  G P S

As previously stated, one of the primary objectives was to build a testbed to emulate 
GPS indoors; hence a number of research issues are related to the differences between the 
XAVSTAR GPS and the pseudolite-based indoor testbed. The primary distinction is the 
difference in proximity of the transmitters to the receivers. For this reason, the pseudolite- 
based system used in this thesis is referred to as a near-constellation pseudolite positioning 
system, while the NAVSTAR GPS is referred to as a far-constellation positioning system. 
A more explicit criteria form distinguishing between far- and near-constellation systems is 
provided in Chapter 2.

1.4.1 Sensing w ith  a  P seu d o lite -b a sed  P ositio n in g  S ystem

The prospect of using GPS indoors presents several fundamental problems, as first discussed 
in [50] and listed below:

• No pseudo-range measurements -  Pseudo-range would be of limited use due to the 
relatively low accuracies attainable compared to the scale of the workspace. Therefore, 
in the interest of simplicity the pseudolites were not synchronized as would be required 
to calculate pseudo-range. This limitation prompted the reformulation of position and 
attitude algorithms based on carrier-phase measurements alone.
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•  Spherical Wavefronts -  Since the transmitters are very close to the workspace, the 
assumption that the carrier wave advances as a plane is no longer valid. Instead, the 
wavefront must be treated as spherical. This leads to nonlinear phase measurement 
equations from which the position and attitudes must be derived.

• Near-far problem -  The close proximity of the transmitting sources to the receivers 
leads to extreme variations in the power of the signal received as the vehicle traverses 
the workspace. The signal power of each of the pseudolites had to be carefully adjusted 
so that the signal power was within the dynamic range of receiver across the majority 
of the workspace.

• Calibration of Pseudolite Positions and Antenna Baselines -  The locations of the 
phase centers of the pseudolite transmitter antennas and the vehicle receiver antennas 
need to be precisely determined in order to obtain accurate position solutions from 
the differential carrier phase measurements.

1.4 .2  G P S  Sensing for A u to m a tic  C ontrol

Novel methods such as DCP GPS have enabled tight real-time feedback control, even though 
GPS was not nominally designed for this purpose. It is therefore necessary to employ clever 
methods to obtain reliable measurements from the GPS signals.

• Loss of carrier phase tracking and integer cycle hand-off -  Carrier-phase tracking can 
be lost due to low signal strength or occlusion of the line-of-sight GPS signal by the 
vehicle’s own structure or other nearby structures. This poses problems for real-time 
controllers for which measurement updates are expected every sample period. When­
ever a pseudolite signal is lost or gained, the corresponding cycle ambiguity between 
antennas must be re-computed or “handed-off” . This is done by calculating the ex­
pected phase from the most recent solution of the vehicle state propagated through a 
Kalman filter. Errors in the calculated absolute positions of the vehicles can lead to 
incorrect integer-cycle values during this process. The calculation of absolute posi­
tions of the vehicles are very sensitive to bias errors such as multipath, antenna phase 
center stability, and polarization of the GPS signal. Reduction of these sources of bias 
error is an ongoing area of research for improvement of this system.
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•  High multipath environment -  Multipath (reflected signals) is recognized as one of the 
greatest detriments to the carrier phase measurements, and the problem is exacerbated 
in the indoor situation. Some existing techniques rely on the assumption that the 
multipath is repeatable, which is likely to be the case for a single spacecraft in orbit 
where multipath is created only by the vehicle’s own structure [11]. However, for 
vehicles operating around disparate structures or other vehicles, the repeatability 
of the multipath is likely to be low, which may preclude the use of carrier-phase 
techniques.

1.5 Contributions

In meeting the goals of this research, the following contributions have been made to robotic 
sensing and control:

•  A fundamental, quantitative understanding of the similarities and differences between 
far-constellation and near-constellation GPS was established and the theoretical basis 
for navigation using the latter was developed and shown experimentally. In order to 
study the critical aspects of the autonomous rendezvous problem, a fixed set of pseu­
dolite transmitters was used inside a controlled laboratory environment. This first- 
ever indoor Global Positioning System provides sufficient similarity to the NAVSTAR 
Globed Positioning System to study the autonomous rendezvous problem, but also has 
some differences that brought forth new challenges as well as new areas for application 
of GPS. The indoor GPS system offers a new form of simulation for developmental 
testing of space vehicles in an inexpensive manner that complements expensive GPS 
constellation simulators.

•  GPS-based autonomous rendezvous between two free-flying vehicles was experimen­
tally performed for the first time. Beyond demonstrating basic feasibility of using 
GPS for space operations, this proof-of-concept experiment exhibited typical toler­
ances that can be attained for autonomous space operations. This system can also 
serve as a guideline for designing space flight systems as it provides realistic specifi­
cations for parameters such as measurement update bandwidth, communication link 
contents and bandwidth, and computational requirements.
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• Original techniques for integrating GPS sensor measurements with a real-time control 
system were devised. As noted above, GPS was not nominally designed to be used 
for tight real-time control. The raw GPS phase measurements were susceptible to 
corruption by multipath and loss of signal due to occlusion, vehicle configuration, 
limited dynamic range of the receiver, and multipath ambiguities. A series of signal 
processing steps in conjunction with a Kalman Filter were implemented to improve 
very significantly the reliability of the GPS sensor.

• A new theoretical formulation for relating carrier phase measurements to the positions 
and attitudes of two non-stationary vehicles was formed. The functioned mapping is 
general and can be applied to both near-constellation as well as far-constellation sys­
tems. The functional mapping is characterized by geometric non-linearities introduced 
by the spherical-shaped wavefront emanating from each transmitter. These geometric 
non-linearities disappear as the distance between the transmitters and the receivers 
increases and the wavefronts tend toward planar, as in the far-constellation situation. 
Additionally, the mapping assumes no knowledge of pseudo-range, as this information 
was not available for the near-constellation GPS configuration used in this experiment. 
It is possible, however, to modify the implementation of this mapping to incorporate 
pseudo-range.

• A new method for synchronizing independent GPS receivers was developed using the 
concept of a  “Master Pseudolite”. This unique approach to synchronizing measure­
ments from two disparate receivers was necessary so that differential phases between 
the two vehicles could be measured. The normal means for synchronizing receivers 
occurs in conjunction with pseudo-range determination. Since pseudo-range was not 
available from the indoor near-constellation, a new synchronization method was de­
vised. This method could well be applied to future GPS-like systems described in 
Chapter 7.

• Innovative methods were introduced for calibrating antenna baselines and pseudolite 
positions. The custom-designed GPS environment required new methods for calibrat­
ing interdependent system parameters. Several approaches to calibrating transmitter 
and receiver antenna locations were investigated and analyzed for sensitivity to mea­
surement errors.
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• A new method was developed for resolving integer-cycle ambiguities between vehicles. 
This algorithm takes advantage of vehicle motion and near-constellation geometry to 
identify the cycle ambiguities. Initialization via measurement of signal power is also 
proposed. This capability could enable and motivate the use of near-constellation 
systems in space to augment the NAVSTAR GPS.

1.6 R elated Research

This thesis would not have been possible without the foundations established by many other 
researchers. Diagram 1.5 shows the most relevant influences on this thesis, as well as future 
projects that are anticipated to benefit from this work.

Small. Low-cost 
Pseudolites

rCobb]

GPS Attitude 
Determination

[Cohen]

Autonomous
Free-Flying

Robot
[UUman]

NASA’s 
Advanced 

Space Missions

GPS for 
Automated 

Manufacturing

GPS for Attitude 
Control in Space

[Lightsey. Baur]

Operational 
Space Systems 

(e.g. space 
station)

GPS Rendezvous 
(laboratory)

Space Qualified 
GPS Receiver 
[Brock, Fuller, 

et-al.J

Figure 1.5: R ela ted  R esearch  N etw ork

This diagram shows how this research (1) benefited most directly from the works 
of UUman (2), Cohen (3), and Cobb (4). In parallel with this effort, Lightsey and 
Bauer have investigated GPS attitude control in space, while Brock, Fuller, et. a1. 
(6) have devised a space-qualified GPS receiver. These current projects will in turn 
benefit future appUcations such as GPS for automated manufacturing (7), NASA’s 
major new advanced space projects (8), and operational space systems such as the 
International Space Station (9).
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1.6.1 P red ecesso rs

The approach to autonomous rendezvous pursued in this thesis was most directly influenced 
by the work of Ullman [45], Cohen [11], and Cobb [10].

Coordinated Control o f  a M ulti-Arm  Space R obot

In 1992, Ullman demonstrated coordinated control of a multi-arm free-flying space robot for 
rendezvous and capture of a free-floating target [45]. This pioneering work was successfully 
demonstrated through the use of an overhead vision sensing system which was employed to 
provide the positions and orientations of the robot and the target. A constraint of this vision 
system is that it operates in only two dimensions and requires an overhead, perpendicular 
view of fiducial markings on each object in the workspace1.

The research presented in the present dissertation used Ullman’s prototype space vehicle 
outfitted with a GPS sensor. Although the overhead vision system would not be practical for 
real space applications, a local vision system on-board the robot is a very realistic feature. 
The GPS system is therefore intended only to replace the overhead vision system as a more 
viable sensor for space. In the research reported here, data from the overhead vision system 
was still used as a  means for evaluating the performance of the GPS system, but was not 
involved in controlling the spacecraft.

Recent GPS Innovations

Cohen devised the first GPS receiver for accurate attitude determination in 1992. Attitude 
determination via GPS had been attempted as early as 1983 on ships [23], but not until 
Cohen’s work was there a system that could resolve attitude to a usable accuracy for any 
reasonable-sized spacecraft (less than 0.1 degrees for a 5 meter baseline). Cohen’s work 
encompassed both the physical modification of commercial GPS hardware and derivation 
and implementation of new algorithms for attitude determination.

Shortly after Cohen’s work, Cobb designed a small, low-cost, pseudolite transmitter that 
could produce the two primary components of the civilian GPS signal, i.e. the LI carrier 
modulated by the C /A  PRN code. The benefits of this design were not only its size and

‘Kemper and Zimmerman expanded the vision system to track objects in three dimensions, six degrees 
of freedom. A summary of this algorithm is presented in Appendix C
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cost, but also its simplicity2. Cobb’s original pseudolite design could readily be modified 
to broadcast other components of the GPS signal to create a novel, customized GPS signal 
environment. These attributes made it possible to install a complete, low-cost, realistic, 
and easy-to-maintain GPS constellation in the laboratory.

1.6.2 C ontem poraries

Amongst the contemporary research projects related to this thesis, there are those aimed 
at the same future applications, but investigating different GPS issues, and there are those 
working on similar GPS issues, but aimed at different future applications.

Similar applications, different issues

In 1989, Axelrad [1] investigated GPS for closed loop navigation of spacecraft, and in 1995 
Lightsey advanced GPS space receiver algorithms to an operational level of flight-readiness. 
Lightsey’s work complements this thesis work by addressing many of the on-orbit require­
ments for use of GPS for spacecraft attitude determination and control. His work does 
not, however, address the issue of multi-vehicle control involving relative position, as does 
this thesis. Lightsey, Bauer, et. al. are currently conducting space flight experiments to 
demonstrate GPS closed-loop attitude control in space [17]. Additionally, many of Light­
sey’s concepts have been incorporated into the first space-qualified attitude-determination 
receiver, developed by Space Systems Loral 3.

While this thesis addresses the problem of vehicle rendezvous from a closing distance of 
a few meters down to contact, Galdos and Upadhyay [22] and Montez and Zyla [52] have 
made theoretical studies on the use of Differential GPS for tracking rendezvous trajectories 
that close from several hundred kilometers down to a few meters.

Similar issues, different applications

Setting milestones in aviation history, Cohen, Pervan, et. al. [9], Conway [12], and Mont­
gomery [27] addressed issues critical to integrating GPS sensing with real-time control of

2 About l/100th the volume of a commercial system of comparable performance at a cost of production 
less than one tenth the cost of a commercial system.

3The historical progression is as follows: Cohen modified Trimble Navigation’s TANS receiver to be 
attitude capable, which became the commercial product known as the TANS Quadrex. The TANS Quadrex 
was then upgraded to perform attitude computations on-board the receiver, which became Trimble’s TANS 
Vector. Space Systems Loral, under license from Trimble, revamped the TANS Vector into the first space- 
qualified receiver, the Loral Tensor [19].
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autonomous aircraft. In 1994, Cohen, Pervan, et. al. devised a system that combined 
the NAVSTAR GPS with ground-based pseudolite “integrity beacons” to demonstrate au­
tonomous landing of a  commercial airliner, achieving accuracies well within Federal Aviation 
Administration (FAA) Category III (zero visibility) landing requirements. In 1995, Con­
way [12] demonstrated completely autonomous flight of a model helicopter using GPS as 
the only sensor, and in 1996 Montgomery [27] demonstrated autonomous takeoff, flight, and 
landing of a model airplane using GPS. Both Conway’s and Montgomery’s work differed 
from this project because they used NAVSTAR GPS signals, rather than pseudolites, and 
they used a fixed reference station at a surveyed location.

Teague [43] is currently studying GPS-based control of a large, flexible structure through 
the use of a pseudolite-only near-constellation very similar to the one used for this project.

1.6.3 B en eficiaries  

N ASA Applications

Support for the International Space Station and NASA’s advanced space projects, including 
the New Millennium Program, both demand advances in sensors that can provide relative 
position and orientation information. It is clear that GPS can contribute greatly to these 
programs.

The International Space Station

The International Space Station (ISS) can take advantage of GPS in many ways, from 
the earliest stages of construction through full operation. The joining of station modules 
during construction will require knowledge of the relative positions and attitudes of the 
shuttle, the existing station structure, and the modules being attached. GPS sensors on 
each component could transmit data to a CAD-model display that the astronaut would use 
to direct and guide the module into place (e.g. in the hands of a large manipulator and 
free-flying robots). A similar system could be used for shuttle docking through construction 
phases and during normal operation of the station.

More importantly, GPS could be incorporated into free-flying autonomous space robots, 
as described in this thesis, to maintain the station. Reliability and accuracy of GPS sen­
sors used near the space station could be greatly improved by placing a pseudolite-based
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Figure 1.6: The International Space Station
The ISS can take advantage of GPS during construction and operational phases. 
Construction phases can use GPS for sensing modules as they are joined. Opera­
tional phase can use GPS for sensing robotic maintenance vehicles. Photo courtesy 
NASA

near-constellation positioning system on the space station structure itself to supplement the 
NAVSTAR GPS. Such a  system would improve the sensor accuracy through better geomet­
ric resolution and would improve reliability by increasing the number of reference signals 
available when the NAVSTAR satellites become occluded by the space station structure 
itself. NASA is currently sponsoring two operational free-flying robotic vehicle projects 
directed toward space station maintenance, the Ranger Telerobotic Flight Experiment and
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the Autonomous Extra-Vehicular Camera (AERCam). Both of these could potentially ben­
efit directly from the contributions of this thesis.

Figure 1.7: T he Ranger Telerobotic Flight Experiment
The Ranger Telerobotic Flight Experiment is aimed at demonstrating the capa­
bility to perform space operations remotely from the ground. Photo courtesy the 
University of Maryland Space Systems Laboratory

The Ranger Telerobotic Flight Experiment

The Ranger Telerobotic Flight Experiment is a project to demonstrate the capability to 
perform space operations remotely from the ground. The Ranger Telerobotic Flight Ex­
periment (TFX) is scheduled to demonstrate telerobotic spacecraft servicing in Earth orbit 
in early 1997. The Ranger TFX vehicle is a free-flying spacecraft equipped with four ma­
nipulators, which serve various functions for dextrous manipulation, grappling, and video 
viewing (see Figure 1.7).

The Autonomous Extra-Vehicular Activity Robotic Camera (AERCam)

The Autonomous EVA Robotic Camera is an effort to design a free-flying electronic camera 
that can be maneuvered to on-orbit positions in the vicinity of large spacecraft (such as the 
Space Station) to provide live video images for operations support.

AERCam is a small (45 to 90 Kg) free-flying unmanned platform capable of teleoperated 
or autonomous flight in close proximity to the Space Station and Shuttle Orbiter. It will
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be able to hold position relative to, or fly trajectories about its target. Video images will 
be transmitted to the Station or to the ground for live viewing of its subject. It will be 
controlled from either the ground or from the Space Station and be capable of long periods 
of autonomous operation. The Aerospace Robotics Laboratory has proposed to incorporate 
GPS sensing schemes similar to the ones developed in this thesis to the AERCam, and this 
is in Johnson Space Flight Center’s current planning.

N A SA ’s Advanced Space M issions

NASA is pursuing several advanced space missions such as the New Millennium Program. 
The New Millenium Program is aimed a t establishing a “virtual human presence” in space 
that will extend throughout the solar system and beyond. This “virtual presence” will be 
established by large numbers of small spacecraft, typically flying in clusters and capable 
of collecting distributed science data. A GPS-based near-constellation positioning system, 
similar to the system used in this research, is one method being pursued for autonomously 
regulating the formation of multi-spacecraft clusters.

Terrestrial Applications

For more than three decades, exploration of space has been the source of invention for a 
wealth of uncommon technologies, many of which have had surprisingly diverse application 
to terrestrial problems. Likewise, the technology pursued in this thesis has been identified 
as having potential contribution to terrestrial arenas. In particular, near-constellation po­
sitioning systems can be be applied to a number of indoor situations for sensing objects in 
three-dimensions, six degrees of freedom.

Manufacturing Systems

A general problem for companies that build very large systems, such as aircraft, is sensing 
the placement of massive components as they are moved around the factory and as they 
are joined to the finally assembly. In some sense, this is similar to the problem of bringing 
together the large modules of the space station. By outfitting the factory with a near­
constellation positioning system and placing GPS receivers on each subassembly, it would 
be possible to monitor the location of these components as they are moved around the 
factory. This would enable autonomous delivery of sub-assemblies around the factory and
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autonomous collision avoidance between sub-assemblies and other structures. This type of 
system has been considered for use in aircraft manufacturing plants, such as the Boeing 

facility depicted in Figure 1.8

Figure 1.8: In d o o r G P S  for M anufacturing

Facilities such as Boeing’s 747 plant are characterized by extensive high-bays and 
large system components that need to be transported over long distances throughout 
the construction process. An indoor GPS-based system could potentially be used 
to automate assembly processes in this type of manufacturing plant.

Indoor Robotic Systems

Indoor mobile robot systems are used extensively in research and are gaining increasing 
operational use in hospitals and warehouses for transporting items between different loca­
tions along designated routes. These systems currently use fixed tracks and/or acoustic 
sensors for navigation. Merging GPS with the existing sensors could increase the versatility 

and reliability of these systems.
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Motion Picture. Filming

A less apparent GPS application venue is in the filming industry. The indoor near-constellation 
positioning system could be used to monitor camera position and orientation during film­
ing so that computer-generated special effects could quickly and easily be placed in the 
proper locations of the scene. Additionally, the autonomous helicopter work of Conway [12] 
could be applied to outdoor filming to obtain unprecedented camera view angles and pan 
trajectories.
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Chapter 2

Experimental Apparatus

This chapter provides a description of the hardware system used to conduct the experiments 
reported in Chapter 4. The major components that are described include: the prototype 
free-flying space robot shown in Figure 2.2; the free-floating target vehicle: the GPS system, 
including the pseudolite constellation and the GPS receivers on-board the vehicles; the 
computer development environment; and the overhead vision system used to evaluate the 
performance of the GPS system. The interrelation of these system components is shown in 
Figure 2.1.

2.1 T he Prototype Free-Flying Space R obot

The design and construction of the prototype free-flying space robot has been discussed 
in detail in past theses by Ullman [45], Koningstein [24], Dickson [15], and Jasper [20]. 
Portions of that system have been augmented for this thesis. The robot, depicted in Fig­
ure 2.2, is a self-contained autonomous vehicle, complete with on-board sensing, computing, 
communication, power, manipulation, and propulsion systems. On-board compressed air 
enables the robot to float just above the precisely-leveled granite surface plate (approxi­
mately 0.003 inch), providing a high-fidelity two-dimensional simulation of the drag-free, 
zero-gravity characteristics of space.

22
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Figure 2.1: Interrelation o f th e  System  Components

2.1.1 C om p u ter  A rch itectu re

The system architecture is based on a VME bus and utilizes a Motorola MVME 167-31A 
(68040) processor for all functions, including real-time control, communication with sensors 
and actuators, strategic planning, and communication with the operator interface. The 
control software is written in “C” and “C+4-” and was developed using ControlShell™  [38] 
and the V xW o rks™  Operating System.

2.1 .2  C om m u n ication s

The robot’s computer communicates with both GPS receivers (i.e. the one on the robot 
and the one on the target) through separate RS-232 serial ports at 19.2k baud. The serial 
link between the robot and the target is established by a Proxim 19.2k baud full-duplex
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Figure 2.2: ARL Free-Flying Space R ob ot

radio modem. The data that is communicated across this link is listed in Table 2.1. Ad­
ditionally, the robot is equipped with a Motorolla Altair radio Ethernet. This link is used 
for communication with the user interface during system operation and for downloading 
programs onto the robot during development1. Standard VME-bus A/D, D/A. and digital

lThe radio Ethernet could have been used for the link between the robot and the target's GPS receiver, 
but at significant expense. Equipping the target with a radio Ethernet would have required the purchase 
of a new Ethernet unit and an upgrade of the units currently in place, at a cost of S7000. Additionally, 
the target would have required an interface computer between the GPS receiver and the radio Ethernet and 
additional power to support the computer, increasing the total cost to nearly $10,000. The alternative cost 
for the 19.2k baud modems totaled $200, though the communication delay incurred by these modems does 
restrict overall system performance.
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I/O boards are used for communication to other system devices such as thruster solenoids, 
gripper pneumatics, arm motor drivers and RVDT angle sensors.

2.1 .3  G P S  R ece iv er

The robot and target vehicles are each equipped with a six-channel GPS receiver that 
is capable of multiplexing between four antennas. Each receiver can provide a total of 
24 carrier phase measurements every sample. A constraint of the multiplexed antenna 
system is that all four antennas on a given receiver channel must track the same pseudolite 
signed. The receivers are commercial TANS Quadrex receivers from Trimble Navigation, 
with customized internal software.

The Trimble TANS Quadrex was modified as described below in order to meet the needs 
of this thesis research:

• Modified da ta  packet protocol -  The data packet protocol was optimized to minimize 
the transmission times between the full-duplex radio modems used to communicate 
information from the target vehicle to the robot. Simplex modems might have offered 
less data transmission delay since they can send packets byte-for-byte rather than as 
a quantized unit. However, such modems were not available at comparable baud rate 
and price.

• Changed contents of data packet -  The TANS receiver is capable of transmitting 
one type of da ta  packet at fixed time intervals, making it suitable for real-time con­
trol applications. The data nominally available in this packet was modified because 
the nominal information was not sufficient for the requirements of this system. The 
information transm itted by the GPS receivers is described in the next section below.

• Simplified the satellite search algorithm -  The set of satellites that the receiver searches 
was fixed constant. This exploits the fact that the same satellites are always in 
view, and all antennas view the same satellites within the indoor pseudolite-based 
system. This modification alleviated this research project from issues studied by 
other researchers [25].

The receiver communicates via an RS-232 serial port at a rate of 19.2k baud. The 
information transm itted by each of the GPS receivers to the robot's computer is summarized 
in table 2.1. The table lists the information that is transmitted in one packet each sample
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period (0.10 second). All quantities are listed in bytes. The nature of the information items 
is as follows:

1. The Time Tag data byte is an integer value that indicates the millisecond count 
(beyond the last whole second) at which the information in the data packet was 

sampled.

2. The Carrier Phase of the Master Antenna is a set of measurements of the raw carrier 
phases of each pseudolite signal, as measured at the master antenna. This information 
is used primarily to determine the relative positions of the two vehicles.

3. The Differential Phases measured by each of the slave antennas is the difference be­
tween the carrier phases measured at the master antenna and each of the slave anten­

nas.

4. The Signal to Noise Ratios indicate how well each of the signals is being received, 
and are used as weighting factors in the computation of the vehicle state from the 
measured phases. There axe a  total of N ant x lVc/,on =  24 SNR values at each sample. 
Since these values do not change very rapidly, they are multiplexed in six sets of four 
to reduce the quantity of information in each packet, i.e. the SNR values for all four 
antennas for a single channel are updated every sixth sample.

5. The Code Phase of the Master Pseudolite is a quantity that is used to extrapolate 
the phase measurements of each receiver so that they can synchronize to the Master 
Pseudolite.

6. The Phase Valid and Cycle Slip Flags are indications of the receivers confidence in 
individual phase measurements. Only six bits of each of these bytes are used, one bit 
per receiver channel.

