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A

ac components, 85
active RC filters, 164
actual passband edge, 251, 399
adaptive systems, 51
addition of two sequencies element by element,
111, 118
additive operator, 67
additivity, 49, 65, 89, 104, 111, 118
adjoint network, 234
algorithm, 279, 470
aliasing, 99
all-pole transfer function, 77, 250
allpass filter, 141, 330
high-Q-factor, 184
low-Q-factor, 170
medium-Q-factor, 176
allpass transfer function, 151, 344
allpass-type realization, 349
amplitude, 65
amplitude equalizer, 142, 152
amplitude response, 436
amplitude sensitivity function, 436
amplitude spectrum, 86, 89
analog filter design, 139, 301
analog lowpass filter, 140
analog signal, 2
analysis by transform method, 122
of analog LTI circuits, 122
of CTLTI, 122
of DTLTI, 122
analysis of a system, 43

angular digital frequency, 328

angular frequency, 65

anti-aliasing filter, 13

anti-causal sequence, 20

aperiodic signal, 8

approximation, 139, 249, 397
approximation function, 249, 397
approximation step, 140, 242, 329, 390
asymptotically stable system, 47, 70
attenuation, 76, 141, 244, 280, 329, 392, 471
attenuation approximation function, 141, 329
attenuation characteristic, 76

attenuation limits, 393

attenuation tolerance scheme, 437
attenuation-limit specification, 281, 472
autocorrelation function, 92, 101

average power of periodic signal, 101
average power over a period, 85

band-limited signal, 99

bandpass filter, 141, 242, 298, 330, 490
high-O-factor, 182
low-Q-factor, 167
medium-Q-factor, 173

bandpass transfer function, 146, 339

bandreject, 141

bandreject filter, 299, 330, 492
high-QO-factor, 183
low-Q-factor, 168
medium-Q-factor, 175

bandreject transfer function, 147, 340
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bandstop filter, 141, 242, 330
bandstop transfer function, 340
bandwidth, 3-dB, 147, 148
base-band spectrum, 91

Bessel approximation, 250
bilateral z transform, 117
bilinear transformation, 472, 477
biquad, 78, 107, 122, 143, 331
biquadratic section, 78, 107, 122
black box system, 41

blind equalization, 51

block, 44

block diagram, 44

bounded inputs, 47

bounded stability, 47

bump filter, 142, 152
Butterworth approximation, 249, 301, 397

C

canonic realization, 364

carrier, 91

cascade approach, 143

cascade connection, 45

cascade filters, 364

cascade realization, 349

Cauer approximation, 250, 398

causal sequence, 20

causal signal, 16, 94

causal system, 47, 97

CC active RC realization, 233

characteristic equation, 52, 56, 69

characteristic function, 244, 281, 287, 392, 479

characteristic-function-limit specification, 281,
472

characteristic-function limits, 397

characteristic polynomial, 52, 56

Chebyshev approximation, 249, 301, 397

Chebyshev type I approximation, 249, 397

Chebyshev type II approximation, 250, 398

closed-loop system, 42

comb signal, 87, 98

complementary modulus, 504

complete elliptic integral, 281, 472, 504

complete response, 69

complex analytic signal, 429

complex Fourier series, 84

complex frequency, 69

complex frequency variable, 103

complex response, 132

computation of Fourier integrals by DFT, 114

computation of Fourier series by DFT, 113

consistent initial condition, 73

constant steady state response, 75

continuous frequency variable, 88

continuous function, 2

continuous impulse, 27

continuous signal, 2

continuous step signal, 30

continuous time signal, 2

continuous-time system, 42

continuous variable, 2

control action, 42

control system, 43

controllable system, 47

convolution, 90, 104, 119

convolution in frequency domain, 91

convolution integral, 54

convolution sum, 57

cost function, 494

criteria of optimality, 51

critical frequencies, 449

crystal filters, 164

current conveyor, 230

current gain, 231

cyclic autocorrelation of periodic sequence,
113

cyclic convolution, 112

cyclic correlation of periodic sequences, 112

D

Darlington approximation, 250, 398
data sequence, 7, 18
dc component, 85
dead band effect, 358
decibels, 76
decomposition of transfer functions, 152
degree equation, 528, 560
delay characteristic, 76
delay time, 54
Deliyannis filter, 168
design, 242, 390
algorithms, 279, 470
alternatives, 254
by analysis, 43
by synthesis, 43
design D1, 254, 258, 260, 266, 291, 403, 407,
408, 414, 484
design D2, 255, 259, 260, 266, 292, 403, 407,
409, 414, 485



