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Preface

Technological innovations over recent decades have enabled an ever in-
creasing array of inexpensive, high accuracy, aided navigation systems suit-
able for student projects, research test-bed usage, and commercial and mil-
itary applications. These innovations include: small, low cost, low power
sensors; GPS technology; and, high performance, low cost, computational
equipment for embedded processing.

Aided navigation involves two categories of sensors. The output sig-
nals from sensors in the first category are integrated using a kinematic
model of the system. The result of this integration provides a reference
trajectory. Example kinematic input sensors include inertial measurement
units, Doppler radar or sonar, and wheel encoders. Elements of the second
category of sensors are used to estimate the error between this reference
trajectory and trajectory of the vehicle. In the estimation process, these
aiding sensors may also determine various calibration parameters to im-
prove the future performance of the system. The advent of Global Naviga-
tion Satellite Systems (GNSS) has provided an accurate and reliable aiding
measurement source for navigation systems in certain outdoor applications.
A prototypical example of a GNSS sensor suitable for aided operations is
the Global Positioning System (GPS).

Aided navigation is motivated when an application, such as an au-
tonomous vehicle, requires accurate high bandwidth information about the
vehicle state reliably at a high sample rate. The aiding sensors may sat-
isfy the accuracy requirement, but not the reliability, bandwidth, and high
sample rate specifications. The reference trajectory computed from the
kinematic input sensors may satisfy the reliability, bandwidth, and high
sample rate specifications; however, due to its integrative nature, errors
that accumulate over time can cause the unaided system to eventually fail
to meet the accuracy specification.

The aiding sensors and the reference trajectory computed from the kine-
matic input sensors have complementary characteristics; therefore, it is
natural to consider their implementation within an integrated approach.

Objective

My main objective in writing this book is to provide a self-contained ref-
erence on aided navigation system design that is appropriate for use in a
classroom setting. The methodology presented herein is an industry stan-
dard approach. It has been used by many persons in various applications
with a high-level of success.

The text is written with the expectation that the reader has the standard
background of a senior in a bachelor-of-science (BS) engineering program.
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I have taken special care in presenting the material at the BS level. For
example, the topic of optimal filtering is derived both in the least squares
context and in the standard stochastic processes context. Examples are
included throughout the text to relate theoretical concepts back to appli-
cations, to motivate the importance of specific concepts, and to illustrate
the tradeoffs between alternative techniques. In addition, detailed deriva-
tions are included. The intended audience for the book includes engineers,
students, researchers, scientists, and project managers who may be inter-
ested in either designing or using an aided navigation system in a given
application.

Outline

The text presents a systematic method for designing and analyzing aided
navigation systems along with the essential theory to support that method-
ology. The book is divided into two parts.

Part I contains seven chapters. Chapter 1 motivates the design and anal-
ysis methodology. This chapter introduces simple examples and compar-
isons to illustrate the method and to stimulate interest in the theoretical in-
formation presented in Chapters 2-6. Chapter 2 defines frames-of-reference,
transformations between frames-of-reference, and methods for maintaining
the transformations between rotating frames-of-reference. Chapters 3 and
4 focus on model development. An accurate mathematical model is a nec-
essary precondition to being able to make accurate quantitative statements
about navigation system performance during the design process. Chapter
3 presents various concepts from (deterministic) systems theory. Chapter
4 introduces certain necessary concepts from the theory of stochastic pro-
cesses. Chapter 5 introduces and derives optimal state estimation methods
(i.e., Kalman filtering). Knowledge of optimal and sub-optimal state es-
timation are essential to the implementation and performance analysis of
navigation systems. Chapter 6 discusses methods for performance analy-
sis. Chapter 7 returns to the methodology suggested in Chapter 1; how-
ever, now with the tools provided in Chapters 2-6 the same examples can
be rigorously and quantitatively analyzed. Examples are used extensively
throughout Chapters 1-7.