7. The additional Packet Overhead includes a single byte for the packet ID and a single 
byte that indicates the end of the packet.
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Data Quantity Size Each [bytes] Total Size [bytes]
Time Tag 1 2 2
Carrier Phase 
(master ant)

Auchan =  6 4 24

Differential Phase 
(slave ant)

(■^ant 1) x Nchan ~  18 2 36

Signal to Noise 
Ratio

Nant = 4
see n o te  m  text

1 4

Code Phase of 
Master Pseudolite

1 2 2

Phase Valid Flag 1 1 1
Cycle Slip Flag 1 1 1
Packet Overhead 2 1 2
Total 72

Table 2.1: GPS Receiver Data Packet Information

Packet Transmission Tim e Delay

The packet transmission time delay is greatest along the path from the target vehicle’s GPS 
receiver to the robot’s on-board computer. Since the radio modems are full-duplex, the data 
must be transmitted in serial in three stages: From the GPS receiver to the modem on the 
target vehicle, from the modem on the target vehicle to the modem on the robot, and from 
the modem on the robot to the on-board computer. The minimum packet transmission 
time delay can be calculated from the equation:

(10 bits/byte xNbytes_per_pacitet x Ncomm_stages) / BAUD -R A TE

The modem baud rate used in this project was 19.2k baud. From table 2.1 there are 
72 bytes/packet, and there are three communication stages. This results in a communica­
tion delay of 112.5 milliseconds, or just greater than one sample delay.

2 .1 .4  P rop u lsion

The robot can translate and rotate using a set of eight cold-gas thrusters that can produce 
approximately 1 Newton of force each. The thrusters are arranged in a square around 
the midsection of the robot as shown in Figure 2.3. Thrust is generated by momentarily
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Thrusters

Gas Tank

Figure 2.3: D iscre te  T h ru s te r  A ctuato r

opening a solenoid spool valve, releasing lOOpsi air through a nozzle to ambient for one 
sample period (0.10 second). Conventional control methods can be applied to these highly 
non-linear actuators through the use of astute techniques for mapping the continuous desired 
control forces and torques to the limited set available from the discrete actuators (see Ullman 
[45] and Wilson [47]).

Elbow Motor

Shoulder Motor

Conical Plunger

Figure 2.4: Two D egree-of-Freedom  M anipu lato r
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2.1.5 M anipu lators

Each of the robot arms is a two degree-of-freedom SCARA-configuration (Selectively Com­
pliant Assembly Robot Arm) manipulator tha t operates parallel to the air-bearing surface, 
as shown in Figure 2.4. Each degree of freedom of the manipulator is actuated by a 
limited-angle DC brushless motor mounted at the manipulator shoulder. Joint-angle in­
formation is supplied by two RVDT sensors mounted in line with the shoulder and elbow 
motor shafts. Position information is differentiated and filtered in analog to obtain clean 
joint-rate information.

The robot can grasp the target with, its grippers by driving a conical-shaped plunger 
into the target gripper port. The plunger is driven up or down on a linear bearing by a 
pneumatic piston and cylinder. The clearance on each target gripper port is 5 cm, and the 
action of the gripper is displayed in Figure 2.5.

Figure 2.5: M an ip u la to r a n d  G rip p e r
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GPS Antennas

Radio Modem

Battery

Gas Tanks
Gripper Port

Figure 2.6: F ree-F loating  T arget Vehicle

2.2 T he Free-Floating Target Vehicle

The free-floating target vehicle, shown in Figure 2.6 is representative of a small satellite 
equipped with a GPS receiver. The target is a passive vehicle in the sense that it is not 
equipped with actuators nor processor. The target’s only function is to take GPS phase 
measurements at each of its antennas and broadcast these measurements out through the 
radio modem. As with the GPS receiver on the robot, the data packets are sent every 0.10 
second, and the information contained in each packet is listed in Table 2.1. The target is 
also equipped with on-board compressed air tha t enables it to float 0.003 inch above the 
granite surface plate. There are eight gripper ports distributed around the circumference 
of the target vehicle, each with a 5 cm diameter opening that the robot can latch with its 
grippers.
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2.3 The Pseudolite-based Positioning System

2.3 .1  D iscu ss io n  on  P o sitio n in g  S y stem s

As discussed in Chapter 1, the method of using GPS in this thesis differed from conventional 
methods, and further unconventional methods are proposed in Chapter 7. Additionally, the 
growing use of GPS pseudolites and GPS simulators has made it possible to design testbeds, 
prototype systems, and even operational systems that are completely independent of the 
NAVSTAR GPS. It is therefore necessary to formalize some of the differences to clarify 
further discussions. The first distinction is between far- and near-constellation positioning 
systems. A simple conceptual distinction is that a system may need to be considered near­
constellation when the baselines between receiver antennas measuring differential phases 
are comparable in magnitude to the distances between receiver antennas and transmitters. 
A formal definition is provided below.

D istinction betw een Far- and N ear-C onstellation Positioning System s

A constellation of GPS-signal transmitters is deemed a far-constellation if the wavefront of 
the signal is “sufficiently planar” throughout the entire workspace to be created as a plane 
in all mathematical formulations. Otherwise, the set of transmitters must be treated as 
a near-constellation. The condition for being “sufficiently planar” can be determined by 
an application-specific tolerance. Of course, a fundamental limit for the tolerance can be 
related to the receiver phase resolution. This limit is the point at which the receiver phase 
resolution equals the maximum error introduced by the planar wavefront approximation. 
At this point the receiver cannot discern the error introduced by the approximation.

A criterion for determining the maximum error introduced by the planar wavefront 
approximation is shown in Figure 2.7 and is described as follows:

For any two points i and j  in the workspace, the error between the actual 
differential phase that is measured, A (factual and that which is supposed by the 
planar approximation Acpapprox must be less than the tolerated error etoi for the 
approximation to be valid.

The analysis below provides the relations between the actual phase and the measured 
phase. The actual phase measured is simply the magnitude of the difference of the vectors
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from each receiver to the satellite:

i

mean

Point i

approx

Planar Wavefront Approximation _ ̂ '
s 's*

Actual Wavefront
Point j

Figure 2.7: C rite rio n  For V alidity o f th e  P la n a r  W avefront A pprox im ation

f a c t u a l  — I'S'i I (2-1)

Where S{ is the vector from receiver i to a given satellite. For the planar approximation,
a direction needs to be designated from which the waves are assumed to be advancing. A
useful direction to assume is the mean of the two line-of-sight vectors from each of the 
points i and j ,  denoted as 3mean■ The phase difference approximation becomes:

&<f>approx — S m e a n (S i ~  & j)  (2*2 )

The requirement for the planar wavefront approximation to hold is then:

I Si — 5 j | — s mean(Si — S j )  <  £(0/. (2-3)
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D istinction B etw een Synchronized and Unsynchronized Positioning Systems

The second distinction is between synchronized and unsynchronized positioning systems. 
A synchronized positioning system is one in which all of the transmitters are synchronized, 
such as the NAVSTAR GPS, while transmitters in an unsynchronized system are not rig­
orously maintained to a constant frequency or time base. The NAVSTAR GPS achieves 
synchronization through highly accurate atomic clocks on board each satellite which sire 
maintained by the GPS Master Control facility located at Falcon Air Force Base in Col­
orado. An unsynchronized positioning system cannot be used to derive pseudo-range, but 
can supply carrier phase measurements. Had it been necessary, the pseudolites used for 
this project could have been synchronized by using a common oscillator to generate the LI 
carrier for every transmitter. This could have been done by connecting all of the pseudo­
lites to one single oscillator, but would have required considerable effort to account for and 
maintain exact t r ansmission line delays between the oscillator and each transmitter.

Distinction B etw een Pseudolite System s and Simulators

Finally, a discussion is provided here to explain the difference between pseudolite-based 
systems and simulators. The conceptual difference is primarily in the intended application 
of each, although they do have a high degree of functional equivalence. Pseudolites are gen­
erally used to supplement the NAVSTAR GPS constellation to provide improved geometric 
observability for carrier phase measurements by broadcasting a signal throughout a limited 
portion of the workspace volume. Simulators, on the other hand, are typically used for 
receiver development and algorithm testing via direct connection to the receiver. As such, 
they can mimic many aspects of the NAVSTAR constellation, including satellite Doppler, 
ephemeris, and availability.

The basic pseudolites used in this thesis provided a subset of the functionality of a GPS 
simulator, but a t a fraction of the cost and volume2. Advanced pseudolites, discussed in 
detail by Cobb [10], have features not present in simulators, including:

• A pulsing capability which essentially eliminates the near-far problem, a common 
characteristic of applications that use pseudolites.

2Pseudolites cost on the order of a thousand dollars and fit into a package 200cm3, compared to several
hundred thousand for a simulator that occupies a space of 65,000cm3.
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• The ability to broadcast custom data messages at higher rates than the 50 bits/sec 

NAVSTAR-ICD200 specification [29].

•  A self-surveying feature, enabled by combining the pseudolite with a GPS receiver.

Figure 2.8: Pseudolite Transmitter

As both of these two distinct technologies mature, their functionality will likely continue 
to diverge due to the differences in their intended use.

2.3 .2  T h e  P se u d o lite  C onstella tion

A near-constellation, unsynchronized positioning system was used for this research. The 
constellation consists of six independent pseudolites. Each pseudolite produces an LI (1.575 
GHz) carrier phase signal modulated by its own unique C/A code. One pseudolite, desig­
nated as the “Master Pseudolite”, serves as a  time reference for synchronizing the receivers. 
The “Master Pseudolite” differs from the other pseudolites in that it broadcasts an addi­
tional signal component, the 50 bit/sec GPS data message (see Figure 1.3). Note that the 
pseudolite transmitters themselves are not synchronized -  only the receivers are synchro­
nized. Receiver synchronization is accomplished by aligning to the bit transition edges of 
the 50 bits/sec data message of the Master Pseudolite.

Figure 2.8(A) shows a mounted pseudolite (broadcasting as PRN 11). The pseudolite is 
completely self-contained, and can be mounted anywhere around the room on a standard 
track-lighting fixture which supplies power at 12V. Figure 2.8(B) shows the circuitry of a
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GPS pseudolite transmitter box as it is mounted on the back of the helical antenna. For 
size reference, the ground plate of the antenna is 8.5 inches in diameter. The transmitter 
electronics board was designed by Cobb of the Stanford GPS Laboratory for use on the 
Integrity Beacon Landing System for aircraft [8]. The antenna is designed to broadcast LI 
in the normal mode, and is characterized by a conical beam pattern.

2.3 .3  T he H elica l T ran sm itter  A ntenn as

It was important to minimize the effects of multipath at the outset of this research. Patch 
antennas with hemispherical beam patterns were tested in early experiments and were 
shown to produce excessive amounts of multipath (signal reflections) from walls and objects. 
This was evidenced by frequent cycle slips in the receiver carrier phase tracking and large 
variations in the signal-to-noise ratios as the receiver antenna was moved around. Large 
signal-to-noise variations for small displacements (a couple of wavelengths) are often an 
indication of multipath, as the line-of-sight and reflected signals interfere in constructive 
and destructive manners. Helical antennas were chosen as a practical alternative to patch 
antennas. Some of the compelling reasons for using helical antennas are listed below:

• Helical antennas are easy to construct and are robust to variations in dimensions. 
This minimized construction costs, which was important since at least six antennas 
were needed.

• The beam pattern of helical antennas can easily be adjusted. Control of an antenna’s 
radiated beam pattern enables some control over multipath. For a helical antenna, 
the beam width can readily be adjusted merely by changing the length of the helix.

•  The signal characteristics of helical antennas are well known. The phase measured by 
the receiver antenna is a function of the phase characteristics of both the transmitter 
antenna and the receiver antenna. Since the phase characteristics of a  helical antenna 
are well known, the impact of certain effects such as phase polarization can be an­
alyzed. Likewise, knowledge of the beam power characteristics can be incorporated 
into integer resolution algorithms. The large variation in signal power that causes 
severe near-far problems can actually be used advantageously in integer resolution 
algorithms.
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Figure 2.9: H elical Antenna P a ra m e te r  Definitions

The helical antennas were custom built from inexpensive, readily available materials, in­
cluding ABS plastic tubing (typically used for drainage pipes) and aluminum tape. The 
antennas were designed to broadcast the GPS LI frequency in the axial or endfire mode, 
as described in Balanis [2]. Figure 2.9 shows the parameter definitions for this type of 
antenna. Design parameters for the helical antennas used in these experiments are listed in 
Table 2.2.

The lengths of the antennas were chosen through an empirical, iterative process. The 
antennas were originally designed with a rather narrow beam width (30°) to insure reduced 
multipath, and then they were repeatedly shortened, widening the beam width until each 
pseudolite could be received over the majority of the workspace. A means for theoretically
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Parameter Symbol/Relationship Value
Antenna Length L = N S 13.50 cm, 20.25 cm
Conductor Length per Turn L0 = V S 2 + C2 19.50 cm
Signal Wavelength A 19.03 cm
Diameter D 6.05 cm
Circumference C = ttD 19.01 cm
Number of Turns N 3.08, 4.62
Spacing S 4.38 cm
Pitch Angle a  = arctan £ 13°
Conductor Diameter 2a 0.6 cm
Half Power Beam Width (degrees) H P B W  = 61.8°, 50.5°

First Null Beam Width (degrees) F N B W  = 137°, 112°
Input Impedance R  ~  140(y ) 140fi
Axial Ratio Aft — A lt  — 1.16,1.11
Directivity Dq ~  15 10.6, 15.9

Table 2.2: Helical Antenna Parameters

determining the optimum antenna length and direction could be derived through considera­
tion of the far-field pattern in conjunction with the workspace volume. In such an analysis, 
one would attempt to maximize the workspace volume that has a signal strength within the 

dynamic range of the receiver.
The empirically selected value for the half-power beam width (HPBW) was 61.8° for 

the Master Pseudolite mounted directly over the workspace, and 50.5° degrees for the other 
five pseudolites around the periphery. These values correspond to antenna lengths of 13.50 
cm and 20.25 cm, respectively.

2.4 The Developm ent Environm ent

Although the least visible component, the development environment is perhaps the most 
important aspect of the experimental system, as it is the conduit through which the engineer 
makes the magic happen.

At the highest level, this system was developed using ControlShelFM, a Computer Aided 
Software Engineering (CASE) platform invented by Schneider at the ARL and developed by 
Real-Time Innovations, Inc. [37] [33]. ControlShell was used to diagrammatically build the
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dynamic and strategic control software. Code generated by ControlShell operates within 
the context of the Vx Works™  real-time operating system. All of the real-time code was 
developed in C and CH—i- on Sun workstations and then cross-compiled for execution on 
the MVME167-33MHz (Motorolla 68040) processor on-board the robot.

Algorithms for deducing the vehicle-state from GPS phase measurements (discussed in 
Chapter 3) were derived automatically with Maple V. an interactive symbolic algebra system 
by Waterloo Maple Software. Another powerful feature of Maple V that was employed was 
its ability to directly convert the derived symbolic equations into efficient C code. The auto- 
generated C code was then inserted directly into the component module code generated by 
ControlShell This same code was incorporated into Math Works MATLAB™  for simulation 
and testing independent of the robot hardware.

Communication between the Sun workstation and the free-flying space robot was es­
tablished through the Network Data Delivery Service™  (NDDS), created by Real-Time 
Innovations, Inc. The information routed via NDDS included robot commands sent from 
the operator interface to the robot (such as move to position (x, y)}, and vehicle state in­
formation sent from the robot to the operator interface. NDDS is a subscription-based 
communications package developed for Ethernet communication between distributed, het­
erogeneous machines in a real-time environment [34] [31].

The vehicle state information was displayed on the workstation through a graphical, 3D 
operator interface that was designed using DevGuide™  by Sun Microsystems and Graphigs, 
a Phigs-based graphics library developed at ARL3.

StethoScope1'M [32], smother product from Real-Time Innovations, Inc., enabled real­
time viewing of system signals and data as the experiments were running. This invaluable 
capability reduced to a  minimum the time required for debugging, data collection, and data 
analysis.

2.5 The O verhead Vision System

Complete evaluation of the performance of any sensor requires some independent “tru th ” 
measurement for comparison. For this research, an overhead vision system capable of track­
ing the robot and target vehicles in two-dimensions was used as a truth measurement. The

3Snapshots of the user interface Graphigs models were directly used to create figures for this document. 
See Figures 1.2 and 2.1.
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vision system can track the vehicles at 60 Hz. with an absolute accuracy estimated at better 
than 2 cm over the entire workspace and static noise of less than 1 mm [6] [451.
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Chapter 3

GPS For Real-Time Control

An important set of contributions of this thesis are comprised in the original techniques 
developed for integrating GPS sensor measurements with real-time control systems. As 
indicated in the research issues discussed in Chapter 1, the Global Positioning System was 
not nominally designed for tight real-time feedback control. Knowledge of the dynamics of 
the system can be used to integrate the controller with the sensor to improve the robustness 
of the overall system. Others have demonstrated real-time control with GPS [12; [27] [9j. 
This research reported here is new and different in that it:

•  Required a new theoretical formulation to handle attitude and relative position of two 
vehicles with no fixed reference.

• Dealt with a fundamentally different ensemble of measurements characterized by 
spherical wavefront and no direct pseudo-range measurement.

• Required a  new way for synchronizing independent receivers, since the low-cost trans­
mitters are not themselves synchronized.

• Had to handle signal loss and corruption in new ways due to the greater extent of 
multipath and higher occurrence of occlusion.

It is these issues that are explored in this chapter.

40
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3.1 T he Control System  Software

The primary software components of the control system are depicted in Figure 3.1. which 
provides a  high-level schematic of the control structure along with a magnified view of the 
GPS Sensors and signal processing software. The state vector x  in the upper control diagram 
is the physical state of the system, which includes the position, orientation, velocity, and 
angular rates of both vehicles, x, xcom, and xerr are the estimated state, the commanded 
state, and the state error of the system respectively. The controller is a  simple Proportional 
plus Derivative (PD) control algorithm, from which the control forces and torques, u, for 
the robot base and manipulators are generated.

The GPS sensor software is divided into several major components, each of which will be 
discussed throughout this chapter. These components are comparable to the ControlShell 
components in the actual implementation. The implicit input to the GPS Sensor component 
is the physical state of the system, which can be considered to be transformed by the GPS 
receivers into carrier phase measurements <po and d>\.

The G PS Receiver Components

The GPS Receiver Components are device-driver software modules that interface to the 
physical GPS receiver hardware through two independent serial ports on the real-time 
computer. In addition to the carrier phases, the GPS Receiver Components produce several 
measurements that are used in further signal processing steps. The measurement time-tags, 
r ,  are used to align measurements from each receiver for computation of phase differences. 
The master pseudolite code phases, r , are used to compute time biases of each receiver 
which in turn are used to improve the phase differences. Finally, the signal-to-noise ratios 
(not explicitly shown in the diagram) are used to determine weighting values for each of 
phase measurements during the process of estimating the vehicle states from the phases.

The Phase Difference Component

The Phase Difference Component computes phase differences and time bias corrections 
from the time-tagged carrier phase measurements, and code phases. There are two types of 
phase differences computed: those between antennas on the same vehicle, and those between 
antennas of different vehicles. These axe referred to as intra-vehicle phase differences and 
inter-vehicle phase differences, respectively. The intra-vehicle phase differences A® are
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Figure 3.1: G P S  Signed Flow D iagram
The Bow of information through the GPS sensor software algorithms is shown in 
this diagram. Each block represents a software component or module in the object- 
oriented programming sense. The “switch” on the State-to-Phase Mapping Com­
ponent signal indicates that this module is active during normal operation, while 
the Integer Resolution Component is active at startup to initialize the integer cycle 
ambiguities.

derived from a single difference between two carrier phase measurements, while the inter­
vehicle phase differences VA<£ are derived from four carrier phase measurements through a 
method known as double differencing [46].

The scheme for managing different configurations of tracked pseudolites also takes place 
within the Phase Difference Component. It is possible for the receivers to lose track of
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individual pseudolites as the vehicle traverses the workspace. This affects which carrier 
phase signals <p are used in the computation of the phase differences A(p and VA<p, and it 
also changes the values of the inter-vehicle integers, since the phase differences are computed 
from different sets of pseudolite signals. The configuration management scheme primarily 
affects the order and sizes of the vectors displayed as signal lines on the signal flow diagram.

The Integer Manager Component

The differential phase measurements relate only the fractional component of the distance 
between any two antennas (as was indicated in Figure 1.3). The Integer Manager Compo­
nent converts the phase measurement to a range measurement by adding and maintaining 
the whole integer cycles of the signal. As with the phase measurements, there are two 
types of integer cycles: those between antennas on the same vehicle, and those between 
antennas of different vehicles. Likewise, these are referred to as intra-vehicle integers and 
inter-vehicle integers, respectively.

The Phase-to-St ate Mapping Component

Once the fractional phases and the integer cycles are known, the full phases axe mapped to 
the state variables by the Phase-to-State Mapping Component This component computes 
the mapping h~l (x), (which is the inverse of the nonlinear State-to-Phase mapping, h(x)) 
through a recursive least squares algorithm. The mapping from state variables to phases, 
h(x), is characterized by several nonlinearities which are discussed further in Section 3.2. 
The State-to-Phase Component computes the predicted phases from the current state for 
feedback to the recursive least squares Phase-to-State Component and for consistency check­
ing within the Integer Manager Component

The Integer Resolution Component

The last major component of the system is the Integer Resolution Component This com­
ponent is only active during initialization. Once the integers M  and N  are known, feedback 
through the State-to-Phase Mapping is used to maintain these numbers. A motion-based 
method for resolving the integers was developed and demonstrated in simulation. This al­
gorithm is discussed in Chapter 5. In the experimental implementation, the system was 
initialized using the overhead vision system, which provided immediate measurements of
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both vehicles positions and orientations, from which the corresponding initial integers and 
phases were derived.

The following sections delve into more detailed explanations of the major components of 
the system. The detailed explanations are presented in order of component sophistication 
rather than in order of data flow, as they were heretofore presented.

3.2 T he Phase-to-State M apping C om ponent

The Phase to State Mapping Component estimates the state of the system based on the 
phase measurements. There are many different ways tha t this can be done, and the most 
complete approach is to apply a full-dynamic model-based extended Kalman filter to the 
non-linear phase measurements to derive the state. Limited computing resources, in con­
junction with diminishing returns on performance verses complexity, entail a certain amount 
of simplification to this approach. The most complete model for the system studied in this 
thesis, maintaining full generality in three dimensions, involves 20 states for the robot (ten 
degrees of freedom including the arms), and 12 states for the target (six DOF). This is more 
than necessary to accurately estimate the system state, and places exorbitant requirements 
on the computer resources. It was therefore necessary to simplify the means by which the 
state was computed from the phases, while maintaining reasonable performance. Diagram
3.2 shows the deduction of simpler models, the process of which is described below.

3.2 .1  M o d e l S im plifications  

N eglecting M anipulator Dynamics

The first simplification assumes that the robot is a rigid body, i.e. the axms do not apprecia­
bly affect the dynamics of the base (model A). It has been shown that the dynamic coupling 
of the arms to the base is noticeable, and can be incorporated into a full system controller 
for better system performance [35] [24] [45], but the improvement in performance has been 
traded off to afford simpler equations of motion for this work. With this assumption, the 
system requires twelve states for the robot and twelve states for the target. Additionally, 
the system dynamic equations will be non-linear, due to the three-dimensional rotational 
equations of motion for each of the vehicles ( “Euler Equations” ).
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Full Model

• Three Dimensional
• Full Dynamic Model
• Non-linear System Dynamics |
• Non-linear Observations
• Extended Kalman Filter

f

A: Model Robot as Rigid Body

• Three Dimensional
• Reduced Dynamic Model
• Non-linear System Dynamics
• Non-linear Observations
• Extended Kalman Filter

B: Map Phase to State 
 Prior to Filtering

• Three Dimensional
• Reduced Dynamic Model
• Linear System Dynamics
• Non-linear meas. mapped to

state prior to filtering
• Kalman Filter

C: Reduce to Two Dimensions

• Two Dimensional
• Reduced Dynamic Model
• Linear System Dynamics
• Non-linear Observations
• Extended Kalman Filter

Figure 3.2: M odel Simplifications
This progression of dynamic model simplification shows the characteristics of the 
two configurations that were implemented on the experimented system. Only models 
B and C were computationally feasible.

Performing non-linear mapping prior to  filtering

By statically performing the non-linear mapping prior to filtering, it is possible to use a linear 
(rather than an extended) Kalman filter to derive the state estimate (model B). Although 
not as effective in suppressing measurement noise, this simplification enables computation 
of the state in three dimensions without excessive processing requirements.
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Reduction to  Two Dim ensions

A disjoint simplification from the previous method is the reduction of the system state to 
two-dimensions (model C), keeping only the degrees of freedom that the robot can actuate. 
With this reduction, the extended Kalman filter is still used, albeit for fewer dimensions. 
The obvious drawback of this simplification is the loss of generality to three-dimensions, 
which was a requirement that motivated the use of GPS for sensing in the first place. Still, 
this is a useful configuration to pursue as a measure of the potential performance of the full 
model and the model A reduction.

