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I. Fundamentals and Definitions

A. Complex Numbers

1. Properties

a. Real and Imaginary parts

b. Magnitude and Phase

c. Vector Representation

2. Complex Exponentials

a. Definition

b. Sine-Cosine Form

c. Euler’s Formulae

B. Signals

1. Definition

2. Example Signals

a. Pulse

b. Impulse (CT and DT)

c. Doublet

d. Step Function (CT and DT)

e. Noise (it’s all relative)

3. Properties

a. Continuous-time (CT) vs Discrete-time (DT)

b. Continuous-valued vs Discrete-valued/quantized

c. Deterministic vs Stochastic/random

4. Biomedical Signal Descriptions

a. Electroencephalogram (EEG)

b. Cardiac monitoring, including Electrocardiogram (ECG), blood pressure monitoring, pulse oximetry, and others

c. Electromyogram (EMG)

d. Speech, including the source-filter model of speech production

e. Neural recordings, for example, auditory nerve fibers

II. Empirical Modeling Of Data

A. Model Development and Generalized Least Squares

1. Polynomials

2. Models From Linearization

B. Orthogonal Polynomials

1. Gram Polynomials

2. LaGrange Polynomials

3. Spline Functions

C. Interpolation and Extrapolation

III. Transforms: Continuous-Time

A. Fourier Series

1. Definition of Fourier Series 

2. Complex and Real Coefficient Forms

3. Fourier Series of Even and Odd functions

4. Line Spectra of Fourier Coefficients

5. Truncation Effects and Gibb’s Phenomenon

6. Use of Windows to Reduce Effects of Truncation

B. Continuous-Time Fourier Transform (CTFT)

1. The Fourier integral

2. Basic Properties of the Fourier transform

a. Symmetry

b. Conjugate Relationships

c. Linearity

d. Scaling

e. Shifting Theorem

f. Convolution

3. Parseval’s Theorem and energy spectra 

4. Wiener-Khintchine Theorem 

5. Fourier Transform of Periodic Signals 

a. Fourier Integral of Complex Exponential

6. Fourier Transform of Transient Pulse

a. The SINC Function

b. The Impulse Function

C. Laplace Transforms 

1. Definition

2. As Generalization of CTFT

3. Pole-Zero Plots

a. Regions of Convergence

b. Geometric Interpretation

4. Laplace Transform Pairs

a. Impulse

b. Step Function

c. Complex Exponentials

d. Table of Laplace Transform Pairs

5. Laplace Transform Properties

a. Linearity

b. Shift/Complex Exponential

c. Time Scaling

d. Initial and Final Value Theorems

e. Differentiation/Integration

f. Convolution/Multiplication
IV. Digital Sampling Theory – Bridge to Discrete Time

