Aerospace
Sensor
Systems

- and
Applications




Shmuel Merhav

Aerospace Sensor Systems
and Applications

With 193 Figures

&

g .
i ‘f} Springer

ESS

Nintendo Exhibit 1023
Page 002



Shmuel Merhav

Department of Aerospace Engineering
Technion

Israel Institute of Technology

Haifa, 32000 Israel

Library of Congress Cataloging-in-Publication Data
Merhav, Shmuel.
Aerospace sensor systems and applications / Shmuel Merhav.
. cm.
Includes bibliographical references and index.
ISBN 0-387-94605-5 (hardcover)
1. Avionics. 2. Detectors. 3. Aeronautical instruments.
4, Space vehicles — Guidance systems. 1. Title.
TL695.M47 1996
629,135 —dc20 95-51161

Printed on acid-free paper.

® 1996 Springer-Verlag New York, Inc.

All rights reserved. This work may not be translated or copied in whole or in part without the
written permission of the publisher (Springer-Verlag New York, Inc., 175 Fifth Avenue, New
York, NY 10010, USA), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or hereaf-
ter developed is forbidden.

The use of general descriptive names, trade names, trademarks, etc., in this publication, even
if the former are not especially identified, is not to be taken as a sign that such names, as
understood by the Trade Marks and Merchandise Marks Act, may accordingly be used freely
by anyone.

Production managed by Hal Henglein; manufacturing supervised by Joe Quatela.
Camera-ready copy supplied by the author.

Printed and bound by Braun-Brumfield, Inc., Ann Arbor, MI.

Printed in the United States of America.

987654321

ISBN 0-387-94605-5 Springer-Verlag New York Berlin Heidelberg SPIN 10515995

Nintendo Exhibit 1023

Page 003



Contents

Preface

Acknowledgments

Introduction and historical background

1. Principles and Elements of Measurement
Systems

1.0
1.1

1.2

1.3

1.4

1.5

1.6

Introduction

Elements in open—loop instruments
Instruments, sensors, and systems
Basic sensor elements
Auriliary functions and elements
Equilibrium
Definitions of sensor functions

Measures and units
Basic measures
Units and standards
Reference values

Passive and active instruments
Contact and remote sensing
Tapping of energy sources
Input impedance

Characteristics, resolution, and dynamic range
Domain and range
Linearity, resolution, and dynamic range
Bias, dead zone, and saturation
Hysteresis

Errors due to dynamics, nonlinearity, and noise
System and measurement equations
Classification of errors

Environmental interference
Error model formulation
Additive and scaling errors

vii

xi

15
16

19
19
20

Nintendo Exhibit 1023
Page 004



Xiv CONTENTS

1.7 Error compensation
Isolation and protection
Output compensation
Input compensation

1.8 Estimation of characteristics by regression
Error modeling
Linear regression
Precision of the estimate

1.9 Deflection instruments
Excitation, response, and display
Buasic tradeoffs
The role of the restoring force

1.10 Balancing instruments
The force balance principle
Linearization by forced balance
The effect of additive noise
Sensitivity to variations in parameters

1.11 Imperfections and limitations on precision
Sensor dynamics and design parameter tradeoffs
Performance parameters and further design tradeoffs
Enhancement of bandwidth
Considerations of bandwidth, dynamic range, and robustness

1.12 Effect of friction in instrument servomechanisms
Linear model of DC motor
The linear motor model including friction
Effect of loop closure on minimum speed

Problems

References

2. Random Processes and Signals
2.0 Introduction

2.1 Statistical characterization of random variables
Time averages of sample functions

2.2 Ensemble averages of sample functions
Ensemble of sample functions
The probability density function

21
21
22
23

25
25
27
31

34
34
35
36

38
38
39
40
42

43
43
45
47
54

54
54
56
57

59

63

64

64

66
66

69
69
70

Nintendo Exhibit 1023

Page 005



CONTENTS Xv

ETpectation
Generalized moments
Stationarity

Power and variance

2.3 Joint distribution, correlation
Correlation
Orthogonality
The distribution law
Autocorrelation

2.4 Correlation coefficient and functions
The correlation coefficient
The autocorrelation function
The cross-correlation function

2.5 Time and ensemble averages, ergodicity
Conditions for equivalence of time and ensemble averages
Ergodicity

2.6 Mathematical operations on random processes
Autocorrelation of the sum of random functions
Cross-correlation between a random function
and its time derivatives @