Pseudolite kPseudolite k

21k12k
Vehicle 2Vehicle 1

 Intra-Vehicle Single Difference 
  Inter-Vehicle Double Difference VA2<)>k!k,

Figure 3.3: P h ase  Difference M eth o d

3.2 .2  N o n -lin e a r O b se rv a tio n  E q u a tio n s

Regardless of the model reduction employed, the derivation of the equations for mapping 
the phase measurements to the state variables is the same. The derivation of the relation­
ship between the phase measurements and the state variables is provided below. Figure
3.3 shows the method by which the phases are differenced, and Figure 3.4 shows the def­
initions of the variables. The intra-vehicle phase differences, represented by dotted lines
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in Figure 3.3, are single-difference measurements, while the inter-vehicle phase differences, 
represented by solid lines in Figure 3.3 are double-difference measurements. The reason 
for the single- and double-difference calculations is to cancel out the dominant time-bias 
terms in the measurements. The following assumptions and conventions are made in the 
derivation:

Assumptions and Conventions

• The initial position of each vehicle is known. This means that as long as the receivers 
maintain lock on the pseudolite signals, the integer cycles can be assumed known.

• The phase measurements are sampled at the exact same time on each receiver. In 
practice this is not true, and a method for compensating for the discrepancy is de­
scribed in Section 3.3.1.

• Pseudo-range is unavailable. The pseudolites are not synchronized and cannot be used 
tc perform pseudo-range measurements.

• The positions of the pseudolite transmitters are known and fixed.

• There is one fixed master pseudolite in the constellation, and the receivers synchronize 
to its clock.

• Each vehicle has one fixed master antenna.

• Subscript i is always a vehicle index, j  is an antenna index, and k is a  pseudolite 
index; Subscript j  =  m refers to the master antenna of a vehicle and k ~  m  refers to 
the master pseudolite.

• Ai refers to an intra-vehicle difference measurement between the master antenna and 
a slave antenna of the same vehicle, while A2  refers to an inter-vehicle single-difference 
between the master antennas of two different vehicles.
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Pseudolite k

Antenna

Vehicle i

X i = P i
E.

Figure 3.4: V ariable D efin itions

This diagram shows the relationships between the measurements, the known param­
eters, and the unknown state. The orientation of the vehicle, which is not explicitly 
shown in the diagram, is represented as a quaternion in the state vector.

Pi Position of vehicle i, in world frame
R i  Attitude of vehicle i. in world frame (as rotation matrix)
Bij Baseline from vehicle center to antenna position, in vehicle frame
Qk  Position of pseudolite k, in world frame
Sijk Line of sight vector from antenna (i.j)  to pseudolite k
c Speed of light
Tvi Receiver clock drift for vehicle i
Tpk Transmitter clock drift for pseudolite k
A GPS LI carrier wavelength
Kijk Integer ambiguity between antenna (i,j)  and pseudolite k
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T he U nknow n S ta te

The unknown state of each vehicle is the 7x1 vector X i = (piX,P iy,P iz, ea, *i2 i ei3 , £1 4)- Fig­
ure 3.4 shows the relationships between the measurements, the known parameters, and 
the unknown state. The orientation of the vehicle (in the world frame) is alternatively 
represented in the equations as a  direction cosines matrix Ri, which can be related to 
the quaternion representation (see [13]). The fourth quaternion e,4  is constrained by the 

equation:

hc{Xi) =  Cii -r e?2 +  ei3 +  ei4 — 1 =  0 (3-1)

M easu rem en t E quations

The measured carrier phase at antenna j  of vehicle i from pseudolite k is:

4>ijk — I'S'ijfcl +  CTvi +  CTpk "b AK{jk

where the vector 5 ty* is simply related to the position and orientation of the vehicle and 
the position of the pseudolite by:

S ijk  ~  {Pi "b P i P i j ) — Qk

This results in the measurement equation:

(pijk =  \{Pi "h R iB i j )  Qk\ "b CTvi ~b CTpk +  AK ijk  (3-2)

By relating the measurement equation (3.2) to Figure 3.4, the relevance of each member 
of this equation should be apparent. The terms cr„ and CTpi represent the portion of the 
phase incurred by clock differences between the transmitter and the receiver, and are the 
dominating terms in the measurement equations. It is necessary to eliminate these terms 
through differencing of multiple measurements.

In tra-V eh ic le  Single D ifferences (for each vehicle):

The intra-vehicle single differences contribute primarily to determination of the attitude 
of each vehicle. These equations are derived by taking the differences between the master
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antenna ( j  =  m) and each of the slave antennas j  of vehicle i for measurement from 
pseudolite fc:

^l&ijk = \(Pi Hi-Bim) ~ QkI — \{Pi R iB ij) — Qfc| + AA/yfc (3-3)

where the intra-vehicle integers My* =  Kimk — Kijk, and j  in Ai fcjk reflects the slave 
antenna index.

Inter-Vehicle Double Differences (between vehicles):

The inter-vehicle double differences contribute primarily to the determination of the relative 
positions between each vehicle. Starting with single differences between master antennas of 
each vehicle:

A2 4>k = 4>\mk ~ <hkk (3-4)

= !(-Pl +  RlB\m ) ~ Qk\ ~  1(^2 +  RlBim ) ~ Qk\ +

c(Tvl TV2) "1" k A 2mk)

Given N  pseudolites, there sire N  — 1 unique double differences between pseudolite k\ and 
k2  {ki k2). These differences are calculated in order to eliminate the remaining effects 
due to clock differences c(r„ 1 — r ^ )

VA2<?ijkife2 =  A2^ki ~  A2<pfej (3.5)

=  \(Pl +  Al-Blm) — QfcJ — |(P2 ■+• R2B2m) — Qki \ ~

| ( P l  + RyBim) -  Qk2 I +  \{P2 +  R2B2m) ~ Qk21 +  XNklk2

where the inter-vehicle integers are N klk2 = (ATlmifcl -  K lmk2) -  (K2mkl + K 2mfi2).

Combining the Measurements

All of the measurements are coupled to the states of both vehicles, so all of the measurements 
must be combined to resolve these states. From equations (3.3), (3.6), and constraints (3.1)
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the complete set of measurements can be related to the vehicle states:

Ai<z>ijfc M *i)
0 hc{X x)

Al02jk = h2(X 2)
0 hc(X 2)

_VA20jfc1fc,_ , /ii2(Xi,X2).

where hi is a set of nonlinear functions of X l5 /12 is a set of nonlinear functions of X-i, and 
h \ 2  is a set of nonlinear functions of both X \  and X 2 . hc(X i) is the quaternion constraint 
function (3.1). Given the phase measurements, the optimal estimate of X \  and X 2  can be 
solved statically using a recursive least squares algorithm, or dynamically using an extended 
Kalman filter [18]*.

The maximum dimensions of the system are illustrated by the case in which all of the 
pseudolites are in view by all antennas of both vehicles. In this situation the dimensions of 
h i and h2 are 18 x 1, and the dimension of h \2 is 5 x 1. Adding the two constraints, there are 
a total of 43 measurements. This is far more than necessary (43 - 14 = 29 extra) to resolve 
the 14 state variables. The fewest number of pseudolites that can be in view and yet still 
resolve the states is three, so long as all three are in common between both vehicles, albeit 
such instances typically exhibit very poor observability in multiple dimensions. Since time 
is synchronized by a single master pseudolite, a fourth pseudolite is not needed to solve for 
time.

3 .2 .3  M easurem ent W eightin g  M a tr ix

The Signal-to-Noise Ratio (SNR) provides a measure of how well each signal is tracked 
and was therefore incorporated into the control signal processing for improved performance. 
Low SNR values are likely to occur when the pseudolite is far away or at a low angle with 
respect to the receiver antenna, or during occlusion of an antenna. The SNR can be related 
to the stochastic noise level of the carrier phase measurement through an empirically deter­
mined mapping. Incorporating this knowledge into the state-to-phase estimation algorithm 
can significantly improve the results. In the extended Kalman filter, the SNR values are

lThe term “optimal” connotates some optimality criterion, which for a Unear system is (generally) the 
minimization of the mean square estimation error. Since this is a nonlinear system, the term is used in the 
sense of the optimal estimate for the system Unearized about the current operating point (see Gelb [18], pg. 
105)
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Figure 3.5: Variance vs. Signal to  Noise R atio
The SNR reported by the receiver used this mapping table to determine the corre­
sponding variance of the signal (in square meters). The SNR values are reported 
in “amplitude measurement unitsr - a loosely defined unit that is approximately 
hnear with the power of the signal and which is based on how well the received 
signal correlated with the internally generated signal.

used to derive the measurement weighting matrix, W , for the Kalman filter. Assuming 
that the carrier phase signals are uncorrelated Gaussian random variables, W  is a diagonal 
matrix, with the diagonal elements equal to the variances of the corresponding differential 
carrier phase measurements. Since each of the differential carrier phase measurements is 
derived from either two (single difference) or four (double difference) independent signals, 
the variance elements of W  must be derived from the variances of the independent carrier 
phase measurements. Due to communication bandwidth limitations between the GPS re­
ceiver and the control computer, the SNR value for each antenna/pseudolite pair is sent 
every sixth sample (1.67 Hz).

Since the differential phase measurements used to compute the state are derived from 
two individual phases (in the case of single differences) or four individual phases (in the 
case of double differences), it is necessary to compute the derived variances of each of these 
signals. By modeling the measured phases as independent Gaussian Random Processes, 
the variances for the differential carrier phases can be derived from the variances of the 
carrier phases merely by adding the carrier phase variances. For example, given the single
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differential phase Ai<£ =  fa  — fa , the variance is c r ^  =  cr|i 4-cr^. For the double difference 
phase V A i0 =  (fa - f a ) -  (fa -  fa ), the variance is 4- o^3 +  Note
that by doing this, any carrier phase measurement with a  low SNR (i.e. high variance) will
reduce the weighting of all differential carrier phases derived from it.

The form for W  is then:

W  =  d ia g (a \l ̂ , wc, a \ ^ . k , wc, <J%&2li>klk7) (3.7)

Where o \ x̂ ,x k is the vector of single-difference phase variances for vehicle 1, is
the vector of single-difference phase variances for vehicle 2, and UvA2«>fcifc2 ^  vector of 
double-difference phase variances. The weighting values for the constraint equations wc =  1.

The SNR values reported by the GPS receivers were related to the stochastic noise 
level of the carrier phase measurement through an empirically derived mapping table. The 
data for the mapping table was obtained through an experiment in which a GPS pseudolite 
was directly connected to the master antenna input of a receiver. The pseudolite’s signal 
strength was adjusted incrementally over the full dynamic range of the receiver while phase 
data was collected. The variances of the measured signals were calculated, and a spline fit 
was matched to the data so that it could be used as a lookup table (Figure 3.5), mapping 
SNR values to signal variances.

3.3 The Phase Difference Component

The primary function of the Phase Difference component, as noted in the Control Structure 
overview, is to compute phase differences and time-bias corrections from the time-tagged 
carrier phase measurements and code phases. Section 3.2 examined the differencing of phase 
measurements that were sampled simultaneously. In practice, the phases are not sampled 
at the exact same time; but by rationally assuming the phase-rate constant over the sample 
period they can be linearly extrapolated through time to improve the measurement. This 
section explains the phase extrapolation technique and also discusses methods for differ­
encing phases when each vehicle is tracking different configurations (or sets) of pseudolite 
signals.
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3.3 .1  T im e B ias C orrections

The equations derived thus far assume that the phase measurements are sampled
at the same instant on both vehicles. The receivers are synchronized only to  within one 
millisecond of each other by the data message that is broadcast by the master pseudolite 
[51]2. The phase differencing operations remove the first-order time differences. The small 
variation in sample times, or time bias, introduces a second-order effect which only im­
pacts the inter-vehicle double differences. The intra-vehicle differential phases are sampled 
simultaneously, and therefore do not exhibit this effect. The error can be as large as the 
maximum observed carrier phase rate (up to 1 kHz, due to transmitter and receiver clock 
stability) times the receiver time bias (maximum 1 ms) times the wavelength (0.19 m); 
thus the error can be several centimeters. It is therefore necessary to remove this effect by 
estimating the measurement at time £, given only measurements at times £*.

The measurement equation (3.2) must be modified to account for the difference in sample 
times between vehicles. The phase measurement at the supposed sample time £ can be 
written in terms of the phase measurement made by vehicle i  at time £* as:

4>ijk{t) = <Pijk{ti) "f" f  4>ijk{t)dt 
J tx

(3.8)

The term d>ijk(t)dt models the additional phase introduced by the time bias £ — £fc. Re­
evaluating the double-difference equation (3.6) with the time bias term included, the new 

form for V A 2 <t>kik2{t) hi terms of the original form VA 2 ^ ii-2(£1^ 2 ) is:

VA20jt1fc2(£) =  (3.9)

f  ( <̂ lm fci(£ ) 4>l m k 2 ( t ) ) d t  
JU

f  (02m î(£) 02m/:2 (£))d£

2The phase measurements are sampled on the receiver’s internal clock interrupt, which can be up to 
a half of a millisecond ahead of or behind the epoch interrupt from the master pseudolite (deemed “true 
time”). This means that phase measurements can be sampled up to a millisecond apart.
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It is desirable to find a  means for estimating the additional phase due to time bias, 
Sti to improve the double-difference measurement. For conventional GPS mea­
surements, the time bias is a  natural by-product of the pseudo-range computation. Equiva­
lent information for the present system can be obtained from the code phase of the master 
pseudolite. First, making the rational assumption that the phase rate <f>(t) is constant over 
the sample period (0.1 s), the time bias term can be approximated with a simple first-order 
expansion:

I <Pijk{t)dt ^5 , ( t  —■ t j )
Jt, t i  -  t {

where is the time of the previous sample, as indicated by the receiver’s clock. Considering 
the master pseudolite’s clock to be “true time” and assuming negligible time-of-flight be­
tween the master pseudolite and each of the vehicles (an assumption implicitly made when 
pseudo-range accuracy was deemed inadequate for the scale of this experiment), then the 
receiver’s measurement of the master-pseudolite code phase, rimm, is directly proportional 
to the time bias, t — ti. Incorporating this notion and multiplying by a proportionality 
constant Cr to convert the units of the code phase measurement to the units of time, the 
time bias correction becomes:

f ‘ (3.10)
J ti ti  — t j

This correction factor is applied to equation (3.10) to improve the accuracy of the inter­
vehicle double-differenced phases.

3 .3 .2  C onfiguration  M an agem ent

Another function of the Phase Difference component is to manage the combinations of 
phase signals that are differenced. If all pseudolites are in view by all antennas, then the 
arrangement of the phase differences is relatively straight-forward. When this is not the 
case, some criteria must be used to determine the selection of which of the valid signals are 
differenced. Each arrangement of phase differences is referred to as a “configuration", and 
so whenever a pseudolite signal is gained or lost, a “configuration change” takes place. The 
process of a configuration change involves re-calculation of the cycle ambiguities for each of
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the phase differences affected by the particular signal loss or acquisition. This re-calculation 
of cycle ambiguities is referred to as an “integer cycle hand-off” since the knowledge from 
the sample prior to the loss or acquisition is used to compute the new unknowns.

For the intra-vehicle phase differences, it is assumed that if the master antenna of a 
vehicle is locked on to a pseudolite signal, then all of the slave antennas are also locked on 
to that signal. This assumption can clearly be invalid in a situation in which another vehicle 
occludes a pseudolite from a slave antenna but not the master. However, in such situations 
the low SNR of the occluded antenna will produce a very low (possibly zero) weighting factor 
for that measurement, rendering it ineffectual to all ensuing computations. Therefore, the 
set of intra-vehicle phase differences is always of dimension N siave_ant x Nvand_pStudoiites- 

The configurations or sets of signals used to compute the inter-vehicle phase differences 
were more complex to manage, since each inter-vehicle double-difference phase is derived 
from four independent carrier phase measurements. Figure 3.6 shows all of the raw carrier 
phase signals from which the phase differences can be derived. Any two pairs of signals 
from independent pseudolites can constitute a double difference phase measurement, and 
therefore some criteria must be used to determine which pairs are differenced.

For this project, a very simple rule was employed, and that was to always take differences 
between sequentially valid pseudolites. More sophisticated methods could be employed to 
achieve higher-quality results. For instance, one could take into account which signals have 
the best SNR values and double-difference those, so that no single weak signal would cause 
a low weighting factor to corrupt three good signals.

In matrix form the differencing scheme can be represented:

VA2$  =

1 -1 0 0 0 0
0 1 - 1 0 0 0
0 0 1 - 1 0 0
0 0 0 1 -1 0
0 0 0 0 1 - 1

[le ~ h (3.11)

where and $ 2  are the 6 x 1  vectors of raw carrier measurements at the master antennas 
of each vehicle and 16 is a  6 x 6 identity matrix. Whenever a satellite is lost by either 
vehicle, the corresponding row and column of V is removed and the dimensions of the rest 
of the equation are reduced.
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It should be noted that Lightsey [25] has studied roving master antennas, which would 
change much of this implementation and could improve the performance of these techniques.

Master 
Ant. L

m
Pseudolite 2 Pseudolite 5

Master 
Ant. 2

Pseudolite 3 Pseudolite 4

Figure 3.6: R aw  C a rrie r  Phases U sed to  C om pute  In ter-V ehicle  D ouble Differ­
ences

This diagram is designed to show conceptually all of the possible raw carrier phase 
signals from which double-differenced phase measurements can be derived. The 
six pseudolites are displayed and labeled around the perimeter, and the master 
antennas of each of the two vehicles are shown in the interior workspace. Any two 
pairs of signals from independent pseudolites can constitute a double-differenced 
phase measurement, and therefore some criterion must be used to determine which 
pairs axe differenced. Note that the antenna indices are dropped for simplicity, since 
all phases are with respect to the master antenna.
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3.4 T he Integer Manager Component

The Integer Manager Component converts the fractional phase measurements to range mea­
surements by adding and maintaining the whole-integer cycles of the signal. In Figure 3.4 
this means that the Integer Manager Component adds and maintains Kijk to tpijk in or­
der to establish \Sijk\- The initial value for Kijk is established by the Integer Resolution 
Component The number of integer cycles should remain known once a  signal has been 
locked; however a weak signal may experience cycle jumps in the measured phase, and so 
K ^k  must be incremented or decremented to account for this. Also, if there is a loss and 
then re-acquisition of a  pseudolite, then the corresponding integers for that pseudolite need 
to be re-calculated.

The carrier-phase method requires that the signal remain in lock, or else a discontinuity 
in the measured position will occur. If the signal is lost, there needs to be a way to hand off 
integer cycle to the new configuration. If the system is well calibrated, and there are no bias 
errors, then a pseudolite signal configuration change will have no effect on the estimated 
measurement. In practice, this is not the case. Loss of a pseudolite signal introduces a 
discontinuity in the estimated position and attitude of the vehicle due to the fact that 
a different set of measurements is being used to compute the state. The challenge is to 
maintain this discontinuity such that its impact is less than an integer wavelength for all of 
the measurements involved in the solution. If it is greater than a wavelength, there is no 
way for the system to distinguish the loss of the pseudolite signal from a cycle slip3.

M ainta in in g  the discontinuity such that its impact is less than an integer wavelength is 
a difficult constraint, as it is the discontinuity in absolute position that must be maintained 
to less than an integer. Additionally, the constraint on the master pseudolite’s signal is not 
a whole integer, but one half an integer for the double differenced phases, due to a half-cycle 
ambiguity caused by the 50 bit/sec data message.

3 .4 .1  C y c le  Slip M anagem ent

The Integer Manager Component maintains the integers through a Nyquist comparison with 
the feed-forward estimates of the phase. It is assumed that the measured phase cannot be 
more than one-half of an integer cycle off from the predicted phase estimate 4>. If it is, then 
the corresponding integer Kijk is incremented or decremented accordingly by the number

3Cycle slip detection can be disabled for the single sample that the pseudolite signal is lost.
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of integer cycles beyond the predicted phase. As noted in the previous section, for the case 
of the master pseudolite the 50 bit/sec data message imposes a half-cycle ambiguity on 
the carrier phase from that pseudolite. This means the measured phases from the master 
pseudolite cannot be off by more than one-quarter cycle (4.76 cm) from the predicted phase 
estimates in order to detect integer cycle slips.

Better performance of this technique could be achieved by feeding forward the accel­
erations directly into the GPS receiver’s phase-lock-loop controllers; however, this would 
require much greater bandwidth communication to the receiver, and an open-axchitecture 
receiver (see Chapter 7 for greater discussion).

A(j)meas

A<}>

/M>difF + A(j) est
n +

Saturator

pred

Figure 3.7: Signal D iagram  of M u ltip a th  Suppression T h ro u g h  Signal B ounding
This diagram shows how the measured phase signal is tested and bound to a range 
about the predicted phase. If the measured phase is very close to the predicted 
phase, then nothing is done to the measured phase and it is used directly in the 
state estimation process. If the measured phase differs greatly from the predicted 
phase (presumably due to multipath), then the denation is limited before use in 
the state estimation process. Choice of the bound limit of the saturater is critical to 
the effectiveness of this scheme. A very small value ehminates the measured signal 
and the system runs open loop. A very large value causes the scheme to have no 
effect. Subsequent experiments show a useful range of 0.47 cm (min) through 0.94 
cm (max) for the saturator.

3.4.2 M u ltip a th  S u ppression

Reflected signals occasionally interfere with the direct line-of-sight signal to corrupt the 
phase-to-state estimate. These reflected signals interfere with the direct line-of-sight signal 
in constructive and destructive manners and are therefore not necessarily weak signals that 
the SNR weighting will suppress. It is not uncommon for a  multipath-corrupted signal 
to have a high SNR and therefore a high weighting value in the estimation process. A 
safeguard in addition to SNR weighting was inserted in the Integer Manager Component to 
suppress the effects of multipath. This safeguard works by bounding the phase used in the
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estimation process to a fixed band around the predicted phase. This process does not affect 
measurements that differ only slightly from the predicted values, but will limit the effect of 
outliers.

A signal diagram is shown in Figure 3.7. From this diagram it can be seen that the 
choice of the bounding limit is critical to the effectiveness of this technique: A very small 
bound will eliminate multipath very effectively, but it will also eliminate the feedback signal. 
That is, as the bound limit decreases to zero, the system approaches open-loop. A very 
large bound will have no effect whatsoever toward limiting the multipath.

0.161   1 1     : 1 1 ;

0.14

0.08 r

0.04 r

-0.5 0.5
Multipath Error [cm}Multipath

Figure 3.8: M u ltip a th  P h ase  E rro r L ikelihood
This plot shows the relative likelihood of a multipath phase error of a given magni­
tude to occur. The standard deviation of these errors was found to be 0.47 cm. The 
l-o band of this probability mass function is delineated by the dark gray region.

The method for choosing the size of the phase bound limit and an analysis of the 
effectiveness of this technique follow. First, a statistical measure of the magnitude of the 
multipath was established. From this, the impact of multipath on the estimated position 
and orientation was determined. Finally, the impact of bounded multipath on the estimated 
position and orientation was established to demonstrate the effectiveness of the suppression 
scheme.
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Figure 3.9: Position  E rro r V ersus M u ltip a th  E rro r B ound

The incurred position error can be reduced by bounding the measured phase about 
its predicted value. Conceptually, this can be thought of as “chopping” off the 
tails of the probability mass function shown in the previous diagram. As this 
bound becomes tighter, the position error due to multipath is reduced at the cost 
of eliminating increasing amounts of the feedback signal. The 1-c band is shown 
in light gray, while the 2-cr band is shown in dark gray. The bound used in the 
experiments was set at 1-cr (0.47 cm). Bound values less than l-<r eliminated too 
much of the feedback signal, while larger bounds were ineffectual against removing 
multipath effects.
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Figure 3.10: O rien ta tion  E rro r V ersus M u ltip a th  E r ro r  B ound
This plot shows the correspondence between the multipath bounding value and the 
expected orientation error. As with the previous diagram, the 1-cr band is shown 
in light gray, while the 2-cr band is shown in dark gray. The bound used in the 
experiments was set at 1-cr (0.47 cm).

The experiment described in Section 4.3.4 was performed to generate a plot that exhibits 
the likelihood of a multipath error of a given magnitude to occur (Figure 3.8). This 
experiment showed the multipath to be approximately zero mean, with a standard deviation 
of 0.47 cm. Noise with these statistical characteristics was injected into the phase-to-state 
mapping algorithm in simulation to determine its effect on the estimated position and
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orientation. These simulations were repeated for a range of bounds on the injected noise 
to determine the effectiveness of the phase-bounding scheme. The results are plotted in 
Figures 3.9 and 3.10. These two plots show the expected position and orientation errors for 
given bounds on the multipath error. As expected, tight bounds on the injected multipath 
result in decreased errors in the estimated position and orientation, while bounds greater 
than 2-a (0.94 cm) have almost no noticeable effect. A bound of 1 -a (0.47 cm) results in 
about 20% decrease in the effect of multipath. It was found experimentally that bounds 
less than 0.47 cm removed too much of the feedback signal, resulting in a loss of control for 
typical slews (such as the ones shown in Sections 4.3.1 and 4.3.2).

3.5 Sum m ary o f GPS for Control

This chapter has presented a scheme for using GPS as a  sensor for real-time control. The 
individual components of the system and their inter-connectedness is general and could 
potentially be applied to other applications, while the content of some of the components 
are particular to the problem at hand. For instance, the GPS Receiver Component, Phase 
Difference Component and Integer Manager Component could be applied to a wide range 
of systems, while the algorithms of the Phase-to-State Mapping Component and Integer 
Resolution Component are specific to the current system. These components form basis 
from which new systems can be designed.
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Experimented Demonstrations

Several experiments were conducted to demonstrate the performance of the integrated GPS- 
controlled robot system. These experiments were designed to exhibit key qualities of the 
GPS sensor, including accuracy, bandwidth, noise and reliability. Results are presented 
from the highest level with discussions of the autonomous-rendezvous and formation-flying 
demonstrations and then in more detail with results of bandwidth and noise analyses.