design D3a, 256, 259, 261, 266, 293, 404, 407,
409, 414, 486

design D3b, 256, 259, 266, 293, 404, 408, 409,
414, 486

design D4a, 257, 259, 261, 266, 294, 405, 408,
409, 414, 487

design D4b, 257, 260, 261, 266, 295, 405, 408,
410, 414, 488

design D5, 260, 262, 266, 268, 295, 488

design D5a, 263

design of a system, 43

design parameters, 252, 400

design space, 250, 253, 402

design subspaces, 254

deterministic signal, 8

difference function, 506

differencing property, 65

differential operator, 52

differentiating property, 65, 67, 68, 104

differentiation property of Fourier transform,
90

digital angular frequency, 117, 391

digital filter, 322, 390

digital filter design, 327

digital frequency, 117, 328, 391, 471

digital lowpass filter, 329

digital lowpass specification, 329

digital signal, 2

digital system, 42

Dirac delta, 27

Dirac delta signal, 15

direct canonic filter, 364

direct form I digital filter, 364, 365

direct form II digital filter, 364, 365

Dirichlet’s conditions, 83

discrete Fourier transform, 108

discrete Fourier transform pair, 109

discrete signal, 3

discrete spectra, 87

discrete-time linear time-invariant system,
391

discrete-time signal, 3

discrete-time system, 42, 322

discrimination factor, 251, 281, 287, 399, 472,
479, 563, 606

distributions, 94

double filtered sequence, 456

double filtering technique, 455

doubly terminated ladder filter, 215

doubly terminated RLC filter, 207
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DSP system, 322
dynamic range, 153, 347
dynamical equation, 46

E

edge frequencies, 289, 483

electrical filter, 241

electromechanical filters, 164

elementary function, 71

elliptic approximation, 250, 251, 398, 399

elliptic function approximation, 250, 398

elliptic integral, 504

elliptic rational function, 251, 281, 287, 399,
472, 479, 522, 569

elliptic theta functions, 509

EMQF transfer function, 434

energy per unit bandwidth, 92

energy spectral density, 92

energy spectrum, 92

even part of a real signal, 93

excitation, 1, 40, 69

existence condition of Fourier transform, 89

exponential Fourier series, 84

exponentially modulated sinusoidal signal,
16

F

fast Fourier transform, 110

feedback, 43

feedback connection, 45

filter, 241, 389

filter design, 279, 470

filter design algorithm, 279, 470

filter order, 252, 400

filters based on structural passivity, 364
finite-length sequence, 20

first-order section, 77, 107, 121
first-order transfer function, 77, 107, 121
fixed system, 48

flow-graph reversal rules, 367

folding frequency, 12

forced response, 53, 57

Fourier coefficients, 83

Fourier series, 83

Fourier transform, 88

Fourier transform method, 95

Fourier transform of periodic signal, 100
Fourier transform pair, 88, 94

Fourier transformation, 89
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free response, 56

free response of an LTI system, 53
frequency characteristic, 76

frequency convolution, 90

frequency folding, 99

frequency of sinusoid, 65

frequency response, 76, 117, 243, 297, 391
frequency scaling, 90

frequency shifting, 90

frequency, 3-dB, 143, 333
fundamental angular frequency, 83, 85
fundamental component, 85

G

gain, 76, 244, 392

gain distribution, 154, 347

gain limits, 393

gain-limit specification, 281, 472
gain-sensitivity product, 163
general-purpose biquad, 187
generalization of phasor method, 102
generalized functions, 94