A. Illustration of Analog-to-Digital Sampling 

a. Pulse Amplitude Modulation (PAM) Sampling 

b. Ideal (Impulse) Sampling 

B. Frequency Spectrum of Sampled Signal 

a. Spectrum of Sampling Pulses 

b. Spectrum of Sampled Signal 

C. Signal Aliasing 

a. Illustration of Aliasing in Frequency and Time Domains 

b. Nyquist Sampling Rate 

c. Folding Frequency 

d. Statement of the Sampling Theorem

V. Transforms: Discrete-Time

A. Discrete-Time Fourier Transform (DTFT)

1. Discrete Fourier Transform (DFT)

a. Properties of the DFT

1.) Linearity

2.) Cyclic Convolution

3.) Symmetry and Conjugate Pairs

4.) Periodicity

b. Example DFT Calculation

c. Number of Complex Operations in DFT Calculation

2. Fast Fourier Transform (FFT)

a. Decimation in Time FFT

b. Decimation in Frequency FFT

c. Butterfly Diagrams

d. Bit Reversal Process

e. Number of Complex Operations in FFT Calculation

3. Leakage and Windows

4. Spectral Estimates via FFT

B. The Z-Transform

1. Definition of the Z-Transform

a. Z-Transforms for Some Common Functions

b. Table of Z-Transforms

2. Properties of the Z-Transform

a. Linearity

b. Shifting

c. Convolution

d. Initial Value Theorem

e. Final Value Theorem

3. The Inverse Z-Transform

a. Partial Fraction Expansion

b. Power Series Expansion

c. Method of Residues

4. Mapping from s to Z Planes

a. The Unit Circle

VI. Systems – Introductory Concepts

A. Definition of a System

1. Example Systems

2. Input/Output Relationships

B. Properties of Systems in General

1. Memory

2. Invertibility

3. Causality

4. Stability

5. Time-invariance

6. Linearity

7. Superposition

VII. Types of Systems

A. Linear Time-Invariant (LTI) Systems

1. Definition of LTI

2. Impulse Response of LTI System

3. Convolution (DT and CT)

a. Performing Convolution Mathematically

b. Performing Convolution Graphically

4. Properties

a. Associative

b. Commutative

c. Distributive

d. Additive

e. LTI Systems in Series/Parallel

5. Approximations Based on LTI Systems

a. Non-linear Systems

b. Time-varying Systems

B.
Linear Constant Coefficient Differential/Difference Equations

1. First-Order Systems

2. Second-Order Systems

3. Frequency Response: Magnitude and Phase

4. Bode Plots

C.
Feedback Systems


1.
Black’s law

2. Stability

3. Positive and Negative Feedback

D. Nonlinear Systems 

1. Modulation/Demodulation (CT and DT)

a. Amplitude Modulation

b. Frequency Modulation

VIII. Design Characteristics of Filters in Signal Processing

A. Ideal Filters

B. Amplitude Response Characteristics of Filters

C. Analog Filter Design Characteristics

1. Butterworth Filter

2. Chebyshev Filter

3. Elliptic Filter

D. Introduction to Digital Filters

1. Canonical Forms

2. Digital Filter Structures

IX. Finite Impulse Response (FIR) Digital Filter

A. Characteristics of FIR Filters

1. Linear Phase

2. Non-Recursive

B. Design of FIR Filters Using Ideal Models

1. Synthesis Formula

2. Filter Coefficients

3. Implementation Formula

4. Frequency Transfer Function

a. Mapping H(Z) to H(()