4.1 Autonomous Rendezvous

The motivation for performing the autonomous-rendezvous and formation-flying experi­
ments was to:

•  Demonstrate a sophisticated task, commanded at a high level and thoroughly executed 
by an autonomous vehicle guided by GPS.

•  Establish guidelines for developing operational GPS-based systems, including typical 
system parameters and achievable tolerances.

•  Introduce new approaches to sensing using GPS, and to present newly-discovered 
issues that may lead to improved capabilities of this type of sensor.

The autonomous-rendezvous experiment was a comprehensive demonstration of the aggre­
gate system, including the GPS sensors, the robot and target vehicle, the corresponding 
control algorithms, and the user interface.

63
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Figure 4.1: Rendezvous Sequence Snapshot Images
These video snapshots show the sequence of events in the rendezvous process: Initial 
State, t = 0 sec: Intercept Commanded By User, t = 1 sec; Traversing Intercept 
Trajectory, t =  5 sec; Target Within Grasp Range f =  9 sec; Tracking Target Ports 
t =  10 sec; Grasping Target t = 11 sec.
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Figure 4.2: Overhead Time-Lapse Sequence
This figure provides a graphical representation of the experimental data from the 
rendezvous sequence shown in the previous Bgure. The images in this sequence were 
taken at 2 second intervals.

Snapshot images from a video of an autonomous-rendezvous are shown in Figure 4.1, and a 
time-lapse overhead view of the sequence is shown in Figure 4.2. Corresponding data plots 
of the relative positions of the vehicles are shown in Figure 4.5.

A summary of each step of the sequence is described herein, while more in-depth de­
scriptions of particular segments are provided later. At the start of the sequence the target 
vehicle is tossed across the workspace with small translational and angular velocities while 
the robot is motionless (frame 1, t =  0). The robot is commanded by the user to intercept 
the target (frame 2, t = lsec). In response to the user command, the robot generates
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a differential-position trajectory to reach a  fixed stand-off location relative to the target. 
The robot propels itself along the trajectory toward the target stand-off location (frame 3, 
t = osec). Once the target is within reach of the robot’s manipulators, the arms are com­
manded to track the gripper ports on the target (frames 4 and 5, t =  9sec to t = lOsec). 
Upon successful tracking, the grippers are closed on the target ports, (frame 6 , t =  llsec). 
Once the target is grasped, it is manipulated into stowed position for transport until the 
user commands release.

The following descriptions provide more in-depth analyses of each step of the rendezvous 
process:

1. Initial State: All integer cycle ambiguities have been resolved prior to the initial state 
shown in the snapshot sequence. Integer resolution can be done through a motion- 
based algorithm as described in Chapter 5 and [21]. Under this scenario the cycle 
ambiguities are resolved by collecting phase-measurement data as the vehicles are 
manually moved around the table. The vehicles are then grounded while a batch 
process resolves the ambiguities from all of the collected data. This can be done 
without preliminary survey of the arena. A simpler, but less autonomous method 
for initializing the cycle ambiguities is to place the vehicles in known locations in 
the workspace, and then fix the integers. A more convenient means for resolving the 
ambiguities was also accomplished through the use of the overhead vision system. 
Here the ambiguities were resolved by merely backing out the integers from the initial 
position reading from the vision system.

2. Intercept Command: The intercept command is issued by a human operator at the 
task level through a graphical user interface, as shown in Figure 4.3. Only a high- 
level task command needs to be issued across the communications link. The Network 
Data Delivery Service handles these communications, all of which require minimum 
bandwidth and are unaffected by data delays. The user merely selects the Intercept 
mode of operation, and then commands the robot to do so by selecting the Activate 
button. The progress of the intercept process is monitored on the world-model screen 
display and can be viewed in three dimensions from any angle. After the target has 
been captured, the robot can be commanded to release it by means of the Release 
button. The user can also select what information to view.
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Figure 4.3: Task-Level Command Graphical User Interface

This screen snapshot shows the high-level interface through which the user com­
mands the robot to perform tasks. The robot can be commanded either to intercept 
the target vehicle or to maintain a fixed station-keeping location with respect to 
the target to emulate formation-dying operations. The user can display whatever 
information is deemed relevant to a specific operation and can also change some 
system parameters. The cones around the perimeter of the workspace indicate the 
signal strength received by each of the vehicles from each pseudolite transmitter. 
For example, the right-most cone of the two cones in the lower left comer indicates 
that the target vehicle is receiving a much stronger signal tom  the pseudolite in 
that location, as expected since the target vehicle is closest to that peudolite.
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This diagram shows the coordinate deSnitions for each of the vehicles and the 
workspace. The scale indicates the world coordinate frame in dimensions of meters.
The target vehicle is shown with two of its eight gripper ports.

The high-level task command is the means in which all robots in the Aerospace 
Robotics Lab are commanded. Others in ARL have studied more extensive task 
capabilities for the free-flying robots, including object transport and delivery [45], as­
sembly of space structures using multiple robots [15] [35], and adaptation to unknown 
payloads [6 ]. The limited set of task commands demonstrated in this project were 
sufficient to show for the first time high-level capabilities enabled by the GPS sensor 
technology.

3. Trajectory Traversal: Upon issuance of the intercept command from the user, the 
robot generates an intercept trajectory based on the differential position and velocity 
of the two vehicles in order to reach a stand-off location relative to the target. The 
robot’s trajectory is a bang-off-bang trajectory in the translational dimensions, based 
on the differential position between the vehicles in the world frame. The destination 
of the trajectory is a fixed differential distance from the target (0.75m). At this range,
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Figure 4.5: Rendezvous Time-Lapse Sequence

These plots show the vehicle aad manipulator endpoint trajectories during the ren­
dezvous sequence. Time (A) in the first plot indicates when the user issued the 
rendezvous command to the robot. Time (B) in the second and third plots indi­
cates when the robot started reaching for the target, and time (C) indicates when 
the manipulators grasped the target.
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the target gripper ports are well within reach of the robot’s manipulators. Once this 
region is entered, the manipulators are commanded to reach for the nearest target 
ports. Figure 4.6 shows a typical bang-off-bang command trajectory. The maximum 
acceleration of the robot base determines the length of time required for the trajectory 
to be executed. Table 4.1 lists these acceleration limits. The robot’s orientation is 
computed such that the robot always faces the target vehicle during the translational 
trajectory. This is done with a command orientation that is the angle subtended by 
the forward direction of the robot and the direction of the differential position vector, 
as shown in Figure 4.7.

4. Reaching and Tracking Target Ports: As the robot approaches the stand-off loca­
tion from the target, the target enters within grasp range of the robot’s manip­
ulators. At this point a finite state machine is executed. The functional perfor­
mance of this state machine is expressed by the pseudo-code below. The two states 
HOME-AND.TARGET-OUT.OF-RANGE and HOME-AND-TARGET JN-RANGE 
provide hysteresis so that the robot does not attempt to grasp the target immediately 
after the user commands the target to be released.

IF state is HOME_AND_TARGET_OUT_OF_RANGE 
raise grippers 
move arms to home position 
IF target in range for > 0.2 sec 

select ports to grasp 
change state to REACHING 

IF state is HQME_AND_TARGET_IN_RANGE 
raise grippers 
move arms to home position 
IF target not in range

set state to H0ME_AND_TARGET_0UT_0F_RANGE 
IF state is REACHING 

IF target in range
compute locations of selected ports 
move arms to selected port locations
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Figure 4.6: Bang-O ff-Bang Translational Trajectory

These plots show a typical bang-off-bang trajectory commanded to the differential 
position during rendezvous. The maximum acceleration limits on the robot base 
determine the length of time over which the trajectory is executed.

IF arms are at selected ports 
set state to GRASPING

ELSE
set state to H0ME_AND_TARGET_0UT_0F_RANGE 

IF state is GRASPING
IF arms are at selected ports
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The commanded orientation is the angle subtended by the forward direction of the 
robot and the direction of the differential position vector. Using this simple method, 
the robot always faces the target vehicle during the translational trajectory.

lower grippers 
set state to HOLDING 

ELSE
set state to HOME_AND_TARGET_OUT_OF_RANGE 

IF state is HOLDING
IF user command to release

set state to HQME_AND_TARGET_IN_RANGE;

The positions of the manipulator endpoints relative to the target ports are sensed 
through GPS measurements of the vehicle positions and encoder-based measurements 
of the manipulator joint angles. The desired endpoint commands are achieved through 
inverse kinematics for the two-link SCARA configuration manipulators. The kine­
matic equations for the relative positions of the endpoints to the target, as well as the
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inverse kinematic equations can be derived from those provided for SCARA configu­
ration manipulators in Craig [13].

5. Grasping: In the final step of the rendezvous process the robot pneumatically lowers 
its grippers into the target’s gripper ports. The robot successfully grasped the tar­
get’s 5 cm diameter gripper ports over 60% of the time in 50 attempts in which all 
six pseudolites remained in lock for the entire rendezvous. The misses are attributed 
to the cumulative bias errors in the system, including multipath, antenna phase cen­
ter variation, signal polarization effects, and calibration error. These are the most 
critical limitations of the overall system, and as such they are analyzed in detail in 
Section 4.3.4 and suggestions for reducing these error sources are provided. The es­
timated cumulative effect of the bias errors is summarized in Table 4.4. Figure 4.8 
shows a histogram of the error between the robot’s manipulator endpoints and the 
center of the target’s gripper ports, as detected by the overhead vision system. The 
success rate was lower (30%) whenever a pseudolite signal was lost during the ren­
dezvous process, an effect of position errors introduced by phase biases during integer 
cycle hand-off.

4.2 Autonomous Form ation Flying

Precise regulation of a vehicle’s position and attitude with respect to another vehicle en­
ables multiple vehicles to fly in a controlled formation or cluster. This capability makes 
it possible to perform precision spatially-distributed science missions without the need for 
interconnected spacecraft. Autonomous spacecraft formations are likely to require position­
ing tolerances on the order of a few centimeters in location and a  few tenths of a degree 
in attitude in order to then align higher-precision laser metrology instruments. The exper­
iment performed here demonstrates how GPS may be used as an alignment system for a 
formation of spacecraft in low earth orbit, with positioning accuracies in the range of a few 
centimeters and attitude of a few degrees. Chapter 7 and [3] provide further discussions of 
how GPS may be used for a  formation of spacecraft in deep space.

In the autonomous formation-flying experiment the robot was commanded to hold sta­
tion at a fixed distance from the target and to follow the orientation of the target. The target 
vehicle was then manually perturbed in position and orientation, and the robot maintained
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a fixed relative station. Figure 4.9 shows video snapshots from the demonstration. After 
initialization, the target was rotated 90 deg counter-clockwise with a maximum angular ac­
celeration of 0 . 1  rad/sec2, which the robot tracked with a maximum angular error of 8  deg 
during the transient and 3 deg in steady-state. The target was then linearly translated with 
a maximum acceleration of 0.25m/sec2, which the robot tracked with a maximum positional 
error of 12 cm during the transient and 1.5 cm in steady-state. These values were derived 
from the data in Figure 4.10 and 4.11. Finally, the target vehicle was freely tossed across 
the air-bearing surface while the robot maintained station. This provided a  measure of the 
steady-state limit-cycle errors due to discrete thruster actuators, as shown in Figure 4.12. 
The target’s linear velocity was 3 cm/sec and its angular velocity was 7 deg/sec. The max­
imum differential position error was 3 cm, while the maximum differential orientation error 
was 6  deg. A summary of acceleration disturbances from this demonstration is listed in 
Table 4.1.
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Figure 4.9: Formation F lying Sequence Snapshot Images
These video snapshots show the sequence of events in the formation-hying demon­
stration: Initial State (1), Rotational Response (1,2), Translational Response (2,3), 
Combined Rotation and Translation (4,5,6).
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Figure 4.10: Formation T im e Lapse: Rotational R esponse
This graph shows the differential orientation error between the robot and the target 
as the target was manually rotated 90 deg counter-clockwise. The gray band indi­
cates the time during which the target was angularly accelerated and decelerated 
by hand.
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Figure 4.11: Formation Time Lapse: Translational Response
This graph shows the differential position error between the robot and the target 
as the target was manually translated 50 cm in the negative-x direction. The gray 
band indicates the time during which the target was accelerated and decelerated by 
hand.
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Figure 4.12: Form ation Time Lapse: Rotational and Translational Response
This graph shows the differential position and orientation errors between the robot 
and the target as the target was tossed a cross the air-bearing surface. The gray band 
indicates the time during which the target was linearly and angularly accelerated. 
Steady-state limit cycling is particularly apparent in the differential orientation 
after 50 sec.
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Parameter Vehicle Accel 
Limit (dynamic)

Sensor Accel 
Limit (experimental)

Linear Accel 
Disturbance

0 . 0 0 2  m/sec2 0.25 m/sec2

Angular Accel 
Disturbance

0.04 rad/sec2 0 . 1  rad/sec2

Table 4.1: Acceleration Limits

4.3 System  Performance

4 .3 .1  S tep  R espon se

In addition to the formation-flying experiment, step response experiments were performed 
to gain a more quantitative indication of the robot’s ability to track the target. For these 
experiments the target vehicle remained stationary, while the commanded relative location 
and orientation inputs to the robot controller were changed manually. The collected data 
also included measurements from the overhead vision system for comparison with the GPS 
measurements. Figure 4.13 shows the position response to a 20 cm step in the commanded 
position. The graph evidences a time of 15 sec to complete the translational slew, and a 
maximum deviation of 2.5 cm from the position observed by the overhead vision system. 
Figure 4.14 shows the orientation response to a 45 deg step in the commanded orientation. 
This graph shows a time of 15 sec to complete the translational slew, and a maximum 
deviation of 3 deg from the orientation observed by the overhead vision system.

4 .3 .2  B andw id th

The end-to-end bandwidth of the experimental apparatus is limited by the dynamics of 
the robot vehicle, and so to know the dynamics of the GPS sensor subsystem per se, it 
is desirable to measure the bandwidth of that subsystem independent of the dynamics 
of the vehicle. An experiment was therefore devised to establish the bandwidth of just 
the GPS receiver with the subsequent signal processing code. The test was performed by 
simulating the motions of the robot in software, thereby generating simulated GPS signals 
corresponding to these motions, and then feeding these into the original signal processing 
algorithms.
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GPS Receiver Alone GPS Sensor Robot Base
Position 5 Hz 1.0 Hz 0.05 Hz
Orientation 5 Hz 1.5 Hz 0.2 Hz

Table 4.2: Bandwidth Parameters

Figure 4.15 shows how the original signal-flow diagram of 3.1 was modified to accom­
plish this. The Robot GPS Receiver was removed and its signals simulated using a Signal 
Generator Component and State-to-Phase Component The Signal Generator Component 
simulates motions of higher frequency than are physically attainable with the thruster ac­
tuators, while the State-to-Phase Component merely maps these simulated position and ori­
entation motions into corresponding phase measurements, which then feed into the nominal 
system. This serves as a smooth and repeatable means for generating a signal representative 
of actual motions of the robot.

The tests showed that the GPS sensor, which encompasses the receiver and the signal 
processing code, had an overall bandwidth of 1.0 Hz in position and 1.5 Hz in orientation. 
It is important to note that even though the function of the robot’s GPS receiver was 
simulated for this test, the target’s GPS receiver was producing live data, and thus realistic 
data delays existed.

Table 4.2 provides a summary of the bandwidths of different components in the sys­
tem. The bandwidths for the robot base were measured by Russakow [35]. These are the 
most severe limitations (by a factor of 10 to 20) to the overall system performance. The 
parameter for the GPS receiver is based on the bandwidth of the phase filters internal to 
the receiver, while the bandwidths for the GPS sensor -  the GPS receiver and subsequent 
signal processing -  were measured as described above.

4.3.3 S toch astic  N o ise  C h aracteristics

The stochastic noise levels of the GPS measurements affect the amount of filtering that needs 
to be performed before the measurements can be used for control. Figure 4.16 illustrates 
typical stochastic noise levels of the unfiltered position and orientation signals observed 
whenever both vehicles are immobile. Although the measurements are not stationary in 
a statistical sense (the standard deviations depend on where the vehicles are located in 
the workspace), the computed standard deviations provide a sense for typically observed
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Figure 4.15: B an d w id th  E x p erim en t Signal Flow D iagram

The bandwidth of the GPS sensor was measured by simulating motion of the robot 
base and then feeding these motions into the real-time signal processing algorithms.
The modifications to the nominal signal processing structure are shown in this 
diagram, emphasized in gray.

statistical characteristics. These values vary with location, because the received signal power 
also depends on location with respect to the transmitters. The relationship between the 
measured signal power and the variance of the phases is shown in Figure 3.5. and Table 4.3 
summarizes the stochastic noise characteristics.

Although the stochastic noise levels affect the required amount of filtering that needs 
to be performed before the signals can be used for real-time control, they do not include 
the effects of the more serious bias error sources such as pseudolite and antenna baseline 
calibration errors, antenna phase-center stability, and multipath. The latter sources lead to 
direct errors in the vehicle position and attitude.

The comparison between the GPS and vision systems in the step response plot provides 
a sense of typical bias errors in the GPS measurements (e.g. the orientation error is ap­
proximately 3 deg around time t =  15 sec). The worst consequence of these errors is that 
when a pseudolite signal is acquired or lost, the recomputed integers for the new system 
configuration may be incorrect if the absolute position of either of the vehicles is off by
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Parameter Variance (3D kinematic) Variance (2D EKF)
Differential Position 0.5 cm 0.3 cm
Absolute Position 1 . 0  cm 0 . 8  cm
Differential Orientation 0.3 deg 0.3 deg
Absolute Orientation 0.3 deg 0.3 deg

Table 4.3: Stochastic Noise Characteristics

more than half a wavelength (9.5 cm), and the system needs to be re-initialized using the 
vision system.

4 .3 .4  B ias Error C haracteristics

Knowledge of the magnitudes and sources of bias errors in the phase measurements is 
critical to the reliability and accuracy of the GPS sensor. Bias errors not only contribute 
to steady-state errors in the solution of the system state, but also lead to discontinuities in
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the solution when pseudolite signals are lost or gained. Since integer cycles are handed off 
whenever pseudolite signals are lost or gained, bias errors in absolute position can introduce 
random-walk drift in the position solution.

Significant effort was made to quantify the most likely sources of bias error in this system, 
which included multipath, antenna phase center variation, and circular polarization of the 
GPS signal. These sources produce errors that are dependent on the position and orientation 
of both vehicles. Monte Carlo simulations were performed to gain statistical measures of 
the impact of each of these biases on the estimated state. In simulation, the vehicles were 
placed in hundreds of random positions and orientations around the workspace while phase 
errors characteristic of each bias source were introduced. Finally, suggestions on how to 
better characterize and reduce such sources are provided.

M ultipath

Multipath is a reflected signal that interferes with the the direct line-of-sight signal resulting 
in a phase measurement error. Two experiments were carried out to confirm the existence 
of multipath and to quantify it in the setting of this project.

Identification and Quantification of Multipath

The first experiment demonstrated the existence of multipath through the observation of 
signal-to-noise ratios. Periodicity in the signal-to-noise ratio with distance from the trans­
mitting source is strong evidence of multipath, as the signal-to-noise ratio should otherwise 
be monotonically decreasing with distance. The periodicity occurs when multiple signals 
interfere constructively and destructively across a  space of observation. Figure 4.17 shows 
SNR periodicity with distance and compares it with the theoretical SNR curve.

A second experiment was devised to establish statistical values for phase corruption due 
to multipath. A set of phase measurements was taken for a vehicle in the middle of the 
workspace with the workspace clear, and then three additional sets of measurements were 
taken with a large metal plate placed in various locations nearby. The average deviation 
between the phases measured with the plate and those without the plate were considered 
typical multipath values. Figure 4.18 shows the placement of the vehicle and the three 
locations of the 0.6 m x 1.0 m metal plate. The locations of the plate relative to the target 
in (x, y) coordinate pairs were (0.0 m, 1.0 m), (1.0 m, 0.0 m), and (0.0 m, -1.0 m). The
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Figure 4.17: Signal-to-N oise R atio  P eriod icity
Periodicity of the signal-to-noise ratio measurement with increasing distance from 
the transmitting source is evidence of interference between multiple signals. This 
plot shows the experimentally measured signal-to-noise ratio compared with the 
theoretical signal-to-noise ratio assuming no multipath signal. The frequency of the 
periodicity depends on the amplitude of the reflected signal, which depends on the 
nature of the reflective environment.

data collected in this experiment was used to generate a plot which exhibits the likelihood 
of a multipath error of a given magnitude to occur (Figure 3.8). Multipath was modeled as 
a random perturbation with these statistical characteristics and introduced into the phase- 
to-state algorithm in simulation in order to approximate the impact of multipath on the 
resolved state of the vehicle. The results of this simulation are shown in Figure 4.19. Ta­
ble 4.4 is a summary of the standard deviations observed in these experiments. It is worth 
noting the likely cause and effect relationship between the differential position errors due 
to multipath and the autonomous intercept success rate (Section 4.1, Figure 4.8), as well 
as the relationship between the absolute position error due to multipath and the integer 
hand-off problem during configuration changes (discussed in Section 3.4).
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Figure 4.18: M u ltip a th  C h arac te riz a tio n  E xperim ent

In order to characterize the magnitude of multipath errors, phase measurements 
were taken with the target vehicle on a clear table and then with a metal plate placed 
in each of three different locations nearby. The differences in these measurements 
were collected to form a probability mass function which indicates the relative 
likelihood of a multipath error of a given magnitude to occur.

Suggestions for Reducing Multipath

This analysis indicates that multipath may be the single most dominating error source 
in the GPS sensor system. Other investigations, such as Lightsey [25], have shown similar 
results. The following suggestions are therefore provided as possible means for reducing 
multipath effects in future experiments:

• Reduce the amount of reflected signals - This concept is to reduce the problem at 
the source by decreasing the radio frequency (RF) reflectivity of the environment (at 
least the walls and vehicles, if not the air-bearing table). The laboratory could be 
outfitted with RF-absorbent material, such as carbon-impregnated foam rubber, in
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These plots show the relative likelihood of position and orientation errors of given 
magnitudes to occur due to multipath errors with empirically derived statistical 
characteristics (as shown in Figure 3.9). The standard deviations for these errors 
are summarized in Table 4.4. The one-a band of each of these probability mass 
functions is delineated by the dark gray region.

the same maimer that anechoic chambers are arranged1. A few simple experiments 
with such material would indicate the effectiveness of this concept. For instance, the 
reflective plate experiment discussed above could be performed again with the plate 
covered with RF absorbent material, and the phase deviations compared with the

lIt has been offered that a qualitative measure of the effectiveness of a material can be gained by putting 
it in a microwave oven set at 60% power. The warmer the material gets, the more effective an absorber it 
will be [7],
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above experimental results. In addition, the vehicles could be partially covered with 
this material and larger antenna ground planes could be added.

• Transmit a narrower beam - The helical antennas designed for this experiment trans­
mit a conical beam that is about 50 deg wide. The limitation to making these narrower 
is the dynamic power range over which the receiver can lock on to the signal. A pulsed 
pseudolite similar to the one developed by Cobb [10] enables much greater dynamic 
power range. This could make it possible to use longer helical antennas with narrower 
beams, and hence reduce reflected signals. The pulsed pseudolite and its potential 
applications are discussed further in Chapter 7.

• Model and cancel the multipath - Techniques for modeling multipath in highly struc­
tured and predictable environments have been devised. Cohen [1 1 ] used spherical 

harmonics and Gomez, et. al. [41] used Uniform Geometrical Theory of Diffraction 
(GTD) to model multipath. To apply these techniques to an environment in which 
there are several moving reflective objects would be very difficult, but would be worth 
investigating.

• Multipath suppression - Section 3.4.2 discussed a means for limiting the effects of mul­
tipath by limiting phase measurements about those predicted by a dynamic model. 
For this experimental apparatus it was estimated that this technique effectively elim­
inated up to 20% of the multipath signal. Better knowledge of the system dynamics 
may enable greater effectiveness of this technique.

Antenna Phase C enter Variation

Identification and Quantification of Phase Center Variation

An understanding of the entire signal propagation and data processing chain must be es­
tablished in order to  improve the resulting position determination. The effect due to phase 
center variation may be significant, so it is important to isolate and quantify the mea­
surement contribution introduced by the phase characteristics of the antenna itself. An 
experimental setup for testing the phase center variation of an antenna is shown in Fig­
ure 4.20. In this experiment, the measured phase at the test antenna is compared with the 
signal generated by the pseudolite. The variation of this signal is then measured as the test
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antenna is rotated on a  gimbal about a fixed point. By rotating about the full useful range 
for the antenna, a map of the phase variation characteristics can be generated.