Gibbs phenomenon, 85

group delay, 76, 282, 473

GSP, 163

H

half-band filter, 415
harmonic analysis, 84
harmonic angular frequency, 85
harmonics signal, 8
highpass filter, 141, 242, 297, 330, 490
high-Q-factor, 181
low-Q-factor, 166
medium-Q-factor, 173
highpass-notch filter, 142, 330
high-QO-factor, 186
medium-Q-factor, 179
highpass-notch transfer function, 149, 343
highpass transfer function, 145, 335
Hilbert transform pair, 95, 97
Hilbert transformer, 428
homogeneity, 49, 65, 89, 104, 111, 118
homogeneous, 67
hybrid-time system, 42

ideal impulse sampler, 98
ideal lowpass filter, 99

ideal magnitude response, 304, 497
identity element for convolution, 91, 104
identity system, 49

image, 64, 89, 103

imaginary quarterperiod, 504
implementation, 139, 390
implementation step, 141, 242, 330
impulse response, 97, 297

inband loss, 153

inconsistent initial condition, 73
incrementally linear system, 49

initial condition response, 56

initially relaxed system, 46

input, 40

input-output relationship, 41
input-output stability, 47

instantaneous system, 49

interreciprocal networks, 234

inverse Chebyshev approximation, 250, 398
inverse discrete Fourier transform, 109
inverse Fourier transform, 88

inverse Fourier transformation, 89
inverse Jacobi elliptic function, 280
inverse Laplace transform, 103, 281

inverse Laplace transform of rational function,

105
inverse Laplace transformation, 103
inverse phasor transformation, 66
inverse system, 51
inverse z transform, 117, 130
invertible system, 51

J

Jacobi elliptic function, 280, 281, 471, 506
jo method, 82

K

KCL, 131
KHN filter, 187
Kirchoff current law, 131

L

ladder filters, 364

Laplace transform pair, 103, 105
Laplace transformation, 103
limit-cycle effects, 358

line spectra, 87

linear phase, 305, 312, 455, 497
linear system, 48



linear time-invariant system, 51, 243

linearity, 111, 118

loss, 76

loss characteristic, 76, 244, 392

loss function, 244, 392

lossless LC filter, 208

low-Q-factor filter, 165

lowpass elliptic transfer function, 481

lowpass filter, 141, 242, 330, 390
high-QO-factor, 180
low-Q-factor, 165
medium-Q-factor, 171

lowpass-notch filter, 142, 330
high-QO-factor, 185
medium-Q-factor, 177

lowpass-notch transfer function, 149, 343

lowpass specification, 140

lowpass transfer function, 144, 333

lumped system, 42

M

magnitude limits, 393

magnitude response, 76, 97, 243, 304, 391, 497

magnitude ripple tolerances, 393

magnitude tolerances, 393

magnitude-limit specification, 281, 472

magnitude-ripple specification, 281, 472

magnitude-tolerance specification, 281, 472

Mathematica, 2, 25, 31, 39, 62, 137, 239, 277,
318, 362, 386, 468, 495, 567, 631

mathematical amplitude spectrum, 87

mathematical model, 43

mathematical power spectrum, 87

MATLAB, 2, 20, 23, 38, 62, 137, 238, 276, 319,
320, 385, 467, 495, 567, 630

matrix form of DFT/IDFT, 110

maximal order, 252

maximum passband attenuation, 140

mean value, 9

medium-Q-factor filter, 171

memoryless system, 49

microwave filters, 164

minimal order, 252

minimal Q-factor design, 268, 295, 475, 488,
564, 625

minimum stopband attenuation, 140

model, 43

modular constant, 509

modulating in amplitude signal, 91
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modulating signal, 91

modulus of elliptic function, 280, 472, 504

Monte Carlo method, 156

multicriteria digital filter optimization, 494

multicriteria optimization, 301

multiplication of a sequence by a constant,
111, 118

multiplier model for product quantization,
130

multiplierless filter, 434

multirate DSP systems, 323

multivariable system, 41

N

natural frequency, 70
natural spectra, 86
nesting property, 518, 534, 570
network functions, 132
noise, 8
sequence due to product quantization, 131
transfer function, 128, 129, 131, 359
nominal characteristics, 49
nominal values, 49
nonanticipative system, 47
nondeterministic signal, 8
nonlinear system, 48
nonrecursive system, 52
nonsinusoidal periodic signals, 82
normalized lowpass elliptic transfer function,
288
normalized transfer function, 143, 333
Nyquist frequency, 12