Filtering of white noise, Markov processes
Further properties of correlation functions
Elementary prediction &

2.7 Input—output relationships
Convolution
Nonstationary processes
Output power in the steady state
Response of linear systems to white noise
Response of linear systems to slowly varying input
Single, double, and triple integration

2.8 Spectral analysis
The self-spectrum
Parseval’s theorem
Spectral decomposition
Cross-spectrum

Problems
Appendix A2: Integration of power density spectra

References

71
72
73
74

75
77
78
79
80

82
82
85
93

95
95
97

29
99

101
103
106
108

111
111
113
117
120
121
121

124
124
126
126
129

131

136

138

Nintendo Exhibit 1023

Page 006



Xvi CONTENTS

3. Inertial Force Sensors— Accelerometers

3.0
3.1
3.2

3.3
3.4

35

3.6
3.7

38

Introduction

Specific force readings on moving platforms
Elementary strapdown mechanization for vehicle guidance
Leveling the supporting platform
Mathematical Schuler pendulum
Physical Schuler pendulum

Schuler frequency on other planets

Force balance accelerometers
Pickoff considerations
Spring-mass accelerometer model
The capacitive detector
Implementation of loop closure
The Q-flex accelerometer

Measurement of angular acceleration
Possible approaches
Angular accelerometers
Accelerometer pairs
Differentiating angular rates

Integrating accelerometers

Vibrating beam accelerometers
Background
Principle of operation
Acceleration-to-frequency conversion
Double ended tuning fork
Crystal controlled oscillation
Signal processing system
Frequency-to-acceleration conversion algorithm
Resolution and dynamic range
Sensitivity to clock frequency variations
Frequency response and sensitivity to extraneous vibration

Piezo and capacitive transducers
Piezo sensors/transducers

\ Piezoelectric accelerometers
Piezoresistive sensors
Variable capacitance accelerometers

Problems

References

139
139

141
142
145
146
147

149

149
149
150
151
153
156

158
158
158
160
162

162

163
163
163
164
167
168
170
171
173
174
174

176
176
177
178
179

181

185

Nintendo Exhibit 1023

Page 007



CONTENTS

4. Inertial Rotation Sensors

4.0 Introduction

4.1 The free gyroscope
Basic mechanization and dynamics
Torque and precession relationships
Effects of mechanical imper fections

4.2 The vertical gyroscope
Description and imposing the vertical
Dynamical model and erection process

4.3 Error sources in the vertical
Error due to gyro drift rate
Elimination of drift rate errors by integral control
Errors induced by off-great-circle motion
Coriolis acceleration
The cut-out mechanism
Errors due to atmospheric turbulence

4.4 The directional gyroscope
Description
Imposing the horizontal
Effects of motion and drift rate
Effects of aircraft angular rates
Slaving to a compass

4.5 Gyrocompassing
Geometry and motion
Directional error in the steady state

4.6 The single axis deflection rate gyro
Description
Dynamical model
Imperfections and limitations
Bandwidth
Drift rate
Scale factor errors
Nonlinearity and hysteresis
Saturation

4.7 The floated rate integrating gyro (RIG)
Description
Mathematical model
Summary of properties
Pendulous integrating gyro accelerometer (PIGA) @

Nintendo Exhibit 1023
Page 008



XViii CONTENTS

4.8 The dynamically tuned gyro (DTG)
Introduction
Description of the dry tuned rotor gyro
Principle of operation
The analytical model: error sources @
Rotor tuning
Performance as a free gyro
Operation in closed loop
Performance characteristics
Summary of main properties

4.9 Very high—precision free gyroscopes
The gas-bearing gyroscope @
The electrostatically supported gyroscope (ESG)

Problems
Appendix A4: Euler angle transformation
Appendix B4: Electrostatic flotation @

References

5. Applications of Rate Gyros
5.0 Introduction

5.1 Two—axis platform
Description
Angular stabilization by rate gyros
Control loops and disturbances
Summary of principal properties
Application to target tracking

5.2 Gyroscopic seeker head
Description and definition of variables
Dynamics and control
Detection of angular deviation—amplitude modulation
Detection af angular deviation— phase modulation

5.3 Application to missile homing
Homing equations
The effect of gyro drift rate—stationary target
The effect of gyro drift rate—moving target
Accelerating target