An experiment similar to the aforementioned setup was carried out by Clark [39] for 
several commercial antenna designs. Clark’s study assumed that the variation was consistent 
from one antenna to another (deemed legitimate due to tight manufacturing tolerances on 
patch antennas), and independent of the azimuth angle. In general, the received phase is 
a function of both the azimuth and zenith angles, but for purposes of simplicity Clark’s 
study defined the phase center of an antenna to be the azimuth angle that provided the 
most symmetrical and smallest amplitude variation in phase over the range of the zenith 
angle. The phase pattern measured for the Trimble 14532-00 patch antenna is shown in 
Figure 4.21. The plot evidences that the phase variation can be up to 0.8cm peak-to-peak. 
However, if the patterns Eire similar for two antennas and they are arranged coplanarly and 
in the same orientation, then the majority of the phase-center-vsiriation error will cancel.

For the experimental apparatus used in this thesis, the intra-vehicle phase differences 
are virtually unaffected by phase center variations since the antennas on each vehicle are 
arranged coplanarly and in the same orientation. On the other hand, the inter-vehicle 
phase measurements can witness significant phase center variation effects, since the zenith 
and azimuth angles between master antennas of the two vehicles vary greatly with the 
relative position and orientation of the two vehicles.

In order to estimate the impact of phase center variation on the phase-to-state estima­
tion process, the phase-to-state estimation procedure was run for 2 0 0  randomly distributed 
positions smd orientations of the robot and target vehicle with simulated measurement er­
rors based on phase center variations. Realistic phase-measurement errors were obtained 
by mapping the zenith angles between the receiver antennas and the transmitters to phase 
variations according to the data in Figure 4.21. The resulting statistical distributions from 
this study are shown in Figure 4.22. These plots show that the phase center variation effects 
on absolute and differential orientations are essentially insignificant (cr =  0.02 deg and 0.013 
deg, respectively). This is not surprising, since the orientation is mostly dependent on the 
intra-vehicle phase differences, which are not appreciably affected by phase center varia­
tions. The absolute and differential positions were affected by the simulated phase center 
vEiriation effects (a =  1.05 cm and 0.18 cm, respectively), but not nearly as significantly as 
by the multipath effects.
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Although the effects of phase center variation appear to be relatively small, it is worth 
noting that some issues have been simplified in this study. First, the phase patterns were 
simplified by ignoring the dependency on the azimuth angle. Second, the phase patterns 
of the transmitting antennas were ignored altogether. And finally, the phase patterns were 
assumed to be the same for all antennas. A more complete analysis would include individual 
phase patterns for all receiver and transmitter antennas, including azimuth dependencies. 
Also, the phase center patterns for all antennas should be measured with the ground plane 
in place, as this significantly affects the phase pattern.

Anechoic Chamber

Fixed Transmitter Test Antenna 
on Gimbal

Receiver

Figure 4.20: P hase  C en ter M easu rem en t E xperim en t

This experiment shows how the phase center variation of an antenna is measured in 
an anechoic chamber. The signal generated by the pseudolite is split and simultane­
ously broadcast through the transmitter antenna and sent directly to the receiver.
The receiver antenna measurement is compared directly with the signal generated 
by the pseudolite as the receiver antenna is rotated on a gimbal about a fixed point.
By rotating about the full useful range for the antenna, a map of the phase variation 
characteristics as a function of azimuth and zenith angles is generated.

Suggestions for Reducing Phase-Center-Variation Effects

There are two ways to eliminate phase-center-variation effects. The first is to eliminate 
the problem at the source. That is, reduce the size of the phase center characteristics
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Figure 4.21: P h ase  C en ter M ap
This plot is a replica of the phase pattern for the Trimble 14532-00 patch antenna 
as measured by Clark [39]. The pattern shown is the phase variation versus the 
zenith angle only. This pattern was measured at the azimuth angle that provided 
the most symmetrical and smallest ampUtude variation in phase for the full range 
of the zenith angle.

of the antenna. Leisten and Ffoulkes-Jones have a concentrated effort to design a minia­
ture dielectrically loaded volute antenna that has, among other desirable characteristics, 
minimum phase center variations [30]. The second way to eliminate phase-center-variation 
effects is to accurately model the antenna phase pattern and then directly remove it from 
the measurements. This can be done as follows. Including the phase center variation, the 
measurement equation ( 3.2) has an additional term 7 This term is a function of the 
phase characteristics of the transmitter and the receiver antenna, which in turn are func­
tions of the position and orientation of the receiver antenna with respect to the transmitter 
antenna. Including this term in the measurement equation (3.2), the more accurate, yet 
more complex, measurement is:

Pijk = '{Pi ~  ~ Q k \ ~  crm ~  crpk -  XKtjk -  j i j k  (4.1)
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Figure 4.22: Likelihood o f E r ro r  D ue to  P hase  C en ter V aria tion
These plots show the relative likelihood of position and orientation errors of given 
magnitudes to occur due to phase center variations with empirically derived phase 
characteristics (as shown in Figure 4.21). The standard deviations for these errors 
are summarized in Table 4.4. The one-cr band of each of these probability mass 
functions is delineated by the dark gray region.

Since these equations axe solved iteratively, the value for y ijk  would be obtained through 
a look-up table for the current estimate of the state, and then the estimation process would 
be repeated. However, the complexity added to remove this effect may not justify its 
incorporation. However, additional effects such as phase polarization can be removed in a 
similar manner. The contribution of phase polarization is discussed in the following section.
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Phase Polarization

A characteristic of the NAVSTAR GPS signal is that it is Right-Hand Circularly Polarized 
(RHCP) over the majority of its exploited broadcast volume2. The effect of this charac­
teristic is that the carrier phase measurement at any receiver antenna depends not only on 
its position, but also on its orientation with respect to the transmitted field as well as its 
phase characteristics. The effect can be ignored in situations in which the bore sites of 
the receiver antennas are aligned, since the differencing of the carrier phases between the 
antennas cancels the effect out. However, this effect must be taken into account in cases 
in which the antenna bore sites are not aligned, and in cases in which there is a significant 
variation in the polarization of the signal received by any two receiver antennas. This will oc­
cur if the transmitters are close to the receivers, as is the case for near-constellation systems.

Identification and Quantification of Phase Polarization

The goal of this analysis is to determine the extent of the polarization effect on the mea­
sured phase for a near-constellation system, with transmission though helical antennas and 
reception through patch antennas.

As with the inclusion of phase center variations, the inclusion of polarization effects 
causes the measurement equation ( 3.2) to have an additional term 7 ^* which is a function 
of the position and orientation of the receiver antenna with respect to the transmitter 
antenna (as well as the phase characteristics of the transmitter antenna and the receiver 
antenna). Including this term results again in the more complete measurement equation 
(4.1).

A study of the effects of polarization on the received signal was first published by 
Lawrence [14]. His analysis required the following assumptions:

• The line of sight to the transmitter antenna is the same for all receiver antennas.

• The bore site of the transmitter antenna is parallel to the line of sight to all of the 
receiver antennas.

This analysis generalizes the theory by not making these two assumptions, as they do not
suit the near-constellation situation.

2The specification according to [29] is that the ellipticity for LI is no worse than 1.2dB for the angular 
range of ±14.3 deg.
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A simple model for analyzing the phase of a  helical antenna, ignoring the gain, is given 
in radial coordinates < r, 9, <j> > as:

Jtrans (t) =

0

Acos(27r f l , \ t )  

sin(27r/x,i<)

where A  is the axial ratio of the signal. An axial ratio of A  =  1 represents a circularly- 
polarized wave in all radial directions from the source. For a helical antenna, the polarization 
approaches circular as the antenna length increases. The axial ratios for the antennas used 
in this project are listed in Table 2.2.

The transmitted electric field must be converted to Cartesian coordinates, rotated into 
the receiver antenna’s frame, and then projected onto the receiver antenna. Converting the 
transmitted electric field to Cartesian coordinates produces the equation:

cos(t) cos(0) cos(<p) — e sin(t) sin(0)

Etransit) — cos(f) cos(arctan(0) sin(0) -F e sin(t) cos(<£)

-  cos(t) sin(0)

where 6 = arctan(^-XA V ) and o =  a rc tan ( |), and x,y,  and z axe the coordinates of the 
location of the receiver antenna in the transmitter antenna frame. Rotating the signed from 
the transmitter frame to the receiver frame:

E r e c [ t )  — r e c  R tr a n s E tr a n s  (^) (4-2)

where recRtrans  is the rotation matrix from the transmitter frame to the receiver frame. 
The output of a Right Hand Circularly Polarized patch antenna can be modeled as:

J " ( f )  —  irec  ' E rec ( t )  +  j rec  * E re c ( t  )
4/Ll

Inserting the electric field from (4.2), the received signal becomes:

r(t) = acos(2irfL\t) +  bsva{2ir f ^ t )
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where

a =  i?u cos(6) cos(4>) 4 - R&  cos(0) sin(d>) — R 13 sin(0) (4.3)

+  /?2iesin(<£) — i?22ecos(^>)

and

b = -i?n esin (^ ) 4 - /?i2 ecos(^) + i?2 i cos(0) cos(0) (4.4)

4- R 2 2  cos(0) sin(0) — /? 2 3  sin(6)

This is equivalent to a received signal

r(£) =  acos(27r//,i£ 4 - arctan (b/a))

where the phase shift due to polarization is

arctan (b/a) (4.5)

These formulas were used to simulate the phase variation incurred due to polarization.
It is worth noting that in the limit, as the transmitter antennas are moved to locations far
from the receiver antennas (6 —> 0 and <f> —> 0), the result derived in (4.5) approaches the 
result derived by Lawrence [14]:

a =  — ef?22

and

b = ei?i2 4- f?2i 

Sim ulation o f the Polarization Effect

Two types of simulations were run to gain better insight into the polarization effect. The 
first simulation consisted of measuring the amount of phase variation introduced into the 
double-differenced phases VA<f> when the target vehicle was fixed in the middle of the 
workspace and the robot was positioned at 0.1 m-spaced grid points distributed across the
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entire workspace. The resulting variations of the double-differenced phases were then plotted 
against the robot’s location on the table to form a three-dimensional surface illustrative of 
the phase distortion due to polarization. Figure 4.23 shows the polarization-effect surface 
for a single double-difference between the first two pseudolites and the robot and target 
vehicles. As anticipated, the greatest variations occur at the edges of the workspace where 
the robot was farthest from the target vehicle. These are the locations at which the bore-site 
vectors of each receiver antenna subtends the greatest angular difference between the line-of- 
sight vectors to the pseudolites. Almost no variation exists where the robot was collocated 
with the target in the middle of the workspace. Here the bore-site vectors of each receiver 
antenna subtends the same angle between the line-of-sight vectors to the pseudolites. The 
worst-case variation of the double-difference phase due to this effect can be seen to be up 
to 5 cm across the entire workspace.

Although the polarization effect is clearly dependent on the relative locations of the two 
vehicles, a  statistical analysis using random locations across the workspace was performed in 
order to compare this bias error source with the two previous bias sources. Again, 200 ran­
domly distributed positions and orientations of the robot and target vehicle were simulated 
with polarization bias errors introduced into the phase measurements. These phases were 
then run through the phase-to-state algorithm and the resulting position and orientation 
errors were compiled in histograms to show the likelihood of a polarization error of a given 
magnitude to occur. Figure 4.24 shows these distributions, while Table 4.4 is a  summary of 
the standard deviations observed in these experiments and compares them with the results 
from the other bias error experiments.

Suggestions fo r  Reducing Phase Polarization Effects

The most direct method for removing the effect of phase polarization is to include the 
effect in the measurement equations that are solved to derive the vehicle states. The means 
for doing this is straightforward, as shown by equation (4.1). The only penalty of this 
addition is the increased complexity and hence the greater computational burden.

The effects of these bias errors on the estimated state of the vehicles were compiled 
for comparison and are listed in Table 4.4. Also tabulated is the cumulative effect of these 
biases, assuming they are independent Gaussian random variables. The cumulative effect of
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the bias errors on the differential position and orientation attribute to experimental system 
performance of Figure 4.8.

4.4 Sum m ary of Experim ental R esults

This chapter has presented detailed discussions of the operation and performance of the 
pseudolite-based GPS prototype space robot system. The autonomous-rendezvous and 
formation-flying demonstrations have shown that GPS can serve as a real-time sensor to 
provide three-dimensional position and orientation, and thus provide the high degree of 
vehicle autonomy required to execute commands directed at the task level by the human
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Figure 4.24: Likelihood of Error D ue to  Phase Polarization Effects
These plots show the relative likelihood of position and orientation errors of given 
magnitudes to occur due to phase polarization. The standard deviations for these 
errors are summarized in Table 4.4. The one-a band of each of these probability 
mass functions is delineated by the dark gray region.

Parameter Multipath Phase Center Polarization Calibration Cumulative
Absolute Position 10.2 cm 1.1 cm 3.4 cm 3.0 cm 11.2 cm
Differential Position 2.0 cm 0.2 cm 1.2 cm 1.1 cm 2.6 cm
Absolute Angle 0.49 deg 0.02 deg 0.08 deg 0.19 deg 0.53 deg
Differential Angle 0.53 deg 0.01 deg 0.07 deg 0.09 deg 0.54 deg

Table 4.4: Bias Error Standard Deviations
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operator. Performance characteristics from these experiments, in addition to bandwidth 
and step-response experiments, provide useful guidelines for designing future operational 
GPS-based robotic systems. Finally, analyses and detailed suggestions for improving the 
overall performance of this original system were provided.
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Chapter 5

Initialization

A fundamental challenge of Differential Carrier Phase GPS is that the number of integer 
cycles between any two receiver antennas must be deduced before differential phase mea­
surements can be translated into differential range measurements. Many algorithms for 
resolving integer cycle ambiguity have been developed, however the unique characteristics 
of the near-constellation GPS preclude the direct application of any of these. Although 
previously demonstrated techniques cannot be directly applied, similar approaches can be 
taken. The technique pursued in this thesis uses vehicle motion to resolve the integers, and 
the new algorithms were implemented and tested in simulation.

5.1 Initialization Techniques

In practice there are potentially two sets of integers that need to be resolved: those between 
antennas on the same vehicle, and those between antennas of separate vehicles. As estab­
lished in Chapter 3, these two sets of variables are referred to as intra-vehicle integers and 
inter-vehicle integers., respectively. Generally, the intra-vehicle integers are related to the 
attitude of the vehicle, and the inter-vehicle integers are related to the relative positions of 
the two vehicles.

The resolution of intra-vehicle integers is a well-studied problem and many techniques 
exist, including motion-based techniques [11] and exhaustive search algorithms [16]. This is 
not the case for inter-vehicle integer resolution, since resolution of these values typically is 
an application-specific problem. The IBLS aircraft landing system of [9] accomplishes the 
equivalent of inter-vehicle integer resolution through the use of fixed-reference ground-based

100
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pseudolite beacons. Others, including Conway [12] and Montgomery [27], used surveyed 
starting locations to initialize the inter-vehicle integers, and relied on constant signal lock 
to maintain the integers. With regard to the last three references, the second “vehicle” is a  
fixed ground-based reference receiver.

The integer resolution algorithm developed in this thesis takes advantage of the increased 
geometric observability afforded by the close proximity of the transmitters. The increased 
geometric observability is in fact the motivation for the ground-based transmitters in the 
aforementioned work of [9]. In consideration of rendezvous between two vehicles in space, 
it will be necessary for at least one vehicle to be equipped with one or more transmitters 
to provide the same geometric observability. Such a scheme is discussed further at the end 
of this chapter. Also considered in this chapter is the use of integrated sensors, such as 
accelerometers, to provide additional information to aid the integer resolution process.

5.2 Integer Resolution for N ear-C onstellation GPS

5.2.1 L ogistics

At the highest level, initialization via Near-Constellation is first a question of logistics and 
then a question of algorithmic development. In other words, how does one physically go 
about initializing the system? Several scenarios for the system studied in this thesis can be 
imagined:

1. Manually induced motion, no system knowledge - Under this scenario, the vehicles are 
moved around the workspace by hand in order to collect samples of changing phases 
to be used in the integer estimation process. Since no system knowledge is assumed, 
the vehicles can be moved around the workspace at random, both translationally and 
in orientation. Any algorithm designed to work under this scenario would be rather 
generic in that it need not incorporate specific system knowledge, but it would require 
a more accurate initial guess as well as require a  longer time to converge than if some 
knowledge were incorporated.

2. Manually induced motion, known system dynamics - Under this scenario, the vehicles 
are freely tossed across the workspace at fixed translational and angular velocities 
as phase data is collected. Unimpeded two-dimensional free-body motion can be as­
sumed, and this information can be incorporated into the integer resolution algorithm.
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Knowing that the vehicle traveled in a straight line with constant translational and 
angular velocity should improve the robustness of the algorithm.

3. Vehicle-induced motion, known system dynamics - Rather than manually moving 
the vehicles around the workspace, the vehicles could propel themselves around the 
workspace, albeit in an open-loop manner. Accurate knowledge of thruster firings 
could be used to help predict the undergone motion via dead reckoning, and this 
information could then be added to the integer resolution algorithm (of course, ac­
celerometers would greatly improve this procedure).

In addition to these initialization scenarios, there are several ways that information can 
be added to assist the initialization process. These include:

• Use of signal-power measurements - signal power obtained from the signal-to-noise 
ratio can be used to help establish a rough estimate of the vehicle position and ori­
entation. This is an opportunity to take advantage of the extreme dynamic range 
characteristic of the Near-Constellation system.

• Short-baseline antennas - A set of antennas mounted less than one wavelength apart 
can be used to achieve an immediate rough estimate of vehicle orientation. After the 
rough estimate is established, the system can switch to the wide-baseline antennas for 
greater accuracy.

• Supplemental sensors - Sensors such as accelerometers and gyros could be added to 
assist the dead-reckoning process to further aid the integer resolution algorithm, as 
mentioned in the Vehicle-induced motion scenario above.

The method developed in this chapter assumes manually induced motion with no system 
knowledge, and does not take advantage of any additional sensors.

5 .2 .2  A pproach

A characteristic of the near-constellation system is that the intra- and inter-vehicle integers 
are co-dependent. That is, the measured intra-vehicle differential phases will be different 
for a given orientation, depending on where the vehicle is located in the workspace. (This 
is not true for a far-constellation system.) Therefore, it is not possible to solve for the 
two sets of integers independently. Since the intra- and inter-vehicle measurements are
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co-dependent, the absolute positions and orientations (and thus the integer ambiguities) 
can be established through multiple intra-vehicle phase measurements alone (for a single 
vehicle). The complete process for resolving integers for a near-constellation system is as 
follows:

• The user manually moves a single vehicle around the table in a random-walk manner, 
both in position and orientation.

• Measurements are automatically taken at points in which a significant change in the 
magnitude of the phase measurement vector has been detected, indicative of a sig­
nificant change in the position of the vehicle from the previous sample point. Data 
samples taken relatively close together do not provide innovative information to the 
system.

• The vehicle is then grounded while the initialization algorithm is executed. The 
vehicle’s computer iteratively estimates the time history of all of the states of the 
vehicle for every sample point, effectively resolving the integers.

5.2.3 T h eoretica l D erivation

The objective of the integer resolution process is to accumulate phase measurements for a 
single vehicle over several samples in the workspace and then resolve the state of the vehicle 
at every sample point in a single extensive non-linear least squares batch process. Of course, 
for each measurement taken, a new set of vehicle states is accumulated, so it is necessary 
to accumulate measurements faster than new states. Since there are 18 new measurements 
and only seven new vehicle states at each time step, the number of measurements do accrue 
faster than the number of unknowns.

The equations for the integer resolution algorithm can be derived from the basic phase 
measurement equation (3.2) as described below. Since there is no knowledge of the integer 
cycle ambiguities, Mijk, they must be eliminated through phase differencing over time. 
Starting with the intra-vehicle phase difference from equation (3.3):

Aitfyfe =  | (Pi +  R i B i m )  - Q k \ - \ ( P i  + R i B i j )  -  Qk\ ~  X M i j k  (5.1)

The time difference results in:
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fiAi4>ijk{hjt2) = \(Pi(t2) +  Ri(t2)Bim) -  Qk\ — \{Pi(t2) -F Ri(t2)Bij) — Qk\ -  (5.2) 

{(PiiU) + R i ( h ) B im) -  Qk\ + \(Pi(ti) + Ri{t\)Bij) -  Qk!

=  h i X i i t ^ X i f a ) )

In addition to the intra-vehicle phase differences, there are physical constraints that must 
be incorporated into the algorithm. The constraints derive from the condition that the 
magnitudes of the intra-vehicle baselines between master and slave antennas remain constant 
across sample times due to the fact that the antennas remain in fixed locations on the vehicle. 
Assuming to be the baseline vector between the master antenna and slave antenna j  for 
vehicle i in the world frame, and AytJ to be the change in that vector from one time sample 
to the next, the constant-magnitude constraint, as shown by Cohen [11]. Section 3.1.2 is:

v̂TjiVih +  &yTj2ym + ^yJh^yin = 0 (5-3)

Where j i  and j'2 may be different antenna indices to incorporate cross-correlation terms.
The baseline between the the master and slave antennas in the world frame can be 

related to the parameters defined in Figure 3.4 as follows. The position of each antenna is:

Pij = Pi RiHij

The baseline between the slave antennas and the master is:

yij — Pij ~ Pim

and the change of this vector across time samples:

t 2 )  =  V i j { t 2 )  -  V i j i h )

All unique (J 1 , J2 ) pairs for equation (5.3) can be incorporated into a 6 x 1 constraint 
vector and represented as hc(X i( t i ) .X i ( t2)).
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Stacking the measurements (5.3) and the constraints (5.3) over N  sample points pro­
duces the complete set of equations to be solved in the non-linear least squares batch 

process:

8Ai0ijk(ti,t2) h(Xt-(£i,f2))

0 hc(Xi{t i , t2))
h(Xi{t2.tz))

0 = hc(Xi(t2, t3))

h(Xi(fw_i,£w))

0 h c i X i i t v ^ . t v ) )

5 .2 .4  S im u lation  R esu lts

The algorithm derived in the previous section was first implemented and demonstrated in 
simulation. Manually induced random-walk vehicle motion in six degrees of freedom was 
simulated, and the corresponding phase data were collected for eight sample points in the 
workspace. A batch least-squares process was performed on the data to demonstrate the 
convergence of the algorithm.

The convergence sequence is shown graphically in Figure 5.1 through several iterations. 
Two plots are shown for each iteration. The upper plot is a graphical representation of the 
translational path that the vehicle followed, while the lower plot shows the three rotational 
angles of the vehicle at each of the eight time samples. The sample points of the actual 
states are shown in black and designated by “o” while the estimated states are shown in 
gray and designated by “x”. The initial estimates for the position were set according to a 
random-walk path contained within the useful workspace, while the initial rotational angles 
were arbitrarily set to a fixed orientation. In order to achieve convergence, the position 
path must be within the table workspace, and the rotational angles generally need to be 
within 45 degrees of actual. Section 5.2.1 discussed possible ways to add information to 
assist the initialization process.

This particular sequence shows the orientation convergence after only four iterations, 
while the position-path convergence required several more iterations. Once convergence is 
complete, it is a trivial step to back out the integers from the known states according to
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the single difference equation (3.3). In fact, there are N  redundant measurements of the 
integers which can be compared to establish a measure of confidence in the results.

5 .2 .5  P osition in g  V ia  S ig n a l Pow er

It is conceivable to use the measured signal power to establish a rough estimate of the loca­
tion of the vehicle to aid the integer resolution algorithm discussed in the previous section. 
The measured signal-to-noise ratios are approximately linear with signal power and could be 
collected simultaneously with the phase measurements during the initialization procedure. 
The measured signal-to-noise ratios could be mapped to positions in the workspace via the 
theoretical model or through the use of a large look-up table. The following development 
shows a  comparison between the theoretical signal power and experimental data across a 
significant portion of the workspace.

H elical Antenna Gain P attern

The received signal power is predominantly a function of the antenna gain pattern and 
the distance from the transmitting source. From Balanis [2], the far-field pattern can be 

described by:

. 7T , ... sin((iV/2)t/>) _.
E  = s in (— )cos(0) s i n { m  (5.5)

where

$  =  2w (^(l -  cos(0)) +

and the parameters N  and S  were defined in Section 2.3.3. The relative power can be 
derived from the square of equation (5.5) divided by the square of the distance from the 
transm itter (the singularity at r  =  0 may be ignored since this analysis is for the far-field 
pattern in which r  is 10 times the length of the antenna).

Experimental data were collected by placing an antenna at 0.2 m grid spacings over 
an area of 4.2 m of the workspace and measuring the signal-to-noise ratio of a pseudolite
signal at each location. The pseudolite was located at coordinate (0.0, 3.93, 1.2) and
oriented with its antenna bore-site pointing along the negative Y-axis of the workspace 
frame (as defined in Figure 4.4). The data-collection workspace grid covered a box defined
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Figure 5.1: Integer Resolution Convergence Sequence
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by (—0.82 < x  < 0.58,-1.17 <  y < 1.83), and the receiver antenna bore site was fixed 
along the positive Y-axis, facing the pseudolite.

