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Outline of the course

• The lecture notes cover the following topics:
1. Basic Concepts of Estimation
2. Estimation of Deterministic Parameters

(a) Estimation techniques
(b) Robust Estimation
(c) Practical estimators with no optimality consideration

3. Estimation of Random Parameters
4. Optimum filtering

(a) Wiener filter
(b) Adaptive LMS-filter
(c) Kalman filter
(d) Extended Kalman filter

5. Array Signal Processing: DoA Estimation (renewed from
last year)

6. Basics in Detection

S-88.200: Statistical Signal Processing - c©prof. Visa Koivunen – p.3/571


	Organization of the course
	Outline of the course
	BASIC CONCEPTS
	Statistical Signal Processing-Estimation
	Statistical Signal Processing-Estimation ...
	Basic Concepts in Estimation
	Basic Concepts in Estimation ...
	Basic Concepts in Estimation ...
	Basic Concepts in Estimation ...
	Notation-Linear Model
	Notation-Linear Model ...
	Linear Model
	Linear Model ...
	System identification/FIR filter
	System identification/FIR filter ...
	Coefficients of a finite difference equation
	Coefficients of a finite difference equation ...
	Coefficients of a finite difference equation ...
	Deconvolution
	Deconvolution ...
	Transformations to linearity
	Transformations to linearity ...
	Transformations to linearity ...
	Properties of an estimator
	Properties of an estimator ...
	Properties of an estimator ...
	Unbiasedness
	Unbiasedness ...
	Unbiasedness ...
	Unbiased Estimator
	Efficiency
	Efficiency ...
	Estimation of Deterministic Parameter
	Minimum Variance Unbiased (MVU)
Estimation
	Minimum Variance Unbiased (MVU)
Estimation ...
	Cramer-Rao Lower Bound (CRLB)
	Cramer-Rao Lower Bound (CRLB)
...
	Cramer-Rao Lower Bound (CRLB)
...
	Cramer-Rao Lower Bound (CRLB)
...
	Cramer-Rao Lower Bound (CRLB)
...
	CRLB
	CRLB ...
	CRLB ...
	CRLB ...
	Cramer-Rao Inequality for vector parameter
	Cramer-Rao Inequality for vector parameter
	CRLB and MVU for vector parameter
	Cramer-Rao Inequality for vector parameter ...
	Sufficient Statistics
	Sufficient Statistics ...
	Sufficient Statistic ...
	Sufficient Statistics ...
	Sufficient Statistics ...
	Sufficient Statistics ...
	Sufficient Statistics ...
	Completeness
	Completeness ...
	Completeness ...
	Completeness ...
	Minimum Variance Unbiased estimator
	Minimum Variance Unbiased estimator ...
	Minimum Variance Unbiased estimator ...
	Best Linear Unbiased Estimate (BLUE)
	Best Linear Unbiased Estimate (BLUE)
...
	Best Linear Unbiased Estimate (BLUE)
...
	Best Linear Unbiased Estimate (BLUE)
...
	Best Linear Unbiased Estimate (BLUE)
...
	BLUE example
	BLUE example ...
	BLUE
	BLUE ...
	Recursive BLUE (covariance form)
	Asymptotic properties
	Asymptotic properties ...
	Modes of convergence
	Modes of convergence ...
	Modes of convergence ...
	Relationships among modes of convergence
	Asymptotic Unbiasedness
	Asymptotic unbiasedness ...
	Consistency
	Consistency ...
	Consistency ...
	Asymptotic distributions
	Asymptotic normality
	Asymptotic normality ...
	Asymptotic normality ...
	Asymptotic efficiency
	Asymptotic efficiency ..
	Maximum Likelihood (ML)
estimation
	Maximum Likelihood (ML)
estimation
	Maximum Likelihood (ML)
estimation ...
	Maximum Likelihood (ML)
estimation ...
	Maximum Likelihood
	Maximum Likelihood ...
	Maximum Likelihood ...
	ML estimation example
	ML estimation example ...
	ML-estimation
	Properties of ML estimators
	Properties of ML estimators ...
	ML and linear model
	ML and linear model ...
	EM Algorithm
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	EM Algorithm ...
	Properties of estimators: Robustness
	Properties of estimators: Robustness ...
	Example: Linear trend removal
	Example: Linear trend removal ...
	Robust statistics
	Robust statistics ...
	Robust statistics ...
	Influence Function
	Influence Function ...
	M-estimation
	M-estimation ...
	M-estimation ...
	M-estimation ...
	M-estimation ...
	A numerical method for computing M-estimates
	A numerical method for computing M-estimates ...
	A numerical method for computing M-estimates ...
	A numerical method for computing M-estimates ...