237
237
238
243
244
251
252
253
255
256

256
256
258

262
265
266

270

272
272

272
272
273
274
275
276

279
279
282
284
286

288
288
289
291
292

Nintendo Exhibit 1023
Page 009



CONTENTS Xix

5.4 Beam riding guidance 293
Geometry and motion 293
Guidance equations and effect of targel maneuver 293
The effect of seeker head noise 295

5.5 Three-axis platform for inertial navigation 297
Reference axres 297
Gimbaled mechanization 298
Mathematical model-velocity Schuler tuned platform 299
Summary of principal properties 300
Positional Schuler tuning 301
Velocity and positional error propagation 302
Strapdown mechanization and the analytical platform 308

5.6 Stability augmentation— effect of gyro bandwidth 310

Background 310
Effect on roll rate control 311
Problems 313

Appendix AS5: Direction cosines and quaternions 317

Direction cosines 317
Incremental Euler transformations 318
Quaternions 320
References 324

6. Coriolis Angular Rate Sensors 325
6.0 Introduction 325
6.1 Rotating Coriolis angular rate sensors 326
Description 326
General equations for specific force 326
Accelerometer triad readings 327

6.2 Combined angular rate and acceleration sensing 327
Signal separation by demodulation 327
Imperfections 329

6.3 Rockwell-Collins rotating Coriolis sensor 329
Schematic description 329
Principle of operation and signal processing 330
Technical data 331

Nintendo Exhibit 1023
Page 0010



XX CONTENTS

6.4 Dithered accelerometers 332
Geometry 332
Signal separation by demodulation 333

6.5 Dithered accelerometer pairs 335
Geometry 335
Signal preprocessing 335
Readings of accelerometer pairs 336
Force and angular rate components 338

6.6 Silicon mechanization of dither 339
The shuttle mechanism 339
Silicon micromechanization @ 340

6.7 Sensor output signal processing 341
Conversion of frequency variations to pulse counts 341
Signal description 341

6.8 Projected performance characteristics 343
Concluding comments 343
Problems 346
References 348

7. The Interferometric Fiber—Optic Gyro 349

7.0 Introduction 349

7.1 The Sagnac interferometer 350
Mechanization by discrete optical components 350
Fiber—-optic mechanization 351

7.2 Effect of angular rate on Sagnac phase shift 351
Effect in vacuum 351
Effect in optical medium 353

7.3 Relationship between power output and phase shift

Phase characteristics —biasing and modulation 355
The need for a 90deg phase shift 356
Extraction of angular rate by phase dither 357
Implementing nonreciprocity by phase modulation 358
Implementation of a 90deg phase shift 359

Nintendo Exhibit 1023
Page 0011



7.4 Implementing the IFOG in a closed loop
Phase nulling laser gyro (PNLG)
Implementation by Serrodyne shifter
Technical realization of the PNLG @
Sensitivity and resolution
Discrete phase nulling
Limitations and imperfections

7.5 Effect of photon shot noise
Effect on Sagnac phase uncertainty
Sources of bias errors
Recent IFOG test results

Problems

References

8. The Ring Laser Gyro
8.0 Introduction

8.1 Operating principle
Description
The interference fringe pattern

8.2 Technical description
Spontaneous oscillation
Path length control

8.3 The lock—in phenomenon
The effect of lock—-in on the RLG characteristic
Prevention of lock—in by mechanical dither
Removing the dither signal from the output
Alternative methods for lock—in compensation
The differential laser gyro—performance data
Typical performance data
Scale and drift error maps of angular rate sensors
Concluding remarks

Problems

References

CONTENTS Xxi

360
360
361
363
365
366
367

368
368
371
372

375

376

377
377

377
378
379

382
382
382

383
383
385
386
386
387
388
391
392

393

394

Nintendo Exhibit 1023

Page 0012



XXii CONTENTS

9. Filtering, Estimation, and Aiding 395
9.0 Introduction 395
9.1 Complementary filtering 396

Basic formulation 396
Compass-aided heading gyro 396
Doppler—inertial ground speed estimation 399

The baro-inertial altimeter 402
Complementary filtering for discrete measurements @ 405

9.2 Equivalence of the CF and the stationary KF 408
Formulation for inertial navigation 408

The CF as the Luenberger observer & 409
Inclusion of noise 409

The optimum observer 410

The steady-state Kalman filter 412

The augmented system model @& 414

9.3 Aircraft attitude angle estimation 415
Background 415
Gravity aiding 415
Magnetic aiding 418
Aiding by aircraft kinematics 421
Aiding by the aircraft dynamical model @ 423
Problems 440
Appendix A9: Equations of aircraft dynamics 442
Appendix B9: Extended Kalman filter formulation 444
Appendix C9: Aircraft aerodynamic coefficients 446
References 447
Index 449

