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A
Absolute bandwidth, 230
Accumulation, 172
Additivity, 18
Adjoint (or adjugate) matrix, 434
Advance, unit, 171
Aliasing, 280
All-pass filter, 332
Amplitude distortion, 225
Analog signals, 2
Analytic signal, 286
Anticausal sequence, 64
Anticausal signals, 59
Aperiodic sequences (see Nonperiodic sequences)
Aperiodic signals (see Nonperiodic signals)
Asymptotically stable systems, 373, 377
Auxiliary conditions

difference equations, 65
differential equations, 60

Average power, 5
normalized, 5

B
Band-limited signal, 231, 278
Bandpass signal, 231
Bandwidth

absolute, 230
energy containment, 277
equivalent, 275
filter (or system), 230
signal, 231

Bilateral (or two-sided) Laplace transform, 110
Bilateral (or two-sided) z-transform, 165
Bilinear transformation, 340
Bode plots, 265
Bounded-input / bounded-output (BIBO) stability, 19, 59, 64, 79, 99, 122, 145, 199

C
Canonical simulation

the first form, 384
the second form, 386

Canonical State representation
the first form, 384, 390
the second form, 386, 392

Causal signal, 59, 64
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Causality, 50, 58, 61, 64, 98, 122, 176
Cayley-Hamilton theorem, 371, 376, 439
Characteristic equation, 371
Characteristic function (see Eigenfunction)
Characteristic polynomial, 435
Characteristic values (see Eigenvalues)
Circular convolution, 307
Circular shift, 306
Cofactor, 433
Complex frequency, 218
Complex numbers, 455
Complex signals, 2
Compressor, 48
Connection between

the Fourier transform (continuous-time) and the Laplace transform, 217
the Fourier transform (discrete-time) and the z-transform, 293

Constituent matrix, 372, 377, 442
Continuous-time LTI systems, 56

causality, 122
described by differential equations, 60, 226
eigenfunctions, 59
frequency response, 223
impulse response, 56
properties, 58
response, 56
stability, 59
state space representation, 368
system (or transfer) function, 121

Continuous-time signals, 1
Continuous-time systems, 17
Controllability matrix, 406, 417
Controllable systems, 405, 417
Convolution

circular, 307
continuous-time, 57
discrete-time, 62
in frequency, 221
integral, 57
periodic, 75, 96
properties, 57, 62
sum, 62

Convolution property
discrete Fourier transform (DFT), 307
Fourier transform (continuous-time), 220, 225
Fourier transform (discrete-time), 297, 322
Laplace transform, 119
z-transform, 172, 187

Convolution theorem
frequency, 221, 257
time, 221, 255

D
Decimation-in-frequency, 355
Decimation-in-time, 352
D i i i 159
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Delay, unit, 46
Determinants, 433

Laplace expansion, 433
Deterministic signals, 3
DFS (see Discrete Fourier series)
DFT (see Discrete Fourier transform)
DFT matrix, 349
Diagonal matrix, 428
Diagonalization matrix, 436
Difference equations, 65

recursive, 60
Differential equations, 60

homogeneous solution, 60
particular solution, 60

Digital signals, 2
Digital simulation of analog signals, 304
Dirac delta function (d-function) (see Unit impulse function)
Dirichlet conditions

for Fourier series, 213
for Fourier transforms, 217

Discrete Fourier series (DFS), 288
properties, 289

Discrete Fourier transform (DFT)
definition, 305
inverse, 305
N-point, 305
properties, 306

Discrete-time LTI systems
causality, 64
described by difference equations, 65
eigenfunctions, 64
finite impulse response (FIR), 66
impulse response, 61
infinite impulse response (IIR), 66
response, 61
stability, 64
state space representation, 366
system function, 175

Discrete-time signals, 1
Discrete-time systems, 17
Distortionless transmission, 225
Duality property

discrete Fourier series, 289
discrete Fourier transform, 307
Fourier transform (continuous-time), 220, 247
Fourier transform (discrete-time), 296

Duration-limited signal, 286

E
Eigenfunctions, 51

of continuous-time LTI systems, 59
of discrete-time LTI systems, 64

Eigenvalues (characteristic values), 51, 371
Eigenvectors, 372
Energy containment bandwidth 277
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Energy content, 5
normalized, 5

Energy-density spectrum, 222
Energy signal, 5
Energy theorem, 222
Equivalence property, 38
Equivalent bandwidth, 275
Even signal, 3
Exponential sequences

complex, 13
real, 16

Exponential signals
complex, 9
real, 10

F
Fast Fourier transform (FFT)

decimation-in-frequency algorithm, 355
decimation-in-time algorithm, 352

Feedback systems, 19
FFT (see Fast Fourier transform)
Filter

bandwidth, 230
ideal band pass, 228
ideal band stop, 228
ideal low-pass, 227
ideal high-pass, 227