Figure 5.2 shows the theoretical relative power for the environment around the pseudolite 
transmitter. The region for which data was taken is shaded. Close-up, perpendicular views 
of the power surface are shown in Figures 5.3 and 5.5. These can be compared to the 
experimental data shown in Figures 5.4 and 5.6. The experimental data follows the general 
trend of the theoretical model, but Ls characterized by quite a bit of noise. This is consistent 
with the results of the analysis in Section 4.3.4, Figure 4.17. This crude measurement could 
provide enough information to identify the vehicle’s location to within the correct quadrant 
of the workspace, which would be a useful starting point for the integer resolution algorithm 
developed in the previous section.

The greatest deviation between the theoretical model and the experimental data occurs 
along the X-axis boundaries closest to the transmitter. This may well be due to having 
neglected of the receiver antenna’s gain pattern in the theoretical model. The points where 
the deviation is greatest are the points in which the receiver antenna experiences the largest 
zenith angle of the incoming signal (and hence a significantly lower gain).
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Figure 5.2: Theoretical Signal Power Based on Antenna Pattern
This plot shows the theoretical relative signal power of the broadcast signal based on 
the helical antenna gain pattern. The pseudolite antenna was located at the origin 
of this plot, broadcasting out along the y-axis. The dark patch shows the area of 
the workspace for which signal power data was taken and displayed in subsequent 
plots.
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Figure 5.3: Theoretical Signal Power — Side View
This plot shows a side view of the portion of the signal power surface for which 
experimental data was taken. The relative power has been scaled to coincide with 
the signal-to-noise ratio measurements obtained from the receiver. The units “amu” 
(amplitude measurement units) represents a measure o f how well the received signal 
correlated with the internally generated signal.

Y[m|

Figure 5.4: Experim ental Signal Power -  Side View
This plot shows the side view of the experimentally measured signal-power surface 
for which experimental data was taken.
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Figure 5.5: Theoretical Signal Power — Front V iew
This plot shows the front view of the portion of the signal-power surface for which 
experimental data was taken.

-4 .6  -0.4 -0 .2  0 0.2 0.4 0.6 0.8 IX )ra)

Figure 5.6: Experimented Signal Power — Front V iew
This plot shows the front view of the experimentally measured signal-power surface 
for which experimental data was taken.
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5.3 Application to  Space System s

Although a space version of the system studied in this thesis would have different require­
ments for resolving integer cycle ambiguities some of the concepts from the above develop­
ment could be applied. The intra-vehicle integer resolution could be accomplished through 
existing techniques. The difficulty, once again, lies in determining the inter-vehicle cycle 
ambiguities among multiple spacecraft. It is highly unlikely that there would be sufficient 
observability from the NAVSTAR GPS satellites alone to resolve these ambiguities. It would 
therefore be necessary to place local transmitters on board at least one of the spacecraft to 
achieve the necessary observability. In addition to improving the geometric observability 
of the measurements, the incorporation of local tranmitters can help overcome occlusion 
problems. This concept is discussed in more detail in Chapter 7, along with the concept of 
placing a set of transmitters on the Space Station to form a local Near-Constellation system 
that would aid nearby autonomous vehicles.
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Chapter 6

Calibration

This chapter discusses the methods used to calibrate several parameters of the GPS sensors. 
Amongst these parameters are the pseudolite locations, the receiver antenna baselines, and 
the receiver antenna line biases 1. It has been shown that calibration of the pseudolite 
locations is very sensitive to knowledge of the vehicle receiver antenna baselines, and vice- 
versa. The interdependence of these parameters in conjunction with unmodeled bias sources 
complicate the calibration process. Therefore, techniques to minimize the effect of this 
interdependence are discussed, and an analysis of bias error sources is provided.

6.1 Calibration Approaches

Three approaches were investigated for calibrating transmitter locations and receiver an­
tenna baselines. The first two approaches proved to be very sensitive to the interdependence 
of the pseudolite positions and receiver antenna baselines, while the third approach was de­
signed to be insensitive to this interdependence. The general approach was to collect phase 
measurements for known vehicle locations distributed throughout the entire workspace vol­
ume, and then perform a batch least-squares fit to determine the set of unknown parameters. 
The overhead vision system (discussed in Section 2.5) was used to provide vehicle loca­
tion information. Nonlinear equations relating the unknown calibration parameters to the 
measured phases were derived through differencing of the phase measurement equation 3.2.

*More precisely, the parameters that sure estimated are the phase center locations of the pseudolite 
transmitter antennas and the phase center locations of the receiver antennas on the vehicles

113
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These equations were linearized about the antenna baselines, Bij, and the pseudolite posi­
tions, Qk- and then used in the batch recursive least-squares algorithm.

Sample Space Selection

The observability of the parameters estimated in all of the calibration approaches varies 
with the sample volume over which data  is collected. The location of each pseudolite is 
essentially the center of a sphere of constant phase, so it is important to take calibration 
data over a three-dimensional volume. The limited area of the air-bearing workspace, along 
with the physical limitation of manually moving the vehicles around in only two dimensions 
restricted the sample space volume. In order to obtain measurements in three dimensions, 
all of the antennas of each vehicle were mounted on plates that could be raised above the 
main structure of the vehicles and rotated out of plane. Calibration of the parameters 
for each vehicle can be performed independently, and an example of a  calibration data 
sample space is shown in Figure 6.1. The total number of phase measurements collected 

for parameter estimation is Ngdjnpi^ îocations ^ A baseiiTies x A pseudolites •

Approach 1: Assume pseudolite locations known, estim ate receiver antenna 
baselines

The first calibration approach assumed the pseudolite locations were known reasonably well 
through rulered measurements, leaving only the receiver antenna baselines to be determined. 
The calibration measurement equation (6.1) was linearized about the vehicle baselines. Bij, 
while the pseudolite positions, Qk, were treated as fixed, known parameters. This approach 
was tested in simulation using 50 data-sample locations throughout the workspace (as shown 
in Figure 6.1), six pseudolites, and three baselines. It was demonstrated that this method 
will converge to the correct vehicle baseline locations when the pseudolite locations axe 
exactly known. However, small errors in the supposed locations of the pseudolites can 
produce nearly proportional errors in the estimated baselines. The plot of Figure 6.2 
illustrates this sensitivity. This plot was generated by running 200 simulated calibration 
procedures for each value of error in the assumed parameter. A simple example evidences 
why this approach is so sensitive to the known locations of the pseudolites. If the pseudolites 
are all x  centimeters higher than the supposed height used in the estimation (i.e. the errors 
in the supposed locations are all in the same direction), then the baselines of the vehicle 
will be erroneously measured to be x  centimeters higher than the actual baseline locations.
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Figure 6.1: Calibration Data Sample Space
The calibration data sample space must span all six degrees of freedom in order 
to effectively calibrate the pseudolite position and baseline parameters. This three- 
dimensional model shows the sample locations and orientations of the target vehicle. 
Movement in six degrees of freedom was achieved by raising and tilting the top plate 
of the vehicle, upon which the receiver antennas were rigidly mounted.

Approach 2: Assume receiver antenna baselines, estim ate pseudolite locations 
known

The second approach attempted to estimate the pseudolite locations by assuming that the 
antenna baselines were known reasonably well. This approach fares better against errors in 
the supposed antenna baseline values, as evidenced in the plot of Figure 6.2. In particular,
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the maximum phase-center variation from the physical center of the antenna is likely to be 
less than 1 cm (see data from Figure 4.21), leading to a phase-center error of approximately 
1 cm in the estimated pseudolite location. This method can still be improved upon, though, 
as is described in the next approach.

Figure 6.2: V aria tion  of E s tim a ted  P a ram ete rs  versus A ssum ed P a ram e ters

These plots show the potential error accrued in the estimated parameters versus 
the assumed parameters in calibration approaches 1 and 2. Although the variation 
of the estimated parameters with the assumed parameters is nearly proportional for 
both methods, the repercussions are likely to be greater in method 1. since the error 
in assumed locations of the pseudolites is likely to be greater than assumed locations 
of the antenna baselines. Both methods are less robust to parameter variations than 
calibration approach 3.

A pproach  3: Sim ultaneous estim atio n  o f receiver an ten n a  baselines and pseu­

do lite  locations

The third approach eliminated the parameter sensitivities of the previous two approaches 
by simultaneously estimating the pseudolite locations and the antenna baselines. The only 
restriction was that more sample points needed to be taken throughout the workspace to 
resolve the larger number of unknowns.

Theoretical Derivation
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The equations relating the unknown antenna baselines and pseudolite positions to the mea­
sured phases can be derived from the basic phase measurement equation as described below. 
It is assumed that there is no knowledge of Bij and Qk, and thus the integers cannot be 
backed out from the known vehicle state (Pi, Ri). Therefore, it is necessary to eliminate the 
integer cycle ambiguity through phase differencing over time. Starting with the intra-vehicle 
phase difference from equation (3.3):

N\4>ijk =  |(Pt +  RiB im) -  Qjfcl -  I (Pi +  RiBij) -  Qk\ + XMijk (6.1)

The time difference results in:

8& l< f> ijk(h ,t2 )  — \ (P i( t2 )  ~F R i( ^ 2 ) H im )  Q k  I \ { B i ( t2 ) *F R i( p 2 ) H i j )  Q k  i

K P i i t i )  +  R i ( h ) B i m ) -  Q k  i +  | ( P ( t i )  +  R i ( t i ) B i j )  -  Q k  I 

= h(Bij,Qk,ti,t2)

(6 .2)

The time-intra-vehicle phase differences were then linearized about the unknown antenna 
baselines By and pseudolite locations Qk, while the vehicle position and orientation (Pi(t) 
and Ri(t)) were known a t every sample point. Linearization of (6.3) results in:

H ( h , t 2 ) =

{hiO

Sh2 () 
TSti

Ml3o() 
• iBil

ShlH
TB~2 T o t

<W l30 ()

~JqT  -I

(6.3)

Where hn is the n th row of h(B ij ,Qk, t i , t2), the number of pseudolites was six and the 
number of antenna baselines was four. The linearized matrices (6.3) sure stacked over time 
to form the observation matrix for the whole batch, while the measurements are likewise 
stacked over time to form the vector of all measurements for the batch:

Hbatch  —

H ( t \ , t 2) 
H(t2, t 3)

H  (tji— i , tn)

(6.4)
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nominal rot ± x rot ± y raised z
Robot 0 9 deg 9 deg 7 cm
Target 0 9 deg 9 deg 7 cm

Table 6.1: Antenna Deflections for Three Dimensional Observability

^batch —

h{Bij,Qk,tu t2) 
h ( B i j , Q k , t 2 , t 3 )

(6.5)

Qki tn~ 1) ̂ n)

Application

This calibration scheme was employed to calibrate the system parameters for this project. A 
total of 192 samples were taken for each vehicle across distributed locations in the workspace 
and with the antennas situated in six different configurations to achieve observability in 
three dimensions (32 sample locations per configuration). The six antenna configurations 
are illustrated in Figures 6.3 and 6.3. The configurations consisted of one in-plane and 
five out-of-plane arrangements in which the antennas remained fixed with respect to each 
other. The amount of out-of-plane deflection for each of these configurations is summarized 
in Table 6.1.

It should be recognized that great care had to be taken during data sampling to ensure 
useful data was collected. First, the phase measurements were averaged over 30 seconds 
at each sample location. Then, to limit multipath effects, SNR weighting of the signals 
was incorporated. Finally, five data were compared with the theoretical values in real time 
during sampling to visually ensure that the measured data was close to the expected values. 
Instances in which there were gross strays (suggestive of multipath) were thrown away. 
Results

The calibration results are summarized in Tables 6.2, 6.3, 6.4, and 6.5. Some measure 
of the accuracy of the calibration can be gained by comparing the two solutions for the 
pseudolite positions from the robot antenna baseline calibration and the target antenna
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Figure 6.3: R o b o t A ntenna D eflections for Collecting O ut-of-P lane C alib ra tio n  
D a ta

The robot antenna frame was deflected in five out-of-plane configurations to achieve 
observability in three dimensions in order to solve for the baseline and pseudolite 
position parameters. Shown left to right are 1) nominal position, 2) positive rotation 
about the x-axis, 3) negative rotation about the x-axis, 4) positive rotation about 
the y-axis, 5) negative rotation about the y-axis, 6) raised along the z-axis. 32 
samples were taken across the workspace for each configuration.

Figure 6.4: T arge t A n tenna D eflections for C ollecting O ut-of-P lane C alib ra tio n  
D a ta

Similar to the robot, the target antenna tame was deflected in five out-of-plane 
configurations to achieve observability in three dimensions. Shown left to right 
are 1) nominal position, 2) positive rotation about the x-axis, 3) negative rotation 
about the x-axis, 4) positive rotation about the y-axis, 5) negative rotation about 
the y-axis, 6) raised along the z-axis. 32 samples were taken across the workspace 
for each configuration.

baseline calibration. The variance of the difference in magnitude of pseudolite position 
vectors from the two instances was 7.1 cm.

Possible sources of these errors (in order of suspected magnitude) are multipath, phase 
center variation, and phase polarization. Multipath is suspected to be the greatest contrib­
utor to calibration errors due to its dominating impact on the state estimation procedure 
(as noted in Chapter 4). Another indication was the visually observed behavior of the
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B 11 B 12 £13 j £14
X -0.131 0.149 0.138 -0.142
y -0.206 -0.204 0.203 0.196
z 0.735 0.642 0.723 0.639

Table 6.2: Robot Antenna Baselines

£11 £12 £13 £14
i -0.007 0.191 0.020 -0.175
y -0.176 0.006 0.186 -0.002
z 0.415 0.366 0.389 0.305

Table 6.3: Target Antenna Baselines

actual phase measurements compared to the predicted measurements as the vehicles were 
manually moved around to collect calibration data.

Phase center variation is a likely source of error for two reasons. First, the receiver an­
tennas frequently witnessed extreme zenith angles to the pseudolites whenever the antenna 
set was rotated out of plane. Second, the phase-center variation of the helical transmitter 
antennas may be fairly significant due to their highly directional design.

Circular polarization of the GPS signal represents a small, unmodeled contribution to 
the phase measurement. Modeling this effect was discussed in Section 4.3.4. It was not

<31 <32 Q3 <34 Q5 Q6
X 1.16 -3.00 -0.10 -2.80 1.22 -2.84
y 3.73 3.18 -0.23 -3.85 -4.00 0.01

1.85 2.02 2.25 2.22 1.87 2.23

Table 6.4: Pseudolite Positions (Computed with Robot Antenna Baselines)

Q i Q2 Q3 Q i Q 5 Q6
X 1.20 -2.99 0.00 -2.84 1.16 -2.91
y 3.73 3.17 -0.28 -3.80 -4.09 -0.03
2 2.23 2.07 2.35 2.01 2.05 2.16

Table 6.5: Pseudolite Positions (Computed with Target Antenna Baselines)
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included in this calibration scheme due to the added complexity versus the marginal gain 
in accuracy. As can be seen from Figure 4.23. the contribution of this effect is not very 
significant over the distance of the intra-vehicle phase difference.

The impact of the parametric error on the state estimation process was analyzed in 
the same manner as the bias error sources were in Section 4.3.4, that is, Monte-Carlo 
simulations were run for 200 cases with typical parametric error values. The results are 
shown histogramatically in Figure 6.5. The corresponding one-cr errors were 3.0 cm in 
absolute position, 1.1 cm in differential position, 0.19 deg in absolute orientation, and 0.09 
deg in differential orientation.

Other Suggested Calibration Approaches

The calibration approach used in this project worked reasonably well, but could be im­
proved. In particular, this approach was rather sensitive to bias errors due to the short 
baselines between antennas on each of the vehicles -  a given bias error will be a larger per­
centage of the measurement for a short baseline versus a long one. Two ideas are presented 
as possible ways to calibrate with longer baselines between receiver antennas.

Long Baseline Using Two Vehicles

There are a couple ways in which two vehicles could be used simultaneously for calibra­
tion. The calibration scheme could be modified to include the double-difference inter-vehicle 
phases. The calibration process would then require simultaneous estimation of all the base­
lines for both vehicles along with the pseudolite positions.

Although this would provide longer baselines between antennas, this method has two 
disadvantages. First, it would require the double-differenced phases to be differenced once 
more over time as a triple difference. This is undesirable, as it would amplify bias errors. 
Second, the process of moving both vehicles around on the table would make the data 
collection process all the more tedious.

Another idea for achieving longer baselines without the above drawbacks is to use one 
vehicle as a fixed reference with a direct connection to the receiver of the vehicle being 
calibrated in order to circumvent the need for double differences between receivers. Using 
this method, the master antenna input on the receiver of one vehicle would be connected 
to the master antenna of the other vehicle via a long cable. Samples would be taken for
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These plots show the relative likelihood of position and orientation errors of given 
magnitudes to occur due to calibration errors in the pseudolite positions and vehicle 
antenna baselines. The standard deviations for these errors are summarized in 
Table 4.4. The one-a band of each of these probability mass functions is delineated 
by the dark gray region.

distributed locations and antenna deflections of the calibration vehicle.

X -Y  Table

Accurate calibration of the pseudolite positions could be performed independent of the
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vehicle baselines with an X-Y table as shown in Figure 6.6. This type of system would elim­
inate the sensitivities exhibited by calibration approach 2, since the measurements would 
take place over longer baselines. This type of mechanism could be equipped with actuators 
and encoders to automate the data taking process and eliminate the need for an overhead 
vision system to measure the location of the antennas in the workspace. Perhaps an even 
more useful application of this type of system would be to accurately map the phase pattern 

over the entire workspace volume.

Moveable Anteim;

Fixed Antenna

Figure 6.6: X -Y  Table C alib ra tion  M echanism
An X-Y table could help automate the data-taking process for calibration, as well as 
permit mapping of the phase patterns of each pseudolite over the entire workspace.

6 .1 .1  Line B ias C alibration

The line biases are differences in signal-path lengths from the antennas to the sampling 
point inside the receiver. By including line biases in the measurement equation (3.2), it 
can easily be shown that only the intra-vehicle phase differences (3.3) are affected by these 
biases. Additionally, only the difference in line biases between the master antenna and each 
of the slave antennas needs to be known.

With this in mind, a simple method for measuring the line bias differences was arranged 
as shown in Figure 6.7. In this scheme, the input of a signal splitter was connected directly to
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a pseudolite. one splitter output was connected to the master antenna input of the receiver 
and the other was connect to one of the slave antenna cables. Single-difference phase 
measurements were collected for one minute, and then the a second set of measurements 
was taken with the splitter outputs switched. Switching the splitter outputs eliminated 
any path-length differences inside the splitter devices itself. Both sets of measurements 
were averaged to produce the line-bias difference between the master and slave antenna. 
This approach assumes that the path lengths within the receiver antennas themselves are 
the same, which is a reasonable assumption in comparison with other sources of bias error 
within the system. Calibration of line biases between vehicles is unnecessary, as the line-bias 
terms simply cancel out of the the inter-vehicle second-difference equations.

GPS Receiver LineO 
i master J

GPS Receiver

Pseudolite
LioeO
(master)

Pseudolite

Splitter t— O o Splitter

0  1
ocx 2

Lmc 1
i n

Measurement 1 Measurement 2

Figure 6.7: L ine B ias C alib ration  Schem e
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Chapter 7

Conclusions

This chapter presents a summary of the main achievements of this thesis and then extends 
these to ideas for future directions. Some practical issues are first addressed, including what 
needs to be done to  bring this technology to operational systems and how system reliability' 
and performance may be improved. Second, the author presents thoughts on applying the 
“Systems Engineering Design Philosophy,” a strongly held tenet of the Stanford Aerospace 
Robotics Lab, to modular open-architecture GPS receivers. Finally, some musings on future 
GPS systems that may evolve from current technologies axe presented.

7.1 Sum m ary and Conclusions

The goal of this thesis was to develop a means for sensing robotic vehicles in three dimensions 
in space. The system requirements for operational space robot systems were presupposed to 
exist in exemplary tasks, including autonomous rendezvous and formation flying, carried out 
on a laboratory prototype system. These tasks were performed by using GPS in an entirely 
new way in a well-controlled indoor laboratory' environment. This new approach to using 
GPS could serve as a basis for augmenting XAVSTAR GPS for operational space systems 
such as the International Space Station. This approach also introduces the possibility of 
using GPS in unprecedented application areas such as automated manufacturing.

The contributions of this thesis were discussed in Section 1.5. The contributions are 
summarized pictorially below. At the highest level, this thesis defined a new GPS-like po­
sitioning system designed to work indoors. Theoretical and technical distinctions between 
the two systems were made. Many of the differences were due to the differences in proximity
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of the transmitters to the receivers, and thus the two systems were referred to as far- and 
near-constellation GPS. The near-constellation positioning system was employed to exper­
imentally demonstrate autonomous rendezvous between two prototype space vehicles. The 
capabilities afforded by the near-constellation system indicate that pseudolite-augmentation 
of the NAVSTAR GPS could greatly benefit operational space vehicles, particularly in sit- 
uatations in which multiple vehicles need to interact.

Figure 7.1: Fundam en ta l U n d erstan d in g  o f D istinction B etw een  Feu:- and N ear- 
C onste lla tion  G PS

The diagram of Figure 7.3 shows the connectivity between the research issues raised 
by the objectives of this thesis versus the specific contributions. These are summarized as 
follows:

Spherical Wavefront -  The close proximity of the transmitters to the receivers nullified 
the planar wavefront assumption usually made for a far-constellation system. This was 
addressed by forming a new non-linear mapping of carrier phases to vehicle states. This 
mapping approaches those used for far-constellation systems in the limit as the pseudolite 
locations are moved to infinity.

No Pseudo-range -  Attainable pseudo-range accuracies were not sufficient to provide 
useful information at the scale of the experiment, so they were not used. The lack of 
information was addressed by the new theoretical model, which incorporated carrier-phase 
measurements only. This also affected how the GPS measurements were integrated with
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Figure 7.2: F irs t E xperim en ta l D e m o n s tra tio n  o f A utonom ous R endezvous Using 
G P S  as th e  O nly Sensor

the real-time controller, and the method used to synchronize independent receivers. Since 
the pseudolites were hand-mounted above the perimeter of the workspace, new calibration 
techniques had to be devised to determine their locations, as well as the baselines of the 
receiver antennas.

Asynchronous Transmitters -  In the interest of low cost and simplicity, the pseudolites 
were not synchronized. This was addressed in the theoretical model which used double- 
differenced phase measurements and a new time-bias computation algorithm to eliminate the 
transmitter time errors. One specific pseudolite was designed to broadcast the 50 bits/sec 
GPS data message and was designated as the “true-time” reference. The receiver’s firmware 
algorithms were then modified so they would synchronize with the master pseudolite’s signal.

Near-Far Problem -  This issue was addressed by the helical antenna design, which 
permitted empirical adjustment of the beam width until the receivers maintained lock over 
the majority of the workspace. It was also suggested that pulsed pseudolites could be used 
to alleviate the near-fax problem.

High Multipath Environment -  The helical antenna design also helped alleviate multipath 
by reducing the amount of the signal reflected from walls. In addition, a method was 
presented for mitigating multipath effects by limiting the amount a measured signal could 
vary from that anticipated by a model-based predicted value.
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Research Issues Specific Contributions

Spherical Wavefront
k  X

New Theoretical Model

LOS? LOS?

Pseudo-range 
(x, y, z, t)?

No Pseudo-range
Integration of GPS with Control

Calibration TechniquesAsyncronous Transmitters

'E S 2I
Receiver I Receiver 2

Receiver SyncronizationAP

Near-Far Problem

Custom-Designed Helical Antenna

n-

Multipath MitigationHigh Multipath Environment

Figure 7.3: Connectivity Betw een Research Issues and Thesis Contributions
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7.2 Future Research

As is often the case with basic research, this thesis project has raised a number of new 
ideas and issues that were completely unanticipated at the onset of the work. Two areas 
to be particularly fertile for future research: the use of GPS for indoor systems, and the 
use of GPS for real-time control. Throughout the duration of this research the author 
has received dozens of inquiries regarding the applicability of GPS to robotic systems, 
ranging from automated harvesters to hazardous waste remediation robots. Some of these 
systems are to operate indoors while others are to work within well-defined boundaries 
outdoors. In either case, pseudolite-only or pseudolite-augmented GPS sensing could be 
applied, although each application would require a  custom-designed system. This section 
presents ideas on how GPS-like systems could be specifically tailored to indoor applications 
and also presents considerations on how GPS could be made more readily available to the 
rapidly growing community of engineers interested in using GPS for real-time control of 
autonomous vehicles.

7.2.1 Indoor G P S  S ystem s  

Fundamental Im provem ents to  GPS Sensing

This thesis presented the first working indoor GPS-based sensing system, and as such several 
areas were identified for improving this baseline system. Chapter 4 presented analyses of 
stochastic-noise and bias error sources. Each of these analyses concluded with suggestions 
for reducing the errors incurred by each source. Chapter 6 discussed calibration methods, 
and a new one that is less sensitive to measurement noise was discussed. This new method 
could be implemented to better calibrate the system. Chapter 5 showed in simulation 
a method for initializing the system using only GPS measurements. This or a similar 
technique could be implemented to remove the dependence on the overhead vision system 
for initialization. These suggestions, along with a few others, are prioritized below according 
to which might have the greatest benefit to the overall system.

