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INDEX

admittance, 46
characteristic, 109, 569, 571, 596
interface, 524, 530
matrix, 46
per-unit-length, 108
synthesis, 538

aeroelasticity, 726
aircraft, 726
Algebraic Riccati Equation (ARE), 378
aliasing, 824
Alternating Current (AC), see sinusoidal

steady-state
analytic function, 805
meromorphic, 807
rational, see rational function

Armijo rule, 794
Arnoldi iteration, 143, 429
block–, 144
rational, 147

Asymptotic Waveform Evaluation (AWE),
138

attenuation, 122
constant, 567

Autoregressive with Moving Average
(ARMA) model, 194, 229
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backplane, 664, 681, 687
balanced structure, 342
balanced truncation, 7, 158
balancing, 156
square root, 554
transformation, 157

Ball Grid Array (BGA), 668
Banach space, 39
Bartels–Stewart algorithm, 86
basis, 172, 173, 761
entire-domain, 737
interpolating, 737
monomial, 176
orthogonal, 180, 762
piecewise linear, 737
rational, 231, 233

behavioral model, 5
Bessel function, 723
bias, 701
bifurcation, 738
bisection, 392, 419
boundary conditions, 6, 106, 108, 116, 125,

587
Bounded Real Lemma (BRL), 160, 406, 439,

474, 556
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864 INDEX

Bounded Real Lemma (BRL) (Continued)
descriptor systems, 423
lossless, 408

Bounded Realness (BR), 12, 55
rational, 402

Brent’s method, 794

capacitance, 57
per-unit-length, 104

capacitor, 366
decoupling, 679

Cauchy
integral formula, 65, 806
matrix, 185
principal value integral, 66, 816
sequence, 39
theorem, 805

causality, 12, 61, 248
violation, 20, 688

circuit
equivalent, 15, 597
interface, 524, 530
lumped, 74, 104, 148, 338, 365, 578, 693
Norton, 524, 531, 593
resistive, 548
synthesis, 15, 538, 637, 682
admittance , 538
lossless , 557
reactance extraction , 550
resistance extraction , 554
RLCT , 545
state-space , 541

Thévenin, 593, 525, 531
complex

exponential, 33
frequency, 34
shift, 148, 428
sinusoid, 33

Complex Frequency Hopping (CFH), 139
Computer-Aided Design (CAD), 6, 169
condition number, 782–784
conditioning, 782
conductance, 74

per-unit-length, 104
conductor losses

frequency-dependent, 110
connector, 664, 687

SMA, 687
constitutive equations, 125
controllability, 64, 93, 318

Gramian, 93, 156, 444, 478
weighted , 479

matrix, 206
generalized , 218

convergence, 39, 106, 245
conversion
discrete-time to/from continuous-time, 201,

210
convex
combination, 790
function, 791
hull, 790
optimization, see optimization
set, 790

convolution, 16, 31, 523, 644, 694, 730
recursive, 6, 16, 534, 646

coupling, 681
crosstalk, 665, 676, 681
current density, 114
curve fitting, see fitting
cyclic-symmetric structure, 344

decomposition, see factorization
delay, 10, 568, 596, 641
dominant, 629
extraction, 597, 606, 608, 614, 625

Delayed Vector Fitting (DVF), 604, 617, 627,
682

delayed-rational approximation, 604
Delayed-Rational Macromodel (DRM), 627,

746
equivalent circuit, 637
passivity, 631
passivity enforcement, 633, 636

density, 723
description
external, 73, 205
internal, 7, 73, 205

descriptor system, 77, 79, 106, 398, 422, 508
impulsive, 511
index, 78
singular, 77
Weierstrass form, 78, 510

diagonalization, 342, 345
dielectric losses
frequency-dependent, 110

Differential Algebraic Equations (DAE), 6,
75, 106

Digital Signal Processing (DSP), 201
Dirac’s comb, see sampling function
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Dirac’s delta, 29, 88, 811
sifting property, 31

direct coupling, 88, 136
Direct Current (DC), 137, 702, 745
Discrete Fourier Transform (DFT), 826
discretization, 518, 693, 820
Backward Euler (BE), 519
Forward Euler (FE), 518
one-step, 520
semi–, 118, 129
Trapezoidal Rule (TR), 519, 529, 534, 820

dispersion, 122, 568, 692
dispersion relations, 12, 67, 817
generalized, 69

displacement vector, 730
dissipation inequality, 366, 367, 406
distribution, 31, 37, 811
divide and conquer, 1
driver, 685

eigendecomposition, 325, 357, 372, 446, 548
eigenfunction, 33, 588
eigenvalue, 85, 340, 371, 765
clipping, 20
generalized, 396, 422, 509, 770
multiple, 470
multiplicity, 765
nonlinear, 632, 640
perturbation, 450, 462, 464, 470, 509, 776
sampling, 393
slope, 466
tracking, 778