o

objective function, 301, 304, 497
objective measure, 304
observable system, 46

odd part of a real signal, 93
one-sided z transform, 117

op amp active RC filters, 164
open left-half plane, 70
open-loop system, 42

optimal cascading sequence, 154, 347
optimal systems, 50
optimization, multicriteria, 301
order of the system, 51

original, 89, 103

original function, 64

OTA filters, 139, 163, 164, 223
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OTA-C filters, 223
OTA-R-C filters, 223
output, 40

overflow, 357

overflow oscillations, 358
overshoot, 54

P

pairing, pole-zero, 153

pairs of Fourier transform, 94

pairs of Laplace transform, 105
pairs of z transform, 120

parallel connection, 45

parallel filter, 364
parallel-of-two-allpass filters, 364
Parseval’s formula, 92

Parseval’s identity, 84, 112
Parseval’s theorem, 84, 92

partial sum of the Fourier series, 83
partial transfer function, 78, 107, 122
passband, 139, 242, 327, 390
passband attenuation, 329
passband edge frequency, 140, 280, 329
passband magnitude ripple, 281
passband magnitude tolerance, 281
passive RLC filters, 164, 207

peak overshoot, 308, 310
performance index, 50
performance specifications, 50
periodic signal, 8, 101

phase, 65

phase difference function, 436
phase equalizer, 141, 330

phase response, 76, 97, 243, 391
phase-shifter, 90-degree, 428

phase spectrum, 89

phase spectrum of a periodic signal, 86
phase splitter, 431

phasor, 66

phasor method, 67, 79

phasor transform, 66

phasor transformation, 65, 66
physically realizable system, 47
piecewise continuos signal, 83
Poisson’s summation formula, 98
Poisson’s theorem, 98

pole magnitude, 77, 142

pole-zero pairing, 153, 347
pole-zero representation, 77, 107, 121

poles of transfer function, 76, 106, 121
polynomial differential operator, 52
polynomial shifting operator, 55
power spectral density, 112
of periodic signal, 101
power spectrum, 86
of periodic signal, 101
of sequence, 112
principle of superposition, 48
product quantization, 359
production yield, 155
proper rational function, 105
properties of DFT, 110
properties of Fourier transform, 89
properties of Fourier transform of real signal,
92
properties of Laplace transform of real signal,
103
properties of transformation, 65
prototype elliptic approximation, 251, 399
pulse function, 14
pulse signal, 14

Q

QO-factor, 77, 142, 222, 306, 331, 478, 499, 564,
625

Q-factor, minimal value of, 77

quality factor, 77, 222, 496, 499

quantization, 7

quantization error, 358

quantization noise, 8

quantized samples, 5

R

radian frequency, 13

ramp sequence, 19

ramp signal, 14

random signal, 8

rational function, 569

real quarterperiod, 504

real signal, 93

real-valued exponential sequence, 18
real-valued exponential signal, 13
realization, 139, 141

realization step, 141, 242, 329, 390
recursive systems, 51

reference frequency, 143
reflectance amplitude function, 437
region of convergence, 103, 117



