Contents

1. Introduction

By S. Haykin (With 3 Figures) . . . . . . . . . . . . . . . ..
1.1 TimeSeries . . . . . . . . . . . . . . ...
1.1.1 Autocorrelation and Autocovariance Functions . . . . .
1.1.2 Spectral Density . . . . . . . . . . . . . ... ..
1.1.3 Linear Filtering . . . . . . . . . . . . . .. ...
1.2 Modeling of Time Series . . . . . . . . . . . . . . . ..
1.3 Linear and Nonlinear Methods of Spectral Analysis .
1.4 Organization of the Volume . . . . . . . . . . . . . . ..
References . . . . . . . . . . . . . . ...

. Prediction-Error Filtering and Maximum-Entropy Spectral Estimation
By S. Haykin and S. Kesler (With 16 Figures) . . . . . . . . . .
2.1 WienerFilters. . . . . . . . . . . . ...
2.1.1 Wiener-Hopf Equation . . . . . . . . . . . . . ..
2.1.2 Minimum Error Power . . . . . . . . . . . . .. .
2.2 Prediction-Error Filter . . . . . . . . . . . . . .. . ..
2.2.1 Prediction-Error Filter Equations .. . . . . . . . . . .
2.3 Maximum-Entropy Spectral Estimator . . . . . . . . . . .
2.4 Recursive Formulas for Calculating the Prediction-Error Filter
Coefficients and Minimum Error Power. . . . . . . . . . .
2.5 Optimum Procedure for Calculating the Reflection Coefficients.
2.6 Lattice Equivalent Model . . . . . . . . . . . . . . . ..
2.7 Properties of the Prediction-Error Filter. . . . . . . . . . .
2.7.1 Consequences of the Orthogonality and Decoupling Prop-
erties . . . . . . . .. e e i e e
2.8 Maximum-Entropy Extension of the Autocorrelatlon Function .
2.9 Statistical Properties of the Maximum- Entropy Spectral Esti-
mator . . . . . . . e e e e e e e e e
2.10 Choice of Filter Order . . . . . . . . . . . . . . .. ..
2.11 Experimental Classification of Radar Clutter
2.11.1 Modeling of Radar Clutter as an Autoregresswe Process
2.11.2 Experimental Results. . . . . . . . . . . . . . ..
2.12 Multichannel Maximum-Entropy Spectral Estimation. . . . .
2.13 Conclusions. . . . . . . . . . ...

10
13
13
15
16

21
23
27
30



VIII Contents

Appendix A: Properties of the Autocorrelation Matrix . . . . . . 62
Appendix B: Entropy of a Gaussian Process. . . . . . . . . . . 67
Appendix C: Flow Graph for Calculating the Prediction-Error Filter
Coefficients . . . . . . . . . . . .. ... 70
References . . . . . . . . . . . .. ... S 70

3. Autoregressive and Mixed Autoregressive-Moving Average Models

and Spectra. By T. J. Ulrych and M. Ooe (With 13 Figures). . . . . 73

31 Overview . . . . . . . . .. e e e e 74

3.2 The General Time Series Model . . . . . . . . . . e

3.2.1 The MA Approximation. . . . . . . . . . . . . .. 75

3.2.2 The AR Approximation . . . . . . . . . . . .. T

3.2.3 The ARMA Approximation . . . . . . . . . . o T

324 Remarks . . . . . . . ... L. Lo 78

3.3 Autoregressive Processes . . . . . . . . . . . . . .. .. 79

3.3.1 AR Spectra and Maximum Entropy . . . . . . . . . . 79

Determination of the AR Order. . . . . . . . . . .. 81

Resolution of the AR/ME Spectral Estimate . . . . . . 82

The Smoothness of the AR/ME Estimator . . . . . . . 84

3.3.2 Estimation of the AR Parameters . . . . . . . . . .. 84

The Minimum Delay Property of the Unit PEO . . . . . 85

The Toeplitz Method . . . . . . . . . . . . . .. . 86

The Yule-Walker Solution . . . . . . . . . . . . .. 88

The Burg Solution . . . . . . . . . . . . . . ... 90

The Least-Squares Method. . . . . . . . . . . . .. 91

Remarks Concerning AR Parameter Determination . . . 92

34 Adaptive AR Processes . . . . . . . . . . . . . .. ... 94

3.4.1 The Adaptive LMS Algorithm . . . . . . . . . . . . 94

3.4.2 Applications of Adaptive AR Modeling . . . . . . .. 100

3.5 Autoregressive-Moving Average Processes . . . . . . . . . . 101

3.5.1 The ARMA Model for Sinusoids Plus White Noise . . . 102
3.5.2 Relationship Between the Pisarenko and the AR/ME

Spectral Estimators . . . . . . . . . . . . . . . .. 104

3.5.3 Remarks Concerning the Pisarenko Estimate . . . . . . 105
3.5.4 Determination of Parameters of the General ARMA

Process . . . . . . . . . . ... 107

The Method of Treiteletal. . . . . . . . e 108

The Method of Akaike . . . . . . . . . . . . . .. 110

Remarks Concerning the Computation of ARMA Models 113

3.6 AIC, FPE, and Autocovariance Estimators . . . . . . . . . 114

3.6.1 The AIC Criterion . . . . . . . . . . . .. .. .. 114

3.6.2 AIC and the Normal Distribution. . . . . . . . . . . 116

3.6.3 The FPE Criterion . . . . . . . . . . . . . .. .. 118

3.6.4 Autocovariance Estimators. . . . . . . . . . . . . . 118



Contents X

3.7 Numerical Example: Application of AR and ARMA Models to

Polar Motion . . . . . . . . . . . . . . . . .. ... 119
3.7.1 The ARMA Model of the Chandler Wobble . . . . . . 120
3.7.2 Numerical Computations . . . . . . . . . . . o121
38 Conclusions. . . . . . . . . . ... 122
References . . . . . . . . . . . . . . . . ... .. ... . 123