Filtering, 227, 273
Final-value theorem

unilateral Laplace transform, 150
unilateral z-transform, 205

Finite-duration signal, 113
Finite impulse response (FIR), 66
Finite sequence, 169
FIR (see Finite impulse response)
First difference, 297
Fourier series

coefficients, 212
complex exponential, 211
continuous-time, 211
convergence, 213
discrete (DFS), 288
harmonic form, 213
trigonometric, 212

Fourier spectra, 216, 293
Fourier transform (continuous-time), 216

convergence, 217
definition, 216
inverse, 216
properties, 219
tables, 222, 223

Fourier transform (discrete-time), 293
convergence, 293
definition, 293
i 293
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Fourier transform (continued)
properties, 295
tables, 299, 300

Frequency
angular, 211
complex, 218
fundamental, 11, 211
radian, 11

Frequency response
continuous-time LTI systems, 223, 262
discrete-time LTI systems, 300, 326

Frequency selective filter, 227

G
Gain, 225
Gaussian pulse, 261
Generalized derivatives, 8
Generalized functions, 7, 37

H
Harmonic component, 213
Hilbert transform, 271
Homogeneity. 18

I
Identity matrix, 371
IIR (see Infinite impulse response)
Impulse-invariant method, 339
Impulse response

continuous-time LTI systems, 56
discrete-time LTI systems, 61

Impulse train, periodic, 238
Infinite impulse response (IIR), 66
Initial condition, 61
Initial rest, 61
Initial state, 418
Initial-value theorem

unilateral Laplace transform, 150
unilateral z-transform, 205

Initially relaxed condition (see Initial rest)
Interconnection of systems, 80, 123
Inverse transform (see Fourier, Laplace, etc.)
Invertible system, 55

L
Laplace transform

bilateral (two-sided), 110
definition, 110
inverse, 119
properties, 114, 132
region of convergence (ROC), 111
tables, 115, 119
unilateral (one-sided), 110, 124, 151

Left-sided signal, 114
Li h filt 334
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Linear system, 18
Linear time-invariant (LTI) system, 18

continuous-time, 56
discrete-time, 61

Linearity, 60, 115

M
Magnitude response, 224, 301
Magnitude spectrum, 216, 293
Matrix (or matrices)

characteristic equation, 435
characteristic polynomial, 435
conformable, 430
constituent, 372, 377, 442
controllability, 406, 417
diagonal, 428
diagonalization, 436
differentiation, 444
eigenvalues, 435
eigenvectors, 435
function of, 437
idempotent, 442
identity (or unit), 429
integration, 444
inverse, 431, 434
minimal polynomials, 440
nilpotent, 399
nonsingular, 367, 435
observability, 406, 418
power, 437
rank, 433
similar, 368
singular, 435
skew-symmetric, 431
spectral decomposition, 372, 377, 442
spectrum, 442
state-transition, 371
symmetric, 431
system, 367
transpose, 431

N
N-dimensional state equations, 367
Nilpotent, 399
Noncausal system, 17
Nonideal frequency-selective filter, 229
Nonlinear system, 17
Nonperiodic (or aperiodic) signals, 5
Nonrecursive equation, 66
Nonsingular matrix, 367
Normalized average power, 5, 32
Normalized energy content, 5
N-point DFT, 305
Nyquist interval, 281
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O
Observability matrix, 406, 418
Observable system, 406, 418
Odd signal, 3
Orthogonal sequences, 308
Orthogonal signals, 231

P
Parseval's identity (see Parseval's theorem)
Parseval's relation

discrete Fourier series (DFS), 315
discrete Fourier transform (DFT), 307
Fourier series, 244
Fourier transform (continuous-time), 221, 258
Fourier transform (discrete-time), 298

Parseval's theorem
discrete Fourier series (DFS), 290, 315
discrete Fourier transform (DFT), 307
Fourier series, 214
Fourier transform (continuous-time), 222, 258
Fourier transform (discrete-time), 361

Partial fraction expansion, 120, 174
Pass band, 227
Period, 4

fundamental, 4
Periodic convolution

continuous-time, 75
discrete-time, 96

Periodic impulse train, 238
Periodic sequences, 288
Periodic signals, 4
Phase distortion, 225
Phase response, 224, 301
Phase shifter, 269
Poles, 112
Power, 5

average, 5
Power series expansion, 174, 188
Power signals, 5

R
Random signals, 3
Real signals, 2
Recursive equation, 65
Region of convergence (ROC)