relative bandwidth, 147

relative sensitivity, 155

relative variation, 156

relaxed system, 46, 48

resonant angular frequency, 147

resonant frequency, 339

response, 1, 40

Riemann’s theorem, 84

ripple factor, 251, 281, 289, 399, 473, 483, 545,
608

rise time, 54

rms value, 85

ROC, 117

root-mean-square value, 85

S

Sallen-Key filter, 165, 166, 171, 173

Sallen-Key lowpass filter, 235

sample interval, 4

sample set, 7, 18

sampled signal, 98

sampling frequency, 4, 99, 109, 322

sampling rate, 4, 109, 322

sampling theorem, 9, 12, 99

saturation arithmetics, 357

sawtooth periodic signal, 17

SC universal filter, 267

scale factor, 77, 107, 121

Schoeffler criterion, 50, 156

second-order section, 471

second-order transfer function, 78, 107, 122,
143, 331

sectionally continuous signal, 83

selectivity factor, 141, 251, 281, 289, 329, 399,
473, 483, 521, 575

semirelative sensitivity, 50, 157

sensitivity, 153

sensitivity of a system, 49

sequence, 5, 18

sequential quadratic programming problem,
301, 494

settling time, 54

shift-invariant, 48

shifting a periodic sequence, 111

shifting a sequence in z domain, 119

shifting operator, 55

side-band, 91

sifting property, 16

signal, 1,2
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signal processing, 1
signal-to-noise ratio, 153
Signals and Systems Pack, 25
single-parameter sensitivity, 349
single-parameter relative sensitivity, 50
single-variable system, 41
sinusoidal sequence, 18
sinusoidal signal, 13, 65
sinusoidal steady-state response, 74
sinusoidally modulated sinusoidal signal, 16
specification, 139, 282, 327, 473
spectral analysis, 84
spectrum of the sampled signal, 98
SQP, 301
stable system, 47
state, 46
stationary system, 48
steady-state from a nonsinusoidal periodic
input, 88
steady-state response, 53, 57, 75
steady-state sinusoidal response by Fourier
method, 102
step response, 297
stochastic signal, 8
stopband, 139, 242, 327, 390
stopband attenuation, 329
stopband edge frequency, 140, 280, 329
stopband magnitude ripple, 281
stopband magnitude tolerance, 281
study of imperfections, 139, 141, 242, 329, 390
summed sensitivity, 160
summing point, 44
superposition, 48
switched capacitor biquad,
mode 1, 199, 268
mode 2, 199
mode 3, 199
mode 4, 200
mode 5, 200
mode 6, 201
mode 7, 201
switched capacitor universal filter, 267
switched-capacitor filters, 139, 141, 163, 164,
189, 199, 201, 203
symmetrical bandpass filter, 299, 492
symmetrical bandreject filter, 300, 493
symmetry, 90
system, 40, 41
system function, 106, 117, 121
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T

takeoff point, 44
time, 1, 23, 41
time convolution, 90
time-invariant system, 48
time-limited signal, 91
time response, 42, 297
time scaling, 90
time shifting, 90
time step, 4
time-value pairs, 23
time-varying system, 48
total energy of a nonperiodic signal, 92
total harmonic distortion, 460
total response, 53, 57
train of Dirac delta impulses, 98
transconductance, 223
transfer function, 76, 96, 106, 117, 121, 244, 280,
392

matrix, 78, 108, 122

poles, 286, 478

Q-factor, 286, 478

zeros, 286, 478
transfer function order, 252, 284, 400, 475
transform, 64, 102
transformation, 65
transient response, 53, 57
transition region, 242, 390
transitional approximations, 250
transposed realization, 367
transposition, 367
trigonometric Fourier series, 83
truncated Fourier series, 83
truncation noise, 460
two-pass filtering, 455
two’s complement overflow, 357
two-port adaptors, 373
two-port reciprocity, 233
two-sided z transform, 117

U

unilateral Laplace transform, 103
unilateral z transform, 117
uniqueness, 65, 66, 111

of Fourier transform, 89

of Laplace transform, 103

of z transform, 118

unit delay operator, 119

unit impulse response, 54, 57
unit impulse sequence, 19

unit impulse signal, 15

unit periodic square pulse train, 86
unit ramp response, 54

unit ramp sequence, 19

unit ramp signal, 15

unit singularity function, 27
unit step response, 54, 57

unit step sequence, 19

unit step signal, 14

unstable system, 71

unwrapped phase response, 303

Vv

variability, 155
variance of the signal, 9
variation of a function, 50

W

wave digital filters, 364

waveform, 1

weight of the impulse, 27

Wiener-Kintchine theorem, 92
for periodic signals, 101

worst-case, 156

worst-case method, 350

worst-case variation, 50

zZ

z transform, 117

z transform pairs, 120

zero-input response, 53, 57, 69

zero-input sinusoidal steady-state response,
71

zero-input steady-state response, 71

zero magnitude, 77

zero-memory system, 49

zero Q-factor, 77

zero shifting technique, 215

zero-state response, 53, 57, 71

zero-state response by Fourier method, 101

zeros of transfer function, 77, 106, 121

z transform pair, 118