1. Reduce multipath -  Strong evidence suggests th a t multipath is the largest error source 
in the system. Several methods for addressing this were suggested in Chapter 4. It 
would also be useful to conceive of a more rigorous way to quantitatively measure the 
multipath effects.
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2. Reduce antenna pattern effects -  This includes incorporating polarization and phase 
center variation effects in the implemented model. Closer analysis of antenna near­
field pattern effects would be useful, and could potentially become a thesis topic for 
an electrical engineering student concentrating in electromagnetics and high-frequency 
design -  an area somewhat outside the robotics and controls expertise in ARL.

3. Implement Motion-Based Initialization -  This would demonstrate complete indepen­
dence of the GPS sensor.

4. Attempt to Incorporate Pseudorange -  Use of pseudo-range could substantially im­
prove the robustness of the overall system, but would require significant modification 
to the current system. First, the receivers would have to be upgraded to a more 
capable design capable of resolving pseudorange down to less than a meter. Such 
a receiver would require features including a  higher internal sampling rate, higher 
resolution correlators, and perhaps more channels1. Second, the pseudolites would 
have to be synchronized. This could potentially be achieved by connecting all of the 
transmitters to one common oscillator. Care would have to be taken to account for 
transmission delays, impedance matching, signal loss along the line, and noise isola­
tion. Finally, the measurement algorithms (and implementation) would have to be 
modified to include the pseudo-range measurements.

5. Use Pulsed Pseudolites -  The use of pulsed pseudolites [10] could potentially eliminate 
the near-far problem, and hence reduce the frequency of integer hand-off incurred by 
pseudolite signal loss/gain.

6. Implement New Calibration Method -  More accurate calibration of the pseudolite 
positions and the receiver antenna baselines could result in a noticeable improvement 
in the absolute position measurements.

Indoor-Specific Sensing Systems

There is no fundamental reason why an indoor GPS-like system need be constrained to GPS 
frequencies. In fact, frequencies in the electromagnetic spectrum could be used with fewer 
regulations in an enclosed building than in an open environment. A multi-frequency system 
might consist of a radio-wave frequency component, a microwave frequency component

Trimble Navigation’s latest 12-channel Force receiver may meet these needs, but at a cost
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(GPS), and a light-wave component. The lowest frequency would be used to maintain 
lock when the other signals are blocked by physical structures in the environment. The 
intermediary frequency would be used to resolve positions to the several-centimeter level, 
while the light-wave component could improve the accuracy to the sub-millimeter level. Such 
a system would differ from light-wave-only systems in that it would operate homogeneously 
throughout the workspace, in comparison w ith laser-based systems which operate only in 
very-specific workspace locations.

Another possibility is to use a dedicated frequency for each transmitter (FDMA - Fre­
quency Division Multiple Access), rather than  using spread-spectrum techniques (CDMA - 
Code Division Multiple Access) 2. This will effectively eliminate the near-far problem asso­
ciated with spread-spectrum techniques, and thus increase the size of the usable workspace.

7.2.2 G P S  for R eal-T im e C ontro l

There are two large and predominantly disparate communities that are just starting to 
merge technologies -  the GPS community and the real-time automated systems community. 
The former has great experience in radio-frequency design and application-specific embed­
ded control, while the latter is more experienced with complex multi-sensor autonomous 
real-time apparatus, such as robotics. Each of these can greatly benefit from the other. 
Bringing the two together will enable systems with unprecedented capabilities, including 
autonomous spacecraft, aircraft, automobiles, and mining and harvesting equipment.

It is not possible for the GPS equipment manufacturers to conceive of all the possible 
applications of this technology -  the real-time automated systems community is the end- 
user, and will drive the product requirements. GPS equipment manufacturers will have to 
either be extremely flexible and capable of customizing products to suit diverse applications, 
or choose very specific market niches.

It is suggested here that GPS equipment manufacturers could support a very broad 
market with a  modular open-architecture receiver. Such a receiver would largely be used 
within the research community and would allow users to tailor the functionality to their 
needs at any level. In turn, the new capabilities developed by the research community could 
be refined and incorporated into new products by the GPS equipment manufacturers.

2GLONASS, the Russian equivalent of GPS, is an FDMA system wherein each satellite transmits on its 
own dedicated frequency.
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To date, the GPS receiver has primarily been developed as a stand-alone peripheral 
device. In contrast, new applications require close coupling between the GPS receiver 
and other components in the system, including the control computer and other sensors. 
An open-architecture receiver will permit the real-time automated systems developers to 
obtain information at any level from the GPS receiver, down to the raw measurables of 
the GPS signal. A modular, open-architecture would not only make it easier for outside 
users to integrate their custom systems, it would also simplify the manufacturer’s internal 
maintenance and development.

The terms “modular” and “open-architecture” are popular buzz words in the engineering 
community, so the following sections are provided to clarify what is meant by these terms.

M odular Open-Architecture Receiver

The modular open-architecture receiver is comprised of a computer running a real-time 
operating system, a single-board GPS module (or set of modules) that plugs into the com­
puter’s expansion ports, and software to control the GPS hardware and interface to the 
user’s application. The user’s application may reside on the same processor as the GPS 
receiver software, or it could reside on a separate computer and communicate via direct 
memory access to the processor running the GPS code, depending on the processing re­
quirements of the application. Receivers designed along these lines are just starting to gain 
attention in the GPS community [49], [44].

Modular Hardware

The basic building block of the GPS receiver is a single channel consisting of an RF front- 
end and a signal correlator that can track a  single satellite. The user adds channels (or 
blocks of channels) by merely plugging hardware modules into standard computer expan­
sion ports (such as PCI, S-BUS, or VME). This could be likened to adding more memory to 
one’s computer by adding Serial In-line Memory Modules (SIMMS). Typical applications 
currently use only six channels. It is not unrealistic for future applications to require a 
hundred channels or more3. Modules should be capable of synchronous operation via a

3As an example, imagine a system that must track full ranges of motion in three-dimensions in space. 
This would likely require a minimum of eight antennas distributed around a spacecraft, times twelve channels 
per antenna (without antenna multiplexing channels), which totals 96 channels.
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common oscillator and antenna input lines should be readily shared between modules. 

Modular Software

The dominant issue for read-time autonomous systems (such as autonomous mobile robots) 
is software complexity management. The software on these systems must typically integrate 
several diverse sensors, actuators, and control algorithms. As a result, the industry has pro­
duced modular software architectures for managing these complexities [38]. High-end GPS 
receivers have reached the level of sophistication that they should be developed in a similar 
manner to these real-time autonomous systems.

Modularization of GPS receiver software requires thoughtful separation of the func­
tionality of different levels of code, with clean and concise interfaces between each. For 
example, signal processing should be clearly separated from higher-level navigation code, 
and data-communication code (to external devices) should likewise be separate.

Use of industry standards and commercial products will lead to well-designed, modular 
software. Therefore, industry standards and commercial products should be used as much as 
possible. The receiver code should be built upon a flexible, efficient, and capable commercial 
real-time operating system and programmed in a high-level language. Using a  standard real­
time operating system and programming in a high-level language has several advantages 
over using in-house real-time operating systems and coding in assembly language:

• High-level code and commercial operating systems will remove dependency on any 
particular type of microprocessor. Upgrades to newer, more capable processors will 
be trivial. A greater customer base can be supported as well. For example, with the 
number of emerging space applications, the ability to port GPS receiver software to 
radiation-hardened space-qualified processors will be critical. Well-designed software 
should require little more than re-compilation for the new processor.

• A standard real-time operating system will enable deterministic sample rates, rather 
than polled or “as computed” results. This is a necessary feature of any sensor used 

in discrete-time control.

• Engineers within the GPS product development group will have a greater understand­
ing of the whole product (beyond their individual area of contribution), since it will 
be easier to read and understand other engineers’ code.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7. CONCLUSIONS 134

• Members of the engineering community as a whole are more likely to be familiar with 
commercial operating systems and high-level programming languages. Use of these 
standards will reduce the learning curve for new employees who must maintain and 
build upon products they did not originally design.

These recommendations are not without counter arguments. It may be claimed that code 
based on a high-level language will be slow. This claim is generally unfounded given today’s 
compilers which can optimize code -  sometimes better than a hand-coded assembly language 
program. This is especially true for RISC architectures which do not lend themselves well 
to hand-coded assembly language.

Use of a commercial operating system will incur the cost of royalty fees on each product 
sold; however, this should be weighed against the cost of design, maintenance, and upgrad- 
ability of an in-house real-time operating system. There has traditionally been concern 
about the kernel size of a full-blown commercial real-time operating system; however, the 
leading commercial real-time operating systems can currently be tailored to a minimum 
kernel size for embedded controllers.

The stated benefits address the issue of complexity management. Hardware is inex­
pensive and growing ever more capable and cheaper. The greater cost exists in constant 
engineering re-design due to system complexity.

Open Architecture

The purpose of an open architecture is to offer the user complete flexibility in use of the 
product. The user has access to all interfaces and the relevant portions of the source code. 
In this way, the customer can tailor existing code to his or her particular application.

For example, suppose an aerospace company wanted to purchase a commercial GPS 
receiver for use in satellite navigation. The receiver, perhaps designed for land use, would 
perform better if algorithms such as GPS satellite searching strategies were modified for 
conditions on orbit. With an open-architecture receiver, the aerospace company could use 
its own in-house experience to modify the code as necessary. These modifications could in 
turn be re-sold to the GPS receiver manufacturer and introduced as a new product. With 
a closed-architecture receiver, the GPS receiver manufacturer would have to dedicate its 
own workforce, not necessarily experienced in the area of interest, to make the necessary 
modifications.
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The idea of openly distributing proprietary technologies, in particular software, is coun­
terintuitive in the realm of traditional business strategy, but has been demonstrated as a 
powerful strategy in not-so-traditional high-tech markets. Companies that have success­
fully adopted open-architecture schemes include Mathworks (MatLab numeric computation 
and visualization software) and Sun Microsystems (SPARC workstation and Network File 
System) [28]. The essential feature of an open architecture is that it enables a  company to 
virtually “employ” the entire community of customers using its product.

A Modular Open-Architecture Receiver Designed Using ControlShell

One approach toward modularizing receiver code would be to use commercially available 
Computer Aided Software Engineering (CASE) tools4. The diagrams shown in Figures 7.4 
and 7.5 provide an example of how a GPS receiver could be designed using ControllShelL 
Using this tool, the engineer graphically designs system software. Each block in the diagram 
represents a “C + + ” software component (an instance of a “C + + ” class), and the connect­
ing lines are signals communicated between each module. The components shown in these 
diagrams actually perform the lowest level functions of a real GPS receiver -  establishing 
code and carrier lock for a single channel.

The first diagram is a finite-state machine which manages the mode of the feedback 
control loop for locking on to the signal. The second diagram is the feedback control loop. 
The goal of the process is to simultaneously track the C/A  code and carrier phase. The 
progression of the control modes is visually apparent from the state diagram. The process 
begins in an open search mode in which the receiver searches in broad sweeps over the space 
of carrier frequency versus C /A  code phase until it finds a significant correlation. At this 
point the state transitions to a new mode of control (Find_Corr JPeak) to find the peak of 
the correlation by fine-adjusting the code phase at a fixed frequency. Once this process finds 
the code phase that produces a maximum correlation value, it transitions to yet another 
mode of control in which the internally-generated carrier frequency is fine-tuned to match 
the frequency of the incoming signal (AutoJFreq.Control). A final mode of control is then 
entered to simultaneously maintain lock on the code and carrier phase. The state diagram 
also shows how the system reverts back to the coarse modes of control whenever tracking is

■* Examples include Real-Time Innovation’s ControlShelL Math Work’s Simulink, Integrated Systems’ Sys­
tem Build and National Instrument’s LabView(R)
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lost. The entire control loop is executed on the order of 1 kHz and is trigger by the epoch 
interrupt for the given channel.

The feedback control loop shown in the second diagram collects raw measurements from 
the hardware module via a  device driver component. These measurements are then passed 
through one of four control algorithms, depending on the state of the system. The updated 
command signal for both the code phase and carrier frequency are then fed back to the 
hardware device driver component. Higher-level code may generate signals such as Doppler 
measurements (feed-forward carrier frequency and feed-forward code phase) to assist the 
control algorithms. The entire control loop is executed at 1 kHz and is triggered by the 
epoch interrupt for this particular channel.

This approach to software design addresses the issue of complexity management, with 
advantages that include:

• The diagram is the code -  The software design is explicit and easy to understand at 
a glance. Greater detail can be obtained by looking inside any particular component 
to view its implementation algorithm.

• The design is self documenting -  Any changes to the design immediately show up 
in the diagram, and therefore little or no additional effort needs to be dedicated to 
documentation.

• Implementation can be changed without modification of interfaces -  The algorithms 
inside components can be modified without changing overall interface. For example, if 
an engineer designed a new algorithm for searching over the C/A code phase/carrier- 
frequency space, the algorithm could be incorporated by merely updating the code 
within the Open_Freq_Search component, without affecting the overall appearance 
or function of the rest of the design. As another example, if the physical hardware 
module were to change (perhaps another vendor’s hardware were to be used), the code 
could be updated by merely replacing the Hardware_Module_Device JDriver component 
with a new one that handles the new hardware, again without affecting the rest of 
the design.

• Ease of adding more channels -  The diagram can merely be duplicated to add more 
channels to the overall system.
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• Hierarchical separation of software is easily attained -  Higher-level software, such as 
navigation algorithms, can easily build upon lower-levels by creating new software 
diagrams. Additionally, process timing is maintained by the underlying real-time 
operating system.

This basic building-block design has been developed and run in simulation by artifi­
cially generating the measurements that the Hardware_Module_Device_Driver would nor­

mally produce. Addition of a real hardware module and higher-level navigation code could 
more thoroughly prove this design concept.

r
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Found.Corrt t t ioo
Found _P«aJc
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Figure 7.4: Single-Channel C ode- an d  Phase-L ock S ta te  D iagram

This finite state machine controls the signed processing feedback loop for locking 
on to C/A code and carrier phase. Transitions from one state to another change 
the mode of control in the feedback control loop. Transitions are induced whenever 
a particular mode of control achieves its goal. For instance, the mode of control 
switches Grom FincLCorrelationJPeak to AutomaticJrequency-Control whenever a 
correlation peak is detected.
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flnd Corr.feak

Figure 7.5: S ingle-C hannel C ode- and  Phase-Lock C o n tro l Loop
This control loop diagram shows the Bow of data through the system, from the 
measurement at the hardware module (via the HardwareJvfoduieJDeviceJDriver), 
through the control algorithms, then fed back as command signals to the hardware 
module. The various modes o f control are switched by the finite state machine 
shown in the previous diagram.

In teg ra tio n  o f G PS R eceiver w ith  C o n tro l A lgorithm s

The open-architecture receiver design would permit tighter coupling between system control 
algorithms and the physical hardware, since both the receiver software and the control- 
algorithm software could reside on the same processor. This will not only enable the control 
algorithms to interact directly with the raw measurables, but will also reduce communication 

delays between the controller and the sensor.
One example of how this tighter coupling could be advantageous is in the direct feed­

forward of the controller’s acceleration commands to the GPS receiver’s phase estimator. 
For instance, the controller knows when it is turning on an actuator, such as a thruster, and 
the effect of this on the physical plant can be predicted by the plant dynamics. The predicted 
effect can then be mapped to a corresponding expected phase velocity and acceleration. This
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can then be fed-forward into the receiver’s phase lock loop to maintain seamless phase lock, 
even when the controller’s commanded accelerations are very large.

Integration of GPS Receiver w ith  Other Sensors

GPS offers a new approach to sensing quantities that have traditionally been measured with 
other instruments, such as accelerometers, compasses, lasers, and even cameras, to name 
a few. GPS sensors can augment these sensors to form a more robust system. Again, an 
open-architecture receiver design would permit direct integration of these instruments with 
the receiver’s phase-lock control loops.

Accelerometers, rate gyros and compasses could be used to maintain navigation for 
periods of signal block-out due to satellite occlusion. Montgomery [27] has demonstrated 
the ability to seamlessly re-gain GPS signal lock after a short period of occlusion by using 
rate gyros to compute solutions through the block-out period.

Other instruments such as laser interferometers and cameras could be used for fine- 
resolution control after GPS has situated the instruments into positions that are within 
their useful range. For example, after the main experimental objectives of this thesis were 
completed, the robot vehicle was retrofitted with a local camera that could sense both the 
robot’s manipulator endpoints and the target vehicle. Since the camera is located on-board 
the vehicle, it cannot sense the target until the target is within less than half a meter in 
range. It was relatively straight-forward to demonstrate a combined GPS-receiver/local- 
camera sensing system in which the GPS sensor was used as a macro sensor to measure 
relative locations until the target was within range of the local camera. The local camera 
was then used to perform the final grasping of the target. This combined sensing system 
proved to have a capture success rate of nearly 100%, which was more reliable than the 
GPS-only system initially demonstrated. Additionally, the configuration of these sensors 
is very realistic for an operational space vehicle, as GPS could be used as a macro sensor 
for navigation, while a local camera could be used for fine manipulation of objects in the 
immediate vicinity of the robot.
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7.3 Space Flight System  Considerations

Applications o f G PS to  the International Space Station

The idea of using a  near-constellation positioning system to supplement NAVSTAR GPS for 
navigation around the International Space Station was briefly discussed in the introduction. 
The concept is to place pseudolites in various locations around the station to aid vehicle 
navigation around the structure, as shown in Figure 7.6. The reasons for augmenting the 
NAVSTAR system are threefold.

• It will increase the number of measurements that a  GPS-guided vehicle can use to de­
termine its position relative to the station, especially in cases in which the NAVSTAR 
satellites are occluded by the space-station structure itself.

• It will enable the station to serve as a differential reference station. The pseudolite 
beacons on the station could combine the functions of a receiver and a transmitter, as 
initially demonstrated by Cobb [10], and thus directly provide differential measure­
ments with respect to the station.

• It will provide much better geometric resolution for use of differential carrier phase 
measurements. That is, a set of local transmitters will make it possible to use differ­
ential carrier phase measurements for centimeter-level positioning by enabling initial­
ization of integer cycle ambiguities as the vehicle moves around the station.

Although the physical configuration is different, the concepts are very similar to those 
being pursued by the Federal Aviation Administration for landing aircraft using a Local 
Area Augmented System (LAAS). The goal of LAAS is to augment NAVSTAR GPS with 
ground-based pseudolite integrity beacons in order to enable FAA category III landings0. 
With such a system in place, the shuttle could be “automatically landed” (docked) to the 
station, as could autonomous supply and maintenance vehicles. Issues such as the near-far 
problem could be resolved with pulsed pseudolites, as described in [10].

5FAA category III requirements are the most stringent, and require knowledge of the aircraft's position 
to less than a third of a meter.
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Figure 7.6: T he International Space Station Outfitted w ith  a Near-Constellation  
Positioning System

This diagram shows how pseudolites might be added to the International Space 
Station to augment the NAVSTAR GPS. The addition of such a system could 
greatly improve the accuracy and robustness of GPS-guided vehicles in the vicinity 
of the station. The spheres show the effective wave front emanating from each of 
the pseudolites. Pulsed pseudolites might be used to extend the useful range of each 
pseudolite signal to well beyond the size of the station structure. Original photo 
courtesy NASA

LEO R endezvous

The experiments demonstrated in this thesis used pseudolites exclusive of NAVSTAR GPS 
satellites. A comparable rendezvous procedure in space would be performed with NAVS­
TAR satellites exclusive of pseudolites, unless one of the vehicles carried its own pseudolite 
transmitter (or transmitters). The motivation for this is that it is extremely unlikely one
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could resolve the cycle ambiguities between the two vehicles without an additional local 
signal to provide observability of the relative motion between the two vehicles. The con­
cept of outfitting vehicles with transmitters as well as receivers has much potential and is 
discussed further in the following section.

M ulti-vehicle Spacecraft Formations

Multiple space vehicles flying in a controlled formation can perform spatially-distributed 
science missions without the need for interconnected spacecraft. With kilometer-length 
baselines between vehicles these spacecraft could collectively form a telescope capable of 
detecting planets in solar systems beyond our own. A self-contained GPS system would 
maintain formation of the spacecraft to a few centimeters, while a laser metrology sys­
tem would maintain precise alignment of the telescope’s optical components down to a few 
nanometers. The spacecraft would use these precisely aligned optical components to inter- 
ferometrically resolve the collected light from distant objects. A system similar to this has 
been proposed by Blackwood and Colavita [3] and is currently under investigation within the 
NASA New Millennium Program. Figure 7.7 shows a conceptual photo of a multi-vehicle 
cluster in deep space.

The means for sensing and aligning the formation would vary depending on whether 
the vehicles are in earth orbit where other spacecraft could aid the navigation, or in deep 
space where the spacecraft would have to maintain formation autonomously. In either case, 
GPS and/or GPS-derivative technologies could be employed to sense the relative positions 
of the spacecraft with respect to one another. Other sensors such as star-trackers could be 
incorporated to provide absolute attitude information, but GPS would still be necessary 
for relative positioning. The following discussion focuses on the situation in which no 
NAVSTAR GPS satellites are in range of the vehicle cluster. Some requirements of the 
GPS sensor include:

• Each vehicle must be able to transmit and receive GPS signals. There are several issues 
to be resolved regarding the configuration of the vehicles, including the minimum 
number of vehicles necessary to maintain an autonomous formation, the number of 
transmitting and receiving sources on each vehicle, the degree of observability of 
a given configuration, and the range of motion over which each vehicle can receive 
signals from and transmit signals to the other vehicles. These matters must be further
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Figure 7.7: A  M u lti-v eh ic le  Spacecraft C lu ste r For D eep-Space O bservations

Multiple vehicles could perform spatially-distributed science missions in deep space 
by using a GPS-based system for sensing relative positions to maintain formation.
Each vehicle would be equipped with GPS transmitters as well as receivers in order 
to establish formation.

analyzed and proven on laboratory prototypes before operational systems can be 
planned.

• Relative positions must be maintained to less than 1 cm accuracy and relative attitudes 
to less than 0.05 deg accuracy. These tolerances must be met in order to engage a 
higher accuracy laser metrology system for alignment of science instruments. The 1 
cm tolerance is based on an estimate of the control authority of the laser metrology 
system, and the 0.05 deg value is based on the maximum tolerable angular deviation 
to hit a 1 m target at a range of 1 km.
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• Clocks on each spacecraft must be automatically synchronized. In order to extract 
range information from the GPS signals, the signals must be broadcast simultane­
ously. The NAVSTAR GPS satellites achieve this through atomic clocks and periodic 
corrections of ephemerides from ground stations. The time bias of the clocks on all 
vehicles in the formation will need to be resolved continuously along with the position 

solution.

• The dynamic range of the GPS system must extend from approximately 1 m to 1 
km. Since all of the vehicles in the formation will almost certainly be launched as a 
single tightly packed cluster, the GPS system must function between the two extreme 
distances of near contact and the baseline of the fully deployed formation. This 
represents a dynamic range in power of 60 dB.

• The cluster of vehicles must have the ability to re-establish the formation if signal lock 
is momentarily lost. If any vehicle looses its place in formation, it will have to resolve 
the integer cycle ambiguities between itself and the other spacecraft. Techniques 
similar to those described in Chapter 5 could be used to re-establish the formation. 
For instance, an initial estimate of the stray vehicle’s location could be established 
simply through measured signal strengths, and then motions could be induced on the 
stray vehicle to collect phase measurements to resolve the integers.

• The formation must operate autonomously, with only high-level commands from earth. 
Large communication delays to the deep space cluster lead to the obvious conclusion 
that the formation will have to be commanded from a very high level. Commands 
would be issued in a manner similar to the way the robot was commanded in this thesis, 
with instructions such as “point at that star” and “increase spatial resolution”.

Resolution of the issues presented above will require a considerable amount of ground 
testing beyond theoretical analysis. The experimental apparatus used for this thesis could 
easily be modified and extended to serve as a proof-of-concept testbed for formation-flying 
spacecraft technologies. The greatest difference between the apparatus used in this thesis 
and the one currently under discussion is that the latter is completely self-contained, with 
no signals coming from external sources. This means that the pseudolite transmitters would 
have to be mounted on-board each of the vehicles.
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The GPS transceiver is a  recent innovation of the Stanford GPS Laboratory [10]. This 
device combines the functionality of a GPS receiver and a pseudolite transmitter and offers 
several advantages over separate transmitters and receivers6. There are fewer antennas 
since transmission and reception are time multiplexed on the same antenna. This reduces 
the number of line bias parameters that can drift out of calibration, as well as reducing the 
amount of uncertainty introduced by antenna phase center variation. Also, by combining 
transmitter and receiver hardware the number of clocks is reduced: thus there are fewer 
unknown clock biases. It is suggested that an autonomous self-regulating formation could 
be made feasible through the use of this type of device, and demonstrating a  procedure for 
doing this would have several fundamental contributions to the field.