eigenvector, 765
electric field, 114
electrical length, see electrical size
electrical size, 10, 110, 563
EMTP, 4, 704
energy, 12, 28, 51, 366
dissipation rate, 85, 367
gain, 44
internal, 367, 376, 406

equilibrium, 82
asymptotically stable, 82
stable, 82
unstable, 82

error
magnification, 338, 358
roundoff, 782

estimator
biased, 189

Levy, 187
Sanathanan–Koerner (SK), 227

expansivity, 404
exponential map, 823
extraction, 129
extrapolation, 5
eye diagram, 677, 685

factorization
Cholesky, 86, 157, 443, 444, 769
LU, 769
QR, 144, 173, 209, 310, 769, 788
QZ, 770
Schur, 86, 325, 769
SVD, see Singular Value Decomposition

(SVD)
Takagi, 326

Fast Fourier Transform (FFT), 128, 522, 630,
695, 827

feasible region, 800
field solver, 7
Finite Difference Frequency-Domain

(FD-FD), 127, 676
Finite Difference Time-Domain (FD-TD),

8, 128, 691
Finite Element Method (FEM), 127, 128,

698
Finite-Difference Frequency-Domain

(FD-FD), 127, 128
Method of Moments (MoMs), 127, 668, 698
Partial Element Equivalent Circuit (PEEC),

129
finite difference, 105, 118, 119, 518
fitting, 171
asymptotic, 191
eigenvalue, 343
least squares, see least squares
polynomial, 176
rational, 10, 182
trace, 617

fixed point, 245
attractive, 246
repelling, 246

flow, 722
fluid, 722, 730
force, 730
radiation, 730
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Foster, 15, 371, 558
Fourier transform, 37, 813

properties, 813
frequency

scaling, 739
shift, 395
transformation, 395

Galerkin projection, 117, 142
Gaussian random variable, 174
generalized function, see distributions
Gibbs phenomenon, 832, 833
Gilbert realization, 319
golden section, 794
gradient, 792
Gram-Schmidt procedure, see

orthogonalization
Green’s function, 127
ground plane, 665

Hamiltonian
eigenvalues, 383, 385, 389, 411, 426, 439,

440, 461, 464, 775
extended pencil, 396, 422
generalized pencil, 398, 423, 508
matrix, 383, 410, 460, 774
frequency-dependent, 632, 640
immittance, 383
large-scale, 427
scattering, 410, 418

perturbation, 460, 469, 471
Hankel

matrix, 205, 213
norm, 158
operator, 158
singular values, 158

Hardy space, 43
Hausdorff distance, 243
Heaviside unit step, 88, 811
Hessenberg matrix, 144
high-speed channel, 681
Hilbert space, 40
Hilbert transform, 12, 67, 817
holomorphic function, see analytic

function
hull, 729
Hurwitz polynomial, 584
hybrid

matrix, 547, 549, 552

ill-conditioning, 177, 189, 296
immittance, 12, 45, 367
impedance, 45
characteristic, 109, 569, 572, 722
driving-point, 77
interface, 525, 531
internal, 600
matching, 47
matrix, 46
per-unit-length, 108
transfer, 121

impulse
unit, see Dirac’s delta

impulse response, 29, 87, 88
incidence matrix, 114
inductance, 56
external, 599
per-unit-length, 104

inequality
Cauchy–Schwarz, 40
triangle, 40

Infinite Impulse Response (IIR) filter, 230,
534

inner product, 39, 179, 282, 762
instability, 17
Interior Point Method (IPM), 802
interpolation, 5, 216
Lagrange polynomial, 69, 216, 737
passivity-preserving, 738
state-space, 741
tangential, 218

Jordan
canonical form, 765
lemma, 807

Kalman–Yakubovich–Popov (KYP) Lemma,
377, 407

Kirchhoff’s Current Law (KCL), 44, 74, 105,
113

Kirchhoff’s Voltage Law (KVL), 74, 105, 113
Kramers–Krönig, see dispersion relations
Kronecker product, 85, 114, 331, 773
Krylov subspace, 141
block, 141
rational, 147

Lanczos process, 151, 154
rational, 155
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Laplace transform
bilateral, 34, 812
domain, 34
inversion, 35
Numerical Inversion (NILT), 5, 832
properties, 36, 813
Region of Convergence (ROC), 34, 60,

812
unilateral, 36, 813

Laurent series, 806, 818
Least Squares (LS), 10, 171, 764
constrained, 789
linear, 172, 227, 787
nonlinear, 185, 798
weighted, 174, 486