C. Effects of Truncation

1. Gibbs Phenomenon

2. Use of Windows

a. Hamming Window

b. Table of Other Windows

D. Table of Generalized FIR Filter Coefficients

1. Lowpass, Highpass, Bandpass, and Bandstop

X. Infinite Impulse Response (IIR) Digital Filters

A. Characteristics of IIR Digital Filters

1. Recursive Design

B. Analog Design Models

1. Table of H(s) Transfer Functions

C. The Bilinear Transformation

1. Frequency Warping

2. Table of Bilinear Transforms for Analog to Digital Filter

a. Lowpass, Highpass, Bandpass, Bandstop

D. Canonical Form for H(Z)

1. Filter Coefficients

2. Time-Domain Implementation Formula

E. Frequency Transfer Function H(()

F. Implementing IIR Filters

1. Decimal Place Precision

2. Effects of Phase

3. Data Padding

XI. Design of Digital Filters Using Pole-Zero Placement on the Unit Circle

A. Some General Design Rules

1. Placement of Zeroes and Poles

2. Rule of Symmetry

3. Frequency Transfer Function H(()

B. Example Design of a 60-Hertz Notch Filter

C. Zero Gain Digital Filter Design

XII. Probability Concepts And Random Signal Characteristics

A. Introduction to Random Variables

1. Probability Descriptors

2. Moments of Random Variables

3. Gaussian Random Variable

4. Other Types Of Probability Density Functions

5. Correlation

B. Concept of Sampling and Estimation

1. Sample Moments

2. Density Function Estimation

3. Estimation of Correlation

C. General Properties of Estimators

1. Convergence

2. Recursion

D. Random Numbers and Signal Characteristics

1. Random Number Generation

2. Change of Mean and Variance

3. Density Shaping

XIII. Random Signals, Correlation, And Systems

A. General Definitions

1. Definition of Stationarity

2. Definition of Moment Functions

3. Moments of Stationary Processes

4. Time Averages and Ergodicity

5. Correlation Functions

B. Estimators

1. Definition

2. Bias

3. Consistency and Ergodicity

4. Sampling Properties

5. Asymptotic Distributions

C. Correlation and Signal Structure

D. Assessing Stationarity of Signals

1. Stationarity Tests

a. Mean and Variance

b. Runs

XIV. Spectral Analysis For Random Signals - Classical Estimation

A. Spectral Estimation Concepts

1. Discrete Fourier Transform

2. Periodogram

3. Sampling Moments of Estimators

4. Sampling Distribution for Spectral Estimates

5. Spectral Estimate for White Noise

6. Sampling Properties for General Random Processes

B. Consistent Estimators - Direct Methods

1. Periodogram Averaging

2. Welch Method

3. Spectral Smoothing

C. Consistent Estimators - Indirect Methods or Blackman-Tukey Approach

1. Autocorrelation Estimation

2. Relationship between Spectral and Lag Windows

3. Statistical Characteristics of BT Approach

4. Important Details for Using FFT Algorithms

XV. Random Signal Modeling And Modern Spectral Estimation

A. Moving Average (MA) Model

1. First-Order MA

2. Second-Order MA

3. Higher order MA

B. Autoregressive (AR) Model

1. Higher Order AR Systems

2. Time Series Models for Power Spectra

C. Autoregressive Moving Average (ARMA) Model

D. Random Data Modeling Approach

1. Basic Concepts for AR Model

a. Linear Prediction

2. Solution of the General Model

a. Minimize squared prediction error

b. Model Order

E. Recursive Algorithms

1. Levinson-Durbin Algorithm

2. Burg Method

F. Spectral Density Function Estimation

1. Definition from Models

2. Statistical Properties

G. Linear Prediction and LPC coding of speech 

XVI. Theory And Application Of Cross Correlation And Coherence

A. Definition of Cross Correlation Functions

1. Theoretical Function

2. Estimators

B. Detection of Time Limited Signals

1. Basic Concepts

2. Procedure for Estimation

3. Application of Pulse Principal

a. Random Signals

b. Time Difference of Arrival

C. Cross Spectral Density Functions

1. Definition and Properties

2. Properties of Cross Spectral Estimators

3. Tests for Correlation between Time Series

D. Coherence 

1. Definition

2. Estimators

a. Statistical Properties of Estimators

b. Confidence Limits

XVII. Signal Averaging – Time Domain

A. Fiducial Mark

1. Waveform Properties

2. Stimuli

B. Frames and Event Synchronization

C. Signal to Noise Ratio

XVIII. Techniques for Time Varying Signals

A. Short-Time Fourier Transform (STFT) and Spectrogram

1. Time Window

a. Duration and Shift

b. Type of Windows

c. Spectral Arrays

2. Temporal and Spectral resolution trade-off

B. Time-Frequency Analysis (TFA)

1. Kernel and distribution types

a. Wigner-Ville

b. Exponential 

c. Other Kernels

2. Time and Frequency Resolution Improvements

3. Interference Cross-terms

C. Wavelets

1. Definition

a. Scaling and wavelet functions

b. Orthonormality

c. Time Scale and Shift

d. Decimation and Interpolation

2. Signal Representation

a. Approximation and detail functions

b. Signal accuracy and error

3. De-noising

4. Frequency Domain Counterpart

a. High and Low Pass Filters and Scale

b. Filter Bank Representation

XIX. Applications in Biosignal Analysis

A. Bandpass Filtering of Electroencephalogram (EEG) Alpha Rhythm

B. 60 Hertz Notch Filtering of Noisy Electrocardiogram (ECG)

C. 60 Hertz Notch Filtering of Noisy Electroencephalogram (EEG)

D. Digital Signal Processing of Electromyogram (EMG)

E. Tracking gastric dysrhythmia using STFT of EGG

F. Detecting and classifying arrhythmias in ECG

G. Event related potentials in EEG with TFA

H. De-noising recordings of nerve action potentials using wavelets
I. Ventricular arrhythmia detection
J. Designing low-bit rate speech coders (channel and LPC)
K. Modeling Auditory Nerve Fiber Activity

L. Multiple-microphone hearing aids

M. Detecting seizures from EEG waveforms

9
1