. Iterative Least-Squares Procedure for ARMA Spectral Estimation

By E. A. Robinson (With 12 Figures) . . . . . . . . . . . . .. 127
4.1 Basic Time SeriesModels . . . . . . . . . . . . . . . .. 127
4.2 Parsimony and the Physical Model . . . . . . . . . .. 130
4.3 Seismic Deconvolution and the Resulting Spectral Estlmate .o 132
4.4 Design of Shaping and Spiking Filters . . . . . . . . ... 143
4.5 Invertibility . . . . . . . . . . . . ... ... 147
4.6 Spectral Estimates of the Components of a Noninvertible ARMA
System . . . . ... Lo 148
4.6.1 Example. . . . . . . . . . . . ... ... ... . 150
4.7 Conclusions. . . . . . . . . .. ... 152
References . . . . . . . . . . . . . . . .. ... 153

. Maximum-Likelihood Spectral Estimation

By J. Capon (With 1 Figure) . . . . . . . . . . . . . . . . .. 155
5.1 Explanatory Remarks . . . . . . . . . . . . ... ... 155
5.2 Seismic Signals and Noise. . . . . . . . . . . . . . . .. 156
5.2.1 Statistical Models for Seismic Noise and Signal . . . . . 157
5.3 Optimum Detector for Seismic Arrays . . . . . . . . . . . 157
5.3.1 Evaluation of the Likelihood Ratio . . . . . . . . . . 158
5.4 Signal Estimation Procedures . . . . . . . . . . . . . .. 161
5.4.1 Maximum-Likelihood Estimation. . . . . . . . . . . 161
5.4.2 Minimum-Variance Unbiased Estimation . . . . . . . 164
5.4.3 Case When Slowness Vector of Signal is Unknown . . . 165
5.5 Frequency Wave Number Power Spectrum . . . . . . . . . 165
5.5.1 Definition . . . . . . . .. ... L. 166
552 Properties . . . . . . . ... L0 168
5.5.3 Relation to Coherence. . . . . . . . . . . . . . .. 170
5.6 Estimation of Frequency Wave Number Power Spectrum . . . 173
5.6.1 Spectral Matrix Estimation Procedure . . . . . . . . . 174
5.6.2 Conventional Method . . . . . . . . . . . . . . .. 176
5.6.3 High-Resolution Method . . . . . . . . . . . .. . 177
5.6.4 Estimation of Coherence. . . . . . . . . . . . . .. 178
57 Conclusions. . . . . . . . . . .. ..o 179

References . . . . . . . . . . . . . ... 179



X Contents

6. Application of the Maximum-Likelihood Method and the Maximum-

Entropy Method to Array Processing. By R. N. McDonough . . . . 181
6.1 Overview . . . . . . . . . . ... 181
6.2 The Wave Number Spectrum and Its Estimation by Linear
Processing . . . . . . . . . . ... .. ... 184
6.2.1 Spectral Representation of a Stochastic Process . . . . . 184
6.2.2 Conventional Linear Spectrum Analysis . . . . . . . . 188
6.2.3 Linear Estimation of the Frequency Wave-Number
Spectrum . . . . . . . . .. oL 193
6.2.4 A Word on Sampled Data . . . . . . .. . .. ... 196
6.3 The Maximum-Likelihood Processor in the Spatial Domain . . 197
6.3.1 Linear Maximum-Likelihood Processing . . . . . . . . 198

6.3.2 The (Nonlinear) Maximum-Likelihood Array Processor . 205
6.3.3 The Maximum-Likelihood Estimator as a Filter in Wave

Number Space . . . . . . . . . . . .. .. .. 209
6.3.4 The Effect of Signal Mismatch on the Maximum- leehhood
Processor . . . . . . . . . . ..o oo 211
6.3.5 Adaptive Wave Number Filters. . . . . . . . . . .. 215
6.4 The Maximum-Entropy Method in Array Processing . . . . . 220
6.4.1 The Information-Theoretic Basis of Maximum-Entropy
Analysis. . . . . . . . ... L. 221
6.4.2 The Principle of Maximum Entropy . . . . . . . . . . 225
6.4.3 Maximum-Entropy Spatial Processing . . . . . . . . . 230
6.4.4 Maximum-Entropy Processing for a Uniformly Spaced
Line Array. . . . . . . . . . . . . ... 233
6.4.5 Remarks on Nonuniform Sample Spacing . . . . . . . 239
6.4.6 Direction Finding with a Line Array. . . . . . . . . . 241
6.5 Conclusions. . . . . . e e e e S 242
References . . . . . . . . . . . . ... 243

SubjectIndex . . . . . . . . . .. ... 245