Lebesgue space, 39
Levenberg–Marquardt method, 799
line search, 794
backtracking, 795

linear
dependence, 761
independence, 761

Linear Matrix Inequality (LMI), 407, 474,
803

linear regression, 175
linear system, 783
overdetermined, 172, 764, 786
underdetermined, 784

linearization, 187, 701
local minimum, 185
Loewner matrix, 217, 219
shifted, 219

logarithmic barrier function, 800
LTI systems, 28
asymptotically stable, 83
causal, 32, 61
distributed, 103, 111
impulsive, 88
lumped, 79
passive, 55
reciprocal, 48
stable, 32, 62, 83
static, 32, 52

Lur’e equations, see KYP
(Kalman-Yakubovich-Popov)
Lemma

Lyapunov
equation, 84, 92, 93, 156, 635
function, 82
stability, 81

machine precision, 782
macromodel, 1
behavioral, 1
black-box, 2, 169
gray-box, 2
multivariate, 4, 735
nonlinear, 685
parameterized, 736
rational, 9
real-symmetric, 430
small-signal, 701
white-box, 2, 169, 716, 744

macromodeling
compressed, 329
flows, 6

magnetic field, 114
Markov parameters, 205
matrix, 762
block, 772
bordered block diagonal, 310
condition number, 177, 189, 782, 784
defective, 470
determinant, 763
diagonal, 763
exponential, 80, 772
feedforward, see direct coupling
function, 772
Hamiltonian, 775
Hermitian, 766
Hessian, 792
image, 763
Jacobian, 796
kernel, 763
nilpotent, 78, 510, 764, 771
norm, 768
orthogonal, 764
permutation, 764
rank, 763
skew-Hamiltonian, 775
skew-symmetric, 547
spectral radius, 765
symmetric, 765
symmetric part, 445
trace, 42
triangular, 763
unitary, 764

matrix pencil, 77, 213, 220, 770
regular, 77, 770
Weierstrass form, 771

maximum likelihood, 174
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Maxwell’s equations, 6, 114, 124, 126
measurement, 5, 9, 171, 687, 709, 727
Method of Characteristics (MoC), 590

generalized, 623
passivity, 638

minimum-phase function, 626
mode, 567

alpha, 343
beta, 343
common, 343
differential, 343

model
interacting, 334, 524
noninteracting, 333, 524

Model Order Reduction (MOR), 6, 135
topological, 7

Modified Nodal Analysis (MNA), 6, 74, 79,
106, 717

moment, 136
block, 136

moment matching, 7, 138, 826
implicit, 142, 151
multipoint, 147

Moore–Penrose, see pseudoinverse
Multiconductor Transmission Line (MTL),

564
admittance matrix, 570, 572, 594
chain parameter matrix, 583
folded line equivalent, 573
lossless, 595
Matrix Rational Approximation (MRA),

582
modal domain solution, 566, 608
modal transformation, 567
physical domain solution, 570, 613
traveling wave solution, 590, 608, 648

natural frequencies, 81
Newton’s method, 795
noise, 665
norm, 762

bandlimited, 481
energy, 40
frequency-selective, 478
Frobenius, 768
H∞, 43, 99, 403, 440, 498
induced, 40
L2, 98
matrix, 768
relative, 484

signal, 38
spectral, 768
vector, 38, 767

normal equations, 172, 787

observability, 64, 92, 319
Gramian, 92, 156, 443
matrix, 206
matrix (generalized), 218

optimization
constrained, 454, 456, 463, 465, 490, 635,

637, 789, 799, 800
convex, 454, 456, 463, 465, 792
nonconvex, 10, 185
nonlinear, 185
nonsmooth, 500
unconstrained, 792

order, 136, 253
Ordinary Differential Equations (ODEs), 518
discretization, see discretization

orthogonal polynomials, 179
orthogonality, 40, 179, 762
orthogonalization, 143, 179, 282, 762, 770,

789
orthonormalization, see orthogonalization
oscillator, 14
overfitting, 296

package, 668, 681
Padé approximation, 138, 584
Padé Via Lanczos (PVL), 154
parallel plates, 111
parameter, 736
parasitics, 4
Parseval’s theorem, 40, 65, 815
Partial Differential Equations (PDEs), 108,

115, 587
passivity, 12, 28, 51, 55, 145, 159, 248
asymptotic, 386, 412, 438, 439
constraints, 437
half-size test matrix, 430
Hamiltonian test matrix, see Hamiltonian
immittance, 368, 385, 399, 438
internal, 553
local, 387, 389, 413
scattering, 70, 402, 407, 410, 439
sufficient conditions, 146, 401, 424, 507
violation, 387, 389, 413, 449, 461

passivity enforcement
asymptotic, 445
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descriptor systems, 508
H∞-norm constraints, 496, 502
Hamiltonian perturbation, 471, 636
immittance , 462
scattering , 464

local, 454, 489, 633
immittance , 450
multiple-frequency , 456
scattering , 452, 453
single-frequency , 455

modal perturbation, 494
mode-revealing transformation, 493
pole perturbation, 505, 506
residue perturbation, 487
spectral residue perturbation, 492