Part II of the text provides in-depth discussion of several specific navi-
gation applications. Chapter 8 provides a self-contained description of the
basic GPS solution, differential GPS, Doppler processing, and various car-
rier phase processing techniques. This presentation of the various GPS
techniques using unified notation greatly facilitates the understanding of
the techniques and their relative tradeoffs. For clarity of the presentation
and comparison of methods within Chapter 8, all techniques presented in
that chapter consider only point-wise data processing (i.e., no Kalman fil-
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tering). GPS is discussed herein as a prototype of the various GNSS which
are now or soon will be available. Chapters 9-12 each focus on a specific
aided navigation application. Each chapter derives the kinematic model
and presents the navigation mechanization equations based on the kine-
matic model; derives and analyzes the dynamic model for the navigation
error state; and, presents equations for predicting the aiding measurements
and for modeling the residual aiding measurements. Different forms of per-
formance analysis are included in each of the chapters including covariance
analysis, observability analysis, and data analysis from application or sim-
ulation. Chapter 9 discusses aided encoder-based dead-reckoning. Chapter
10 discusses an attitude and heading reference system that uses gyros as
inputs to the kinematic model and accelerometers as gravity sensors for
error correction. Chapter 11 discusses aided inertial navigation. Chapter
12 discusses a specific application of an aided inertial system. Together
these chapters provide examples of methods that the reader can modify to
fit their particular application needs.

Four appendices are included. Appendix A defines the notation and con-
stants used in the text. Appendix B reviews various linear algebra concepts
that are used in the main body of the text. Appendix C presents mate-
rial from the GPS interface specification that is necessary to process GPS
pseudorange, phase, and Doppler measurements. Example calculations are
also included. Appendix D presents a short tutorial on quaternions. This
appendix discusses their definition, operations, and kinematic model. Ex-
ample calculations are included in each appendix.

Motivation

This book is motivated in part by the reader response to my prior book [48].
That response requested two major changes. First, that the material be
restructured to support the book’s use in a classroom setting. Second, that
the subject matter be widened to the broader topic of aided navigation.
Therefore, while the present book draws a significant amount of its source
material from [48], the objectives of this book are distinct enough and the
amount of new material is significant enough to necessitate the new title.

The present book discusses the general topic of aided navigation sys-
tem design. Chapters 1 and 7 present the aided navigation system design
methodology. Chapters 2-6 present the theoretical material required to
understand and implement that method. Chapter 8 provides a detailed
discussion of GPS. Chapters 9-12 provide detailed discussion of the aided
navigation system design and analysis methodology.

This book is appropriate for use as a textbook in a senior or first year
graduate level course. As such, the book includes extensive use of exam-
ples and end-of-chapter problems throughout Part I. As a textbook, the
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lectures could cover Part I, with a student end-of-course project to design
and implement an aided navigation system. The systems in Chapters 9,
10, and 11 are particularly appropriate for senior design projects.

Many engineering programs require senior-level students to complete a
substantial design project. A challenge for faculty involved in directing
such projects is leading the student team through the quantitative defi-
nition of the specification and analysis of system performance relative to
the specifications. A main reason that the aided navigation system design
and analysis methodology presented herein is widely used in commercial
and military applications is that it is easily amenable to such quantitative
analysis of performance relative to specifications. Performance analysis is
discussed in Chapter 6.

Book Website

Associated with this book is the publisher hosted website. The website
contains various resources related to this book:

e The source code used to create examples using MATLAB;
e Data sets to support examples;

e Data sets that are requested by readers and that are reasonable for
the author to provide;

e An errata list;
e Clarifications as requested by readers.
The official web site for this text can be found at
www.mhprofessional.com

then searching by isbn, title, or author. The book web site that results will
contain a download section containing the above material.

Errata

While I have worked to ensure that this book is free from errors, previous
experience has taught me that this is unlikely to occur. An errata list will
be made available through the publisher website and through my university
homepage, currently

www.ee.ucr.edu/~farrell
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Readers who detect errors not already on the errata list are encouraged to
report them electronically to the author. My e-mail address is currently

farrell@ee.ucr.edu

Identification of errors, or suggestions of either additional material (e.g.,
examples, exercises, or topics), is greatly appreciated.
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