Laplace transform, 111
z-transform, 166

Relationship between
the DFT and the DFS, 305
the DFT and the Fourier transform (discrete-time), 306

Response
frequency, 223, 262, 300, 326
impulse, 56, 61
magnitude, 224, 301
phase 224 301
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Response (continued)
step, 58, 63
system, 302
zero-input, 60
zero-state, 60

Right-sided signal, 113
Rise time, 276

S
Sampled signal, ideal, 278
Samples, 2
Sampling, 1

interval, 2, 278
Nyquist, 281

rate, 281, 303
Nyquist, 281

Sampling theorem
in the frequency domain, 286
uniform, 281

Sequence, 1
complex exponential, 13
exponential, 16
finite, 169
nonperiodic, 5
periodic, 5
sinusoidal, 16

Sift-invariant, 18
Signal bandwidth, 231
Signals

analog, 2
analytical, 286
anticausal, 59
band-limited, 231, 278, 280
bandpass, 231
causal, 59, 64
complex, 2
complex exponential, 9
continuous-time, 1
deterministic, 3
digital, 2
discrete-time, 1
duration-limited, 286
energy, 5
even, 3
finite-duration, 113
left-sided, 114
nonperiodic, 5
odd, 3
periodic, 4
power, 5
random, 3
real, 2
real exponential, 10
right-sided, 113
i id l 11 27 29
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Signals (continued)
time-limited, 113
two-sided, 114

Signum function, 254
Similar matrices, 368
Similarity transformation, 367, 436
Simulation, 303, 337

by bilinear transformation, 340
canonical, 384, 386
impulse-invariance method, 339

Singular matrix, 435
Sinusoidal sequences, 16
Sinusoidal signals, 11, 27, 29
Spectral coefficients, 289
Spectral decomposition, 372, 377, 442
Spectrum (or spectra), 216

amplitude, 214
discrete frequency, 214
energy-density, 222
Fourier, 216
line, 214
magnitude, 216
phase, 214, 216
s-plane, 111

Stability
asymptotical, 373, 377
bounded-input / bounded-output (BIBO), 19, 59, 64, 79, 99, 122, 145, 176, 199

Stable systems, 19
State, 365
State equations

continuous-time, 374, 388, 409
discrete-time, 371, 382, 394

State space, 365
State space representation

continuous-time LTI systems, 368
discrete-time LTI systems, 366
canonical

the first form, 384, 390
the second form, 386, 392

State-transition matrix, 371, 376
State variables, 365
State vectors, 366, 369
Step response, 58, 63
Stop band, 227
Superposition property, 18
Systems

causal and noncausal, 17
continuous-time and discrete-time, 17
continuous-time LTI, 110
described by difference equations, 65, 100
described by differential equations, 60, 83
discrete-time LTI, 165
feedback, 19
invertible, 55
li d li 18
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Systems (continued)
linear time-invariant (LTI), 18, 56
memoryless, 17
stable, 19
time-invariant and time-varying, 18
with and without memory, 17, 58, 63

System function
continuous-time LTI systems, 121, 143, 374
discrete-time LTI systems, 175, 194, 373

System representation, 16
System response, 302

T
Testing function, 7

3-dB bandwidth, 230
Time convolution theorem, 221, 255
Time delay, 225
Time-invariance, 61
Time-invariant systems, 18
Time reversal, 117, 172, 220, 295, 307
Time scaling, 116, 219, 296
Time shifting, 116, 171, 219, 295, 306
Time-varying systems, 18
Transfer function, 121
Transform circuits, 125
Transforms (see Fourier, Laplace, etc.)
Two-sided signal, 114

U
Uniform sampling theorem, 281
Unilateral Laplace transform, 124, 148
Unilateral z-transform, 177, 202
Unit, advance, 171
Unit circle, 167, 176
Unit-delay, 171
Unit-delay element, 46
Unit impulse function, 6
Unit impulse sequence, 12
Unit ramp function, 45
Unit sample response, 61 (See also Impulse response)
Unit sample sequence (see Unit impulse sequence)
Unit step function, 6, 37
Unit step sequence, 12

Z
z-plane, 166
z-transform

bilateral (or two-sided), 165
definition, 165
inverse, 173
properties, 171, 184
region of convergence (ROC), 166
tables, 170, 173
unilateral (or one-sided), 177, 202

Z i t 60

Index 471

Zero padding, 305
Zero-state response, 60
Zeros, 112