Nintendo Exhibit 1023
Page 0013



Introduction and historical background

The purpose of aerospace sensors is to provide all the necessary information on
the variables and parameters of the flight system for the execution of the
mission at hand. A mission is generally defined in three dimensional space.
Sometimes, on adding the fourth ’dimension’, namely, time, a four-
dimensional space is defined. In contrast to the three spatial coordinates which
can increase or decrease, time always grows. The recent concept of 4-D
guidance has special significance in coordinating flight paths such as in air
traffic control or in space rendezvous operations, where the notions of
’here—now’ or 'there—then’ assume paramount importance.

As compared to the first generation aircraft at the turn of the century, which
were equipped with a compass, a barometric altimeter, and a relative air speed
sensor, a modern military aircraft or airliner is equipped with hundreds of
sensors at all levels of the flight system. As such, they have become an integral
part of it, not only in regular operation but also in preflight procedures for
maintenance and safety. It is paradoxical that by introducing components and
subsystems with more sophisticated technologies and a myriad of sensors for
monitoring their performance and safety, a situation of diminishing returns
may be created. This may be so, because in view of their large numbers, a
failure in any of them easily causes a mission abort even if an imminent
catastrophe is not necessarily indicated. It is therefore not surprising that along
with the ever-increasing demands for accuracy and precision, research and
development efforts continue to seek improved technologies for better
reliability and maintainability. Currently, one already occasionally encounters
the term ’'unlimited” for the item MTBF (mean time between failures) in the
data sheet of an aerospace sensor.

Modern aerospace sensors are direct descendants of the discoveries of
physical laws in theoretical and experimental physics in the seventeenth and
eighteenth centuries followed by the avalanche of revolutionary inventions in
the nineteenth and early twentieth centuries.

At this point, it is enough to recall only a few of the most salient milestones
in order to appreciate the direct link between the late twentieth century
technology of aerospace sensors and systems and the discoveries in physics and
the inventions that followed. Thus, for example, Torricelli’s discovery of
atmospheric pressure in 1643 was quickly followed by Pascal’s invention of the
barometric altimeter in 1647 and consequently by his discovery during 1647—
1654 of the properties of our gaseous atmosphere. Newton’s discovery of the
law of gravitation in 1687, his first law on the conservation of momentum, and
his second law, that force equals the rate of change of momentum, laid the
foundation for the much later development of the accelerometer at the turn of
this century following the invention of the seismometer by Milner in 1883.
Other principal examples are the early invention of a steam-powered vertical
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1

Principles and Elements of Measurement
Systems

1.0 Introduction

This Chapter introduces the basic principles that underlie measurement
devices and systems and the essential functions of their elements. The devices
and their interconnections are described in generic form. Thus, a common
conceptual framework is provided for a variety of existing aerospace sensors.
The underlying requirements for standards and reference values are introduced,
and the principal classes of measurement devices are defined, including
passive, active, contact, remote, deflection, and balance. Characteristics,
imperfections, and principal error sources are also defined.

The purpose of a device or instrument is to provide an output that
represents, in a useful way, the magnitude of a physical quantity. The term
useful implies that the quality of the representation is compatible with system
requirements and constraints such as accuracy, precision, response time,
repeatability, reliability, cost, volume, and weight. It is the knowledge and
understanding of the parameters and properties underlying performance and
tradeoffs that provide the designer with the sKills to make the most rational
choice of sensors or, if necessary, to specify new designs within the state of the
art or to initiate new development.

1.1 Elements in open—loop instruments

Instruments, sensors, and systems

By open-loop devices, we mean that their output has no effect on their input.
A number of elements and components purposefully interconnected constitute
a measurement device or instrument, is often referred to as a sensor. These
terms are essentially synonyms, and their usage depends on the context. For
example, an altimeter is sometimes referred to as a sensor and sometimes as an
instrument. The preferred term is related to the nature of its usage. If the
altimeter functions in direct association with the pilot, it will, as a rule, be
viewed as an instrument and as such it might be one of many on the instrument
panel in the aircraft cockpit. However, if it is part of an automatic
altitude—hold  system, it will be referred to as a sensor. In general, any
measurement device commonly intended for manipulation by a human
operator, however simple or complex, will be referred to as an instrument.
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