	A numerical method for computing M-estimates ...
	Other estimators
	Method of Moments
	Method of Moments ...
	Method of moments ...
	Method of moments ...
	Method of moments ...
	Method of moments ...
	Method of moments ...
	Method of moments ...
	Least Squares (LS)
Estimation
	Least Squares (LS)
Estimation ...
	Least Squares (LS)
Estimation ...
	Least Squares (LS)
Estimation ...
	LS estimation-Fourier Coefficients
	LS estimation-Fourier Coefficients ...
	Least Squares filter design/PRONY
	Least Squares filter design/PRONY ...
	Least Squares filter design/PRONY ...
	Least Squares filter design/PRONY ...
	Least Squares filter design/PRONY ...
	Least Squares filter design/PRONY ...
	Weighted LS estimation
	Weighted LS estimation ...
	Weighted LS estimation ...
	Weighted LS estimation ...
	Weighted LS estimation ...
	Least Squares and Moore-Penrose pseudoinverse
	Least Squares and Moore-Penrose pseudoinverse ...
	Total Least Squares (TLS)
Estimation
	Total Least Squares (TLS)
Estimation ...
	Total Least Squares (TLS)
Estimation ...
	Total Least Squares (TLS)
Estimation ...
	TLS System identification
	TLS System identification ...
	TLS System identification ...
	TLS estimation-Spline approximation
	TLS estimation-Spline approximation ...
	TLS estimation-Spline approximation ...
	Regularization and Damped Least Squares
	Regularization and Damped Least Squares ...
	Regularization and Damped Least Squares ...
	Image restoration
	Image restoration
	Image restoration ...
	Image restoration ...
	Image restoration ...
	Nonlinear LS
	Recursive Least Squares (RLS)
	Recursive Least Squares (RLS)
...
	Recursive Least Squares (RLS)
...
	Information form of RLS
	Information form of RLS ...
	Matrix inversion lemma
	Matrix inversion lemma ...
	Matrix inversion lemma ...
	RLS Covariance form
	RLS Covariance form ...
	RLS as an adaptive filter
	RLS as an adaptive filter ...
	Which form to use?
	Properties of LS estimators
	Properties of LS estimators ...
	Properties of LS estimators ...
	Properties of LS estimators ...
	Asymptotic Properties of LS estimators
	How to choose an estimator?
	Useful matlab commands
	Estimation of Random Parameters - Basic Concepts
	Estimation of Random Parameters - Basic Concepts ...
	Bayesian approach to estimating random parameters
	Bayesian approach to estimating random parameters ...
	Bayesian approach to estimating random parameters ...
	Cost functions
	Cost functions ...
	Cost functions ...
	Cost functions ...
	Cost functions ...
	Mean Squared (MS)
Estimation of Random Parameters
	Mean Squared (MS)
Estimation of Random Parameters ...
	Mean Squared (MS)
Estimation of Random Parameters ...
	Derivation of the MS Estimator
	Derivation of the MS Estimator ...
	Derivation of the MS Estimator ...
	Fourier analysis using MS estimator
	Fourier analysis using MS estimator
	Fourier analysis using MS estimator
	Fourier analysis using MS estimator
	Fourier analysis using MS estimator
	Fourier analysis using MS estimator
	Orthogonality Principle
	Properties of MS estimators
	Properties of MS estimators ...
	Properties of MS estimators ...
	Relations to BLUE
	Relations to BLUE ...
	MAP estimation of random parameters
	MAP estimation of random parameters ...
	MAP estimation of random parameters ...
	MAP example
	MAP example
	MAP example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	MAP and MMSE example
	OPTIMAL FILTERING
	Optimal filtering
	Optimal filtering ...
	Optimal filtering ...
	Optimal filtering ...
	Wiener filtering
	Wiener filtering ...
	Wiener filtering ...
	Noncausal IIR Wiener filtering ...
	Noncausal IIR Wiener filtering ...
	Noncausal IIR Wiener filtering ...
	Noncausal IIR Wiener filtering ...
	Example: Smoothing Wiener Filter
	Example: Smoothing Wiener Filter ...
	Causal IIR Wiener filtering
	Causal IIR Wiener filtering ...
	Causal IIR Wiener filtering ...
	Causal IIR Wiener filtering ...
	Causal IIR Wiener filtering ...
	Causal IIR Wiener filtering ...
	Example: Causal IIR Wiener Filtering
	Example: Causal IIR Wiener Filtering
	Example: Causal IIR Wiener Filtering