GPS Antennas ■ Synchrolite
(4 per vehicle)

I |  ^aser Experiment f  j

Synchrolite 
Recei ver/T ransmitter

Figure 7.8: F o rm atio n  F ly ing  w ith  Laser R eflection E xperim en t

®The GPS transceiver has alternatively been referred to as an “omni-marker” and a “synchrolite” by its 
designers

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7. CONCLUSIONS 146

The Mars Positioning System  (M PS)

Logistic studies on robotic and manned missions to Mars indicate that the planetary nav­
igational requirements constitute a significant portion of the technical challenge [26]. It is 
conceivable that GPS-like systems could be employed to form the navigational infrastruc­
ture for on-going exploration of Mars. The system would essentially be an extra-planetary 
equivalent to NAVSTAR GPS, except the ground segment would consist of a number of 
GPS transceivers (or synchrolites) distributed across the surface of the planet. Placement 
of the system could be performed through a major, dedicated mission, or in increments as 
extended payloads on near-future rover missions.

The deployment of a system similar to NAVSTAR GPS around Mars would enable the 
exploration components of the mission to take advantage of well-proven navigational tech­
nologies used on earth. A nice feature of this system is that it could meet the navigational 
needs for several missions, both robotic and manned. In fact, the functionality of the sys­
tem could be incrementally tested as missions progress in sophistication from short-range 
robotic missions to long-range robotic missions to manned exploration.

A dedicated-deployment scheme for placing such a system in orbit around Mars is shown 
in the rudimentary diagram of Figure 7.9. Several launches would be required, and each 
launch would transport a number of orbiters and ground transceivers. Distribution of the 
orbiters and the ground transceivers would be accomplished by slightly modifying each 
of their trajectories while in transit to the planet. The orbiters and ground transceivers 
would communicate with each other, each providing an estimate of its own position and 
an estimate of the other components positions. After some period of time, the positions of 
all the components in the system would converge and the system could then be used for 
navigation by exploration vehicles.

A second method for deploying components of the Mars Positioning System would be 
to include GPS transceivers on near-future missions, including orbiters and rovers, such 
as NASA’s Mars Pathfinder. The orbiting transceivers could take advantage of the base­
line spacecraft’s bus for power and communication, while ground transceivers could be 
distributed as supplemental payloads on rovers.

The feasibility and cost of a Mars equivalent to GPS is an open research topic. An 
initial study might answer some basic questions:
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J ST*

Transit

Dispersal

Orbit

Figure 7.9: M ars Positioning System
This simple diagram shows the basic concept for placing a navigation system equiva­
lent to GPS in orbit around Mars. Such a system could address a significant portion 
of the technical challenges of Mars exploration missions. Clusters of orbiters and 
ground transceivers are launched simultaneously. The vehicles are then dispersed 
while in transit to Mars such that they achieve different orbits and ground locations. 
Once in place, the components communicate with each other to refine estimates of 
their locations and autonomously regulate their orbits.
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Figure 7.10: N A S A ’s Mars Pathfinder Mission
Future versions of NASA’s current Mars rovers could greatly benefit from a GPS-like 
navigation network around Mars. The navigation network would consist of ground- 
based and orbiting transceivers. Rovers might even potentially be used to deploy 
portions of the ground networks of GPS pseudohtes to form the navigational in­
frastructure needed for manned exploration. Photo courtesy NASA Jet Propulsion 
Laboratories

Can a system composed of several orbiting vehicles and ground transceivers actually 
converge on the proper locations of all components in the system? How well would 
the initial locations need to be known?

How many orbiters and ground transceivers would be needed?

What kind of accuracies could be expected from the system?

How could the system be launched?
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• Can the necessary distribution of ground transmitters and orbits be achieved?

• How would the transmitters be powered? Would solar energy suffice?

• How could redundancy best be afforded in the event of lost components?

• How would the communications network operate?

• How much would the system cost, especially in comparison with other proposed plan­
etary navigation methods?

The technology that makes the Mars Positioning System worthy of consideration is 
the GPS transceiver. Advances in this technology will come about as earth-based GPS 
systems become more autonomous. Also, work towards reducing the maintenance costs 
of NAVSTAR GPS may eventually lead to a completely autonomous, self-regulating GPS 
system in earth orbit, from which an equivalent autonomous Mars Positioning System could 
be derived.
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Near-Constellation in the Limit

This appendix demonstrates the generality of the parametric representation used in this 
thesis by showing that the fundamental measurement equations for the Near-Constellation 
system are equivalent to those for a Far-Constellations system in the limit as the transmitters 
are moved out to infinity.

Incoming
Signals

x, b

SlaveMaster

Figure A.l: V ariable D efin itions for L inear F ar-C onste lla tion  S ystem
This diagram shows the relationship between the measurements, the known param­
eters, and the unknown variables. A6 and s are the measured differential carrier 
phase and line-of-sight unit vector to the satellite, b is the known baseline between 
the master and slave antennas in the vehicle frame, R is the unknown attitude of 
the vehicle, and x is the unknown baseline in the inertial frame.
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Figure 3.4 shows the variable definitions for the Near-Constellation situation and Fig­
ure A.l shows the definitions for the Far-Constellation system. To achieve the analogous 
situation between Figure 3.4 and Figure A.1 it is assumed that the origin of the vehicle 
frame and the center of the master antenna are coincident.

The intra-vehicle single-difference phase measurement equation for the Far-Constellation 
situation is given by:

A <j>pc — sTx = sT Rb

The single-difference phase measurement equation for the Near-Constellation situation 
is given by:

A<fiNC =  I (P  +  Rb) - Q \ - \ P - Q \

The objective is to show

lim A <f>Nc =  sT Rb
\P—Q\—*oo

where

-t = (p -Q?
\p - Q \

This can be simplified to showing:

Ta
lim la +  61 — lal =  7 - 7 6  

|o|—»oo' |a |

Proceeding:

(a + b)T (a + b) aTa (a + b)Ta (a + b)Tb aTa
a  +  6 — a  =  -------;-------—--------------- ;—r- —----—:------r;----- 1------ ;---- —— ------ :——|a +  6 | |a| |a +  6 | |a -f 6 | |a|

Taking it to the limit |a| -» oc:

_  aTa aTb aTa _  aTb
|a| ‘ r  |aj |a| |a|

QED.
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M aple Equations

The following is a  list of Maple equations that describe the Phase-to-State mapping algo­
rithm for the 3D reduce-dynamics case. These equations were directly converted to “C” 
code and used both in simulation and experiments. These Maple equations were generated 
from Matlab scripts which handled automatic indexing of all the variables. Implementa­
tion of the other algorithms derived in this thesis, including the 2D-EKF phase-to-state 
mapping, initialization and calibration schemes, were implemented in similar ways.

vith(linalg) : 
readlib(C ): 

readlib(cost): 
readlib(optimize): 
mag := proc(a, b);

((a[1,1]-b[1,1])“2 + (a[2,1]-b[2,1])“2 + (a[3,l]-b[3,i])“2)“(l/2) ; 
end:
# Antenna baseline vectors, axial directions, and orientation matrices
Bll = matrix(3, 1, [bllx, blly, bllz])
All = matrix(3, 1, [0 , 0, l]);
B12 = matrix(3, 1, [bl2 x, bl2 y, bl2 z])
A12 = matrix(3, 1, [0 , 0, l]);
B13 = matrix(3, 1, [bl3x, bl3y, bl3z])
A13 = matrix(3, 1, [0 , 0, l]);

152
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B14 := matrix(3, 1, [bl4x, bl4y, bl4z]);
A14 := matrix(3, 1, [0, 0, 1]);
PI := matrix(3, 1, [plx, ply, plz]);
R1 := matrix(3, 3, [[1 - 2*el2*el2 - 2*el3*el3,
2*(ell*el2 - el3*el4),
2*(ell*el3 + el2*el4)],
[2*(ell*el2 + el3*el4),
1 - 2*ell*ell - 2*el3*el3,
2*(el2*el3 - ell*el4)],
[2*(ell*el3 - el2*el4),
2*(el2*el3 + ell*el4),
1 - 2 *ell*ell - 2 *el2 *el2 ]]);

VI := matrix(3, 1, [Q2EAl*ell, Q2EAl*el2, Q2EAl*el3]);
# Antenna positions
Pll := add(Pl, multiply(Rl, Bll));
P12 := add(Pl, multiply(Rl, B12));
P13 := add(PI, multiply(R1, B13));
P14 := add(Pl, multiply(Rl, B14));

# Pseudolite positions
Q1 := matrix(3, 1, [qlx, qly, qlz]);
Q2 := matrix(3, 1, [q2x, q2y, q2z]);
Q3 := matrix(3, 1, [q3x, q3y, q3z]);
Q4 := matrix(3, 1, [q4x, q4y, q4z]);
Q5 := matrix(3, 1, [q5x, q5y, q5z]);
Q6  := matrix(3, 1, [q6 x, q6 y, q6 z]);
# Phase measurement equations
# vehicle 1 , antenna 1 , pseudolite 1 : 6

philll := mag(Pll,Ql) + Tvl+ det(multiply(transposeCVl),All)
phill2 := mag(Pll,Q2) + Tvl+ det(multiply(transpose(Vl),A11)
phill3 := mag(Pll,Q3) + Tvl+ det(multiply(transpose(VI),A11)
phill4 := mag(Pll,Q4) + Tvl+ det(multiply(transpose(VI),All)
phill5 := mag(Pll,Q5) + Tvl+ det(multiply(transpose(VI),A11)
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phill6  := mag(Pll,Q6 ) + Tvl+ det(multiply(transpose(Vl),All));

# vehicle 1 , antenna 2 , pseudolite 1 : 6

phil21 := mag(P12,Ql) + TV1+ det(multiply(transpose(Vl) ,A12)) ;
phil22 := mag(P12,Q2) + Tvl+ det (multiply (transpose (VI) ,A12)) ;
phil23 := mag(P12,Q3) + Tvl+ det (multiply (transpose (VI) ,A12)) ;
phil24 := mag(P12,Q4) + Tvl+ det (multiply (transpose (VI) ,A12) ) ;
phil25 := mag(P12,Q5) + Tvl+ det(multiply(transpose(Vl) ,A12)) ;
phil26 := mag(P12,Q6) + Tvl+ det (multiply (transpose (VI) ,A12)) ;

# vehicle 1, antenna 3, pseudolite 1:6
phil31 := mag(P13,Ql) + Tvl+ det(multiply(transpose(Vl) ,A13)) ;
phil32 := mag(P13,Q2) + Tvl+ det (multiply (transpose (VI) ,A13)) ;
phil33 := mag(P13,Q3) + Tvl+ det(multiply(transpose(VI),A13)); 
phil34 := mag(P13,Q4) + Tvl+ det(multiply(transpose(VI),A13)); 
phil35 := maig(P13,Q5) + Tvl+ det(multiply(transpose(Vl) ,A13)) ; 
phil36 := mag(P13,Q6) + Tvl+ det(multiply(transpose(VI),A13));

# vehicle 1, antenna 4, pseudolite 1:6
phil41 := mag(P14,Ql) + Tvl+ det(multiply(transpose(Vl) ,A14)) ; 
phil42 := mag(P14,Q2) + Tvl+ det (multiply (transpose (VI) ,A14) ) ;
phil43 := m£Lg(P14,Q3) + Tvl+ det (multiply (transpose (VI) ,A14) ) ;
phil44 := mag(P14,Q4) + Tvl+ det(multiply(transpose(Vl) ,A14)) ; 
phil45 := mag(P14,Q5) + Tvl+ det(multiply(transpose(Vl) ,A14)) ;
phil46 := mag(P14,Q6) + Tvl+ det (multiply (transpose (VI) ,A14)) ;

# Eliminate clock errors
# 1) First differences between master ant. and slave ant. on vehicle
# 1 , for pseudolites 1 : 6  

Dphil2 1  := philll - phil2 1 ;
Dphil22 := phi112 - phi122;
Dphil23 := phi113 - phi123;
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Dphil24 = phi114 - phi124
Dphil25 = phill5 - phil25
Dphil26 = phi116 - phi126
Dphil31 = philll - phil31
Dphil32 = phi112 - phi132
Dphil33 = phill3 - phil33
Dphil34 = phill4 - phil34
Dphil35 = phi115 - phi135
Dphil36 = phi116 - phi136
Dphil41 = philll - phil41
Dphil42 = phi112 - phi142
Dphil43 = phi 113 - phi 143
Dphil44 = phi114 - phi144
Dphil45 = phi115 - phi145
Dphil46 = phill6  - phi!46

# 3) Second differences between master antenna measurements
# of the vehicles
DDphil2 = philll - phi1 1 2

DDphi23 = phi1 1 2 - phi113
DDphi34 = phi113 - phill4
DDphi45 = phi114 - phill5
DDphi56 = phi115 - phi116
DDphi61 = phi116 - philll
# Form the measurement equations for first differences 
hs := matrix(19, 1, [
Dphil21,
Dphil22,
Dphil23,
Dphil24,
Dphil25,
Dphil26,
Dphil31,
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Dph.il32,
Dphil33,
Dphil34,
Dphil35,
Dphil36,
Dphil41,
Dphil42,
Dphil43,
Dphil44,
Dphil45,
Dphi 146,
l-(ell*ell+el2*el2+el3*el3+el4*el4)
]);
hd := matrix(6 , 1 , [
DDphil2,
DDphi23,
DDphi34,
DDphi45,
DDphi56,
DDph.i61] ) ;
# Form linearized observation matrix 
Hs := matrix(19, 7, [
[diff(hs[1 ,1 ], plx), diffChs[l,l] , ply), diff(hs[l,l], plz), 
diff(bs[l,l] , ell), diff(hs[1,1], el2), diff(hs[1,1], el3), 
diff(hs[1,1], el4)3,
[diff(hs[2 ,1 ], plx), diff(hs[2 ,1 ], ply), diff(hs[2 ,1 ], plz), 
diff(hs[2,1], ell), diff(hs[2,1], el2), diff(hs[2,1], el3), 
diff(hs[2 ,1 ], el4)],
[diff(hs[3,1], plx), diff(hs[3,1], ply), diff(hs[3,1], plz), 
diff(hs[3,1] , ell), diff(hs [3,1], el2), diff(hs [3,1], el3), 
diff(hs[3,1] , el4)],
[diff(hs[4,1], plx), diff(hs[4,1], ply), diff(hs[4,1], plz), 
diff(hs[4,1], ell), diff(hs[4,1], el2), diff(hs[4,1], el3),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B. MAPLE EQUATIONS

diff(hs[4,1], el4)3,
[diff(hs[5,1 ], plx), diff(hs[5,1 ] , ply), diff(hs[5,1 ], plz), 
diff(hs[5,1], ell), diff(hs[5,1], el2), diff(hs[5,1], el3), 
diff(hs[5,1], e14)],
[dif f (hs [6 ,1 ] , plx), dif f (hs [6 ,1 ] , ply), dif f (hs [6 ,1 ] , plz), 
diff(hs[6,1], ell), diff(hs[6 ,1], el2), diff(hs[6 ,1], el3), 
diff(hs [6,1], el4)],
[diff(hs[7,1 ], plx), diff(hs[7,1 ] , ply), diff(hs[7,1 ], plz), 
diff(hs [7,1], ell), diff(hs[7,1] , el2) , diff(hs[7,1], el3), 
diff(hs[7,1], el4)],
[diff(hs[8 ,1 ], plx), diff(hs[8 ,1 ] , ply), diff(hs[8 ,1 ] , plz), 
diff(hs[8 ,1], ell), diff(hs[8 ,1], el2), diff(hs[8 ,1], el3), 
diff(hs [8,1], el4)],
[diff(hs[9,1 ], plx), diff(hs[9,1 ] , ply), diff(hs[9,1 ] , plz), 
diff(hs[9,1], ell), diff(hs[9,1] , el2), diff(hs[9,1], el3), 
diff(hs[9,1], e14)],
[diff(hs[1 0 ,1 ], plx), diff(hs[1 0 ,1 ] , ply), diff(hs[1 0 ,1 ] , plz), 
diff(hs[10,1], ell), diff(hs[10,1] , el2), diff(hs[10,1] , el3), 
diff(hs [10,1], el4)],
[diff(hs[1 1 ,1 ], plx), diff(hs[1 1 ,1 ] , ply), diff(hs[1 1 ,1 ] , plz), 
diff(hs[11,1], ell), diff(hs[11,1], el2), diff(hs[11,1] , el3), 
diff(hs [11,1], el4)],
[diff(hs[1 2 ,1 ], plx), diff(hs[1 2 ,1 ] , ply), diff(hs[1 2 ,1 ], plz), 
diff(hs[12,1], ell), diff(hs[12,1] , el2), diff(hs[12,1] , el3), 
diff(hs[12,1], el4)],
[diff(hs[13,1], plx), diff(hs[13,1] , ply), diff(hs[13,1], plz), 
diff(hs[13,1], ell), diff(hs[13,1] , el2), diff(hs[13,1], el3), 
diff(hs[13,1], el4)],
[diff(hs[14,1], plx), diff(hs[14,1], ply), diff(hs[14,1], plz), 
diff(hs[14,1], ell), diff(hs[14,1], el2), diff(hs[14,1] , el3), 
diff(hs[14,1], el4)],
[diff(hs[15,1], plx), diff(hs[15,1] , ply), diff(hs[15,1] , plz), 
diff(hs [15,1], ell), diff(hs[15,1] , el2), diff(hs[15,1], el3),
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diff(hs[15,1], el4)],
[diff(hs[16,1], plx), diff(hs[16,1] , ply), diff(hs[16,1], plz), 
diff(hs[16,1], ell), diff(hs[16,1] , el2), diff(hs[16,1], el3), 
diff(hs[16,1], el4)],
[diff(hs[17,1], plx), diff(hs[17,1] , ply), diff(hs[17,1] , plz), 
diff(hs[17,1] , ell), diff(hs[17,1] , el2), diff(hs[17,1] , el3), 
diff(hs[17,1], el4)],
[diff(hs[18,1], plx), diff(hs[18,1] , ply), diff(hs[18,1], plz), 
diff(hs[18,1] , ell), diff(hs[18,1], el2), diff(hs[18,1] , el3), 
diff(hs[18,1], el4)],
[diff(hs[19,1], plx), diff(hs[19,1] , ply), diff(hs[19,1] , plz), 
diff(hs[19,1], ell), diff(hs[19,1] , el2), diff(hs[19,1] , el3) , 
diff(hs[19,1], el4)]]);
Hd := matrix(6 , 7, [
[diff(hd[1 ,1 ] , plx), diff(hd[1 ,1 ], ply), diff(hd[1 ,1 ] , plz), 
diff(hd[l,l], ell), diff(hd[l,1], el2), diff(hd[l,l], el3) , 
diff(hd[l,l], el4)],
[diff(hd[2 ,1 ], plx), diff(hd[2 ,1 ] , ply), diff(hd[2 ,1 ], plz), 
diff(hd[2,1], ell), diff(hd[2,l] , el2), diff(hd[2,1], el3) , 
diff(hd[2,1], el4)],
[diff(hd[3,1], plx), diff(hd[3,1] , ply), diff(hd[3,1], plz), 
diff(hd[3,1], ell), diff(hd[3,1] , el2), diff(hd[3,1], el3) , 
diff(hd[3,1], el4)],
[diff(hd[4,1], plx), diff(hd[4,l], ply), diff(hd[4,1] , plz), 
diff(hd[4,1], ell), diff(hd[4,1], el2), diff(hd[4,1], el3) , 
diff(hd[4,1], el4)],
[diff(hd[5,1], plx), diff(hd[5,1], ply), diff(hd[5,1], plz), 
diff(hd[5,1], ell), diff(hd[5,1], el2), diff(hd[5,1] , el3) , 
diff(hd[5,1], el4)],
[diff(hd[6 ,1 ], plx), diff(hd[6 ,1 ] , ply), diff(hd[6 ,1 ], plz), 
diff(hd[6,1], ell), diff(hd[6 ,1] , el2), diff(hd[6 ,1], el3) , 
diff(hd[6,1], el4)]]);
C(hs, optimized);

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B. MAPLE EQUATIONS

cost(optimize(hs)); 
C(hd, optimized); 
cost(optimize(hd)); 
C(Hs, optimized); 
cost(optimize(Hs)); 
C(Hd, optimized); 
cost(optimize(Hd));
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A ppendix C

An Algorithm for Visual Tracking 
in Three-Dimensions

GPS sensing can be combined with a local vision sensor to create an overall more robust 
system. In 1992 Kemper and Zimmerman implemented an algorithm to track objects in 
three dimensions, six-degrees of freedom using the robot's on-board local vision system. It 
was found that this technique worked quite well, even for large angular deflections of the 
viewed object. The algorithm was developed by Hung, Yeh, and Hartwood [48] required 
certain assumptions and knowledge of the object to be tracked:

• The pattern is a planar quadrangle.

•  The distance between each of the of the points on the object are known.

•  Each point can be uniquely distinguished from the others (for initial identification).

The raw data tha t obtained from the vision system was merely a set of points and their 
coordinates, as observed by the camera on its image plane. These points needed to be 
correlated to the appropriate points on the object before the algorithm could convert them 
to range/orientation information.

To simplify the process of distinguishing the points on the object, the object was outfit­
ted with five Light Emitting Diodes (LEDs). Four were located at the vertices of a square, 
and the fifth one was located inline with one pair and closer to one of the pair, as shown in 
Figure C.l.

160
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5 (ID)

M ----------------------------------------------------------------------------------------►

B

Figure C .l: F iducial M arkings on  O b jec t for V isual Sensing in  T h re e  D im ensions

Five LEDs were used as fiducial markings on an object to be visually tracked in 
three dimensions. The algorithm requires four coplanar points, and a fifth was 
added to simplify the process of uniquely identifying each of the LEDs tom  the 
camera’s image-plane measurements

After the points were all identified, their coordinates in the camera image-plane were 
supplied as inputs to the algorithm, and the corresponding three-dimensional position and 
orientation of the object in the robot frame were generated.

Identification of the points to their corresponding place on the oject was accomplished 
as follows:

1. Start with a set of five unordered points, pp[0-4], determine their correspondence to 
the five points on the object corner[Q-3] and extraLED.

2. Determine which three of the five points are in a line:
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found = FALSE; 
foundagain = FALSE;

ppCO] = &pl; 
pp[l] = &p2 ; 
pp [2] = &p3; 
pp[3] = &p4; 
pp [4] = &p5;

ii = - 1 ;
while(Cii<2 ) && ! foundagain) { 

ii++;
jj = ii:
while C(jj<3) && !foundagain) ■[

jj-"-;
kk = jj;
while ((kk<4) && ! foundagain) -[ 

kk++;
subCppCii] ,pp[jj] .frtmpl) ; 
sub(pp [ j j] ,pp[kk],&tmp2 ) ; 
cross(&tmpl,&tmp2,&tmp3); 
if (dot(&tmp3,&tmp3) < TOL) { 

if (Ifound) { 
found = TRUE;

> else { 
foundagain = TRUE; 
found = FALSE;

>

i-ii;
j=jj;
k=kk;

>

/ *  points are in line * /

/ * too many points in line * /
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3. Order the three colinear points based on the ratio of the lengths of the vectors sub­

tended by the points.

if (found) {
lenij = sqrt(dot(fetmpl,&tmpl)); 
lenjk = sqrt (dot (&tmp2 , &tmp2 )); 
ratio = lenij/lenjk; 
if (dot(&tmpl,&tmp2 ) > 0 ) { 

extraLED = j; 
if (ratio>l) { 

corner3 = k; 
corner4 = i; 
id = l/(l+ratio);

> else { 
comer3 = i; 
comer4 = k;
id = ratio/(1 +ratio);

>

> else {
if (ratio>2 ) { 

comer3 = j; 
comer4 = i; 
extraLED = k; 
id = 1 /ratio;

> else if (ratio>l) { 
comer3 = i; 
comer4 = j ; 
extraLED = k;

/* ijk or kji * /

/ * kji */

/* ijk * /

/ * ikj, jki, jik, or kij */ 
/ * jki */

/ * ikj * /
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id = (ratio-1 )/ratio;
> else if (ratio>0.5) { /* kij * /  

comer3 = k;
comer4 = j ; 
extraLED = i; 
id = 1 -ratio;

> else { /* jik */ 
comer3 = j ;
comer4 = k; 
extraLED = i; 
id = ratio;

>

>

4. Now that the three colinear point have been properly ordered, the other two must 
be considered. Comers 1 and 2 form a line nearly parallel to 3 and 4. The dot 
product of the vectors (12) and (34) will be positive if they are parallel and negative 
if antiparailel.

cornerl=0 ;
while ((comerl=i) I I (cornerl==j) I I (comerl==k))

-Ccomerl++;> 
coraer2 =comerl+l;
while ((comer2 ==i) I I (coraer2 ==j) I I (coraer2 ==k))

{coraer2 ++;}

sub (pp [comer 1 ] ,pp[comer2 ] ,&tmpl) ; 
sub (pp [comer3] , pp [comer4], &tmp2); 
if (dot(&tmpl ,frtmp2 )>0 ) •[ 
temp = comer 1 ; 
comerl = comer 2 ; 
comer 2  = temp;
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}
sprintf (pointStatel .name, "point%d", comerl+1); 
sprintf (pointState2.name,"point%d" ,comer2+l); 
sprintf (pointState3.name, "point,/,d",comer3+l) ; 
sprintf (pointState4.name, "point'/,d",corner4+l) ; 
sprintf CpointState5 .name, "point'/,d", extraLED+1) ;

> else {
if (foundagain) { 
printf ("Found too many colinear points!\n");

> else -C
printf ("Could not find three colinear points! \n") ;

>
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