	Example: Causal IIR Wiener Filtering
	Example: Causal IIR Wiener Filtering
	Causal FIR Wiener Filtering
	Causal FIR Wiener Filtering ...
	Causal FIR Wiener Filtering ...
	Causal FIR Wiener Filtering ...
	Causal FIR Wiener Filtering ...
	Example: Causal FIR Wiener Filtering
	Example: Causal FIR Wiener Filtering
	Example: Causal FIR Wiener Filtering
	Least Mean Square (LMS)
algorithm
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	Least Mean Square (LMS)
algorithm ...
	LMS example: linear prediction
	LMS example: linear prediction
	LMS example: ALE (adaptive line enhancement)
	LMS example: ALE (adaptive line enhancement)
	Kalman filters
	Kalman filters ...
	Kalman filters ...
	State-Variable model
	State-Variable model ...
	State-Variable model ...
	Kalman Filter Equations
	Kalman Filter Equations ...
	Kalman Filter Equations ...
	Kalman Filter Equations ...
	Kalman Filter Equations ...
	Proofs for the prediction equations
	Proofs for the prediction equations ...
	Proofs for the prediction equations ...
	Proofs for the correction equations
	Proofs for the correction equations ...
	Proofs for the correction equations ...
	Innovations
	Innovations ...
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Channel Impulse Response Tracking using Kalman
	Kalman Predictor
	Scalar Kalman predictor
	Kalman filter in frequency domain
	Kalman filter in frequency domain ...
	Notes on Performance
	Notes on Performance ...
	Notes on Performance ...
	Notes on Performance ...
	Notes on Performance ...
	Square-Root Kalman Filter
	Extended Kalman Filtering
	Extended Kalman Filtering ...
	Extended Kalman Filtering ...
	Extended Kalman Filtering ...
	EKF example
	EKF...
	EKF...
	EKF...
	EKF...
	Divergence of Kalman Filter
	Divergence of Kalman Filter ...
	Divergence of Kalman Filter ...
	ARRAY SIGNAL PROCESSING
	Array Signal Processing
	Array Signal Processing ...
	Array Signal Processing ...
	Signal Model
	Signal Model ...
	Signal Model ...
	Signal Model ...
	Signal Model ...
	Signal Model ...
	Signal Model ...
	Array processing algorithms
	Beamformer
	Beamformer ...
	Beamformer ...
	Beamformer ...
	Beamformer resolution
	Beamformer resolution
	MVDR (Capon) Beamformer
	MVDR (Capon) Beamformer
...
	MVDR (Capon) Beamformer
...
	MVDR (Capon) Beamformer
...
	MVDR (Capon) Beamformer
...
	MVDR Resolution
	Generalized sidelobe canceller (GSC)
	Generalized sidelobe canceller (GSC)
...
	Generalized sidelobe canceller (GSC)
...
	GSC using adaptive filtering
	GSC using adaptive filtering
	Subspace methods
	Subspace methods ...
	Subspace methods ...
	Subspace methods ...
	Signal and noise subspaces ...
	MUSIC
	MUSIC ...
	MUSIC ...
	MUSIC ...
	root-MUSIC ...
	root-MUSIC ...
	High resolution--resolving close AoA's
	ESPRIT
	ESPRIT ...
	ESPRIT ...
	ESPRIT ...
	ESPRIT ...
	ESPRIT ...
	ESPRIT ...
	ESPRIT ...
	Weighted subspace fitting
	Weighted subspace fitting
	Weighted subspace fitting
	Weighted subspace fitting
	Weighted subspace fitting
	Maximum Likelihood DoA Estimation
	Deterministic ML
	Deterministic ML...
	Deterministic ML
	Deterministic ML
	Stochastic ML
	Stochastic ML ...
	Stochastic ML ...
	Stochastic ML ...
	CRLB in DoA estimation
	CRLB in DoA estimation
	CRLB in DoA estimation
	CRLB in DoA estimation
	Estimating the number of signals
	Estimating the number of signals ...
	Problem of Coherent Signals
	Spatial Smoothing
	Spatial Smoothing ...
	Spatial Smoothing ...
	Spatial Smoothing ...
	Spatial Smoothing ...
	Broadband beamforming
	Narrowband vs. broadband
	Broadband beamforming
	Broadband beamforming
	Space-time processing
	Space-time processing
	Space-time processing
	Space-time processing
	Space-time processing
	Example: Space-time MVDR
	Space-time processing
	DETECTION THEORY
	Introduction to Detection Theory
	Introduction to Detection Theory ...
	Introduction to Detection Theory ...
	Detection theory terminology
	Detection theory terminology ...
	Detection theory terminology ...
	Detection theory terminology ...
	Error types in detection
	Error types in detection ...
	Optimal decision strategies
	Optimal decision strategies ...
	Optimal decision strategies ...
	Dealing with unknowns
	Dealing with unknowns ...
	Simple detection problem
	Simple detection problem ...
	Simple detection problem ...
	Simple detection problem ...
	Simple detection problem ...
	Simple detection problem ...
	Neyman-Pearson lemma
	Neyman-Pearson lemma ...
	Neyman-Pearson lemma ...
	Bayes detection
	Bayes detection ...
	Bayes detection ...
	Minimum probability of error strategy
	Minimax strategy
	Minimax strategy ...
	Likelihood function and maximum likelihood estimation
	Likelihood function and maximum likelihood estimation ...
	Likelihood function and maximum likelihood estimation ...
	Likelihood function and maximum likelihood estimation ...
	Bayes philosophy and estimation
	Bayes philosophy and estimation ...
	Bayes philosophy and estimation ...
	Cost functions
	Cost functions ...
	Cost functions ...
	Cost functions ...
	Cost functions ...
	Detection of Known Signal in Gaussian Noise
	Detection of Known Signal in Gaussian Noise ...
	Detection of Known Signal in Gaussian Noise ...
	Detection of Known Signal in Gaussian Noise ...
	Discrete-Time Signal in Additive White Noise
	Discrete-Time Signal in Additive White Noise ...
	The Matched Filter for White Noise
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	The Matched Filter for White Noise ...
	Matched Filter Example
	Matched Filter Example ...
	Matched Filter Example ...
	Discrete-Time Signal in Additive Colored Noise
	Discrete-Time Signal in Additive Colored Noise ...
	Discrete-Time Signal in Additive Colored Noise ...
	Discrete-Time Signal in Additive Colored Noise ...
	Discrete-Time Signal in Additive Colored Noise ...
	Discrete-Time Signal in Additive Colored Noise ...
	Discrete-Time Signal in Additive Colored Noise ...
	APPENDIX: WARM-UPS IN STATISTICS
	Random Variables
	Random Variables ...
	Random Variables ...
	Random variables (RV's)
-what are they?
	Random variables (RV's)
-what are they? ...
	Random variables (RV's)
-what are they? ...
	RV's example
	Discrete and continuous random variables
	Probability distributions - Discrete case
	Probability distributions - Discrete case ...
	Continuous RV's and probability distributions
	Continuous RV's and probability distributions ...
	Continuous RV's and probability distributions ...
	Joint distributions - Discrete case
	Joint distributions - Discrete case ...
	Continuous case
	Continuous case ...
	Independent RV's
	Discrete RV's
	Discrete RV's ...
	Discrete RV's ...
	Convolutions
	Conditional distributions
	Conditional distributions ...
	Expectation
	Expectation ...
	Expectation ...
	Expectation ...
	Moments
	Moment generating function
	Moment generating function ...
	Characteristic functions
	Characteristic functions ...
	Covariance
	Covariance ...
	Covariance ...
	Conditional expectation, variance, moments
	Conditional expectation, variance, moments ...
	Chebyshev's Inequality
	The Central Limit Theorem
	Multivariate Gaussian RV's
	Multivariate Gaussian RV's ...
	Multivariate Gaussian RV's ...
	Conditional densities
	Conditional densities ...
	Conditional densities ...
	Population and sample
	Population and sample ...
	Population and sample ...
	Complex RV's and matrices
	Complex RV's and matrices ...
	Complex RV's and matrices ...
	Random Processes
	Random Processes ...
	Random Processes ...
	Random Processes ...
	Random Processes ...
	Random Processes ...
	Discrete Time Gauss-Markov Sequences
	Discrete Time Gauss-Markov Sequences ...
	Discrete Time Gauss-Markov Sequences ...
	Discrete Time Gauss-Markov Sequences ...
	Modeling of an estimation problem - Linear model
	Nonlinear model
	Some recap on matrices
	QR Factorization
	QR Factorization ...
	QR Factorization ...
	Cholesky Decomposition
	Cholesky Decomposition ...
	Eigenvalues and eigenvectors
	Eigenvalues and eigenvectors ...
	Eigenvalues and eigenvectors ...
	Eigenvalues and eigenvectors ...
	Eigenvalues and eigenvectors ...
	Reducing the dimensionality - PCA
	Reducing the dimensionality - PCA ...
	Reducing the dimensionality - PCA ...
	Generalized eigenvalues
	Singular Value Decomposition (SVD)
	Singular Value Decomposition (SVD)
...