Pencil-of-Function (PoF), 212
Per-Unit-Length (PUL) matrix, 566
Perfect Magnetic Conductor (PMC), 116
permeability, 114, 125
permittivity, 114, 125
Petrov–Galerkin projection, 151
phase
constant, 567
velocity, 122, 568

Plemelj formulas, see dispersion relations
pole, 81, 807
common set, 308
dominant, 140, 238
flipping, 250
imaginary, 57, 58, 447
perturbation, 505, 506
relocation, 11, 235, 259, 285
starting, 11, 233, 237, 253

pole-residue, see rational function
pole-zero, see rational function
polynomial
ratio, see rational function

Popov function, 380, 409
generalized, 390, 417

port, 44
external, 358
internal, 358
lumped, 125
one–, 45
two–, 45
waveguide, 125

port splitting, see response splitting
Positive Real Lemma (PRL), 160, 376, 377,

438, 474, 553, 555
descriptor systems, 399

lossless, 378
Positive Realness (PR), 12, 54, 146, 349, 639
rational, 369

potential, 729
power, 28
active, 13
conservation, 366
flow, 50
instantaneous, 50, 366, 367
supplied, 376, 406
supply rate, 406

Power Delivery Network (PDN), 673
Power Integrity (PI), 663
power system, 704
pressure, 722
PRIMA, 7, 145
Printed Circuit Board (PCB), 112, 123, 664,

672, 681, 687
Procrustes problem, 348
projection, 140
orthogonal, 142

Prony, 203
propagation
constant, 108, 567
operator, 596
current-wave , 572
delayless , 600, 614
modal , 568, 595, 619
voltage-wave , 571

Proper Orthogonal Decomposition (POD), 164
Pseudo Random Binary Sequence (PRBS),

676
pseudoinverse, 172, 209, 764, 785, 787

quadratic form, 92, 445, 766
quadrature, 16, 274

rank, 325
rational function, 81
all-pass, 810
minimum phase, 288, 810
minimum reactance, 810
partial fractions, 81, 88, 184, 233, 808
pole-residue, 10, 184, 533
pole-zero, 10, 88, 808
polynomial ratio, 10, 88, 183, 226, 807

realness, 12, 248
reciprocity, 12, 48, 95, 324, 430, 549
external, see reciprocity
internal, 97, 324, 325
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reciprocity, (Continued)
theorem, 49

reflection coefficient, 47
reflective function, 699
residue, 807

theorem, 282, 807
resistance

negative, 13
per-unit-length, 104
reference, 46

resonance, 676
response

zero-input, 80
zero-state, 87

response splitting, 313
MIMO, 317, 322
multi-SIMO, 316, 322
multi-SISO, 314, 322

Root Mean Square (RMS), 13

S-parameters, see scattering
sampling, 201, 633, 822

adaptive, 5, 698
sampling function, 816
Sanathanan–Koerner (SK) iteration, 226

generalized, 231
parameterized, 740

scalar product, see inner product
scattering, 12, 367

interface, 525, 531
matrix, 47
waves, 47

Schur complement, 774
segmentation, 577
semidefinite programming, 507
Shermann-Morrison-Woodbury Lemma, 429,

772
signal, 24

cisoidal, 33
continuous-time, 822
discrete-time, 822

Signal Integrity (SI), 663, 681
signature matrix

external, 49
internal, 97

singular value, 415, 766
perturbation, 776
sampling, 420
tracking, 779

Singular Value Decomposition (SVD), 161,
173, 206, 220, 319, 329, 348, 403, 766,
786

economy-size, 767
sinusoidal steady-state, 13
skin
depth, 110
effect, 110, 692

snapshot, 165
sound, 723
spectral
factorization, 380, 409
projector, 511
zero, 383, 410

SPICE, 4, 677, 682, 747
stability, 27, 248
asymptotic, 12, 83, 85
Bounded-Input Bounded-Output (BIBO),

12, 27, 62, 89
global, 82
internal, 83
Lyapunov, 81
numerical, 782
uniform, 82

state vector, 76
generalized, 77
initial conditions, 80

state-space perturbation, 440
state-space system, 75
addition, 90
cascade connection, 90
generalized, see descriptor system
Gilbert canonical form, see Gilbert

realization
impulsive, 79, 369, 529
interface, 528
inverse, 91
minimal, 95, 319
reciprocal, 95, 322
regular, 77, 80, 370, 529
similarity transformation, 91
sparsity, 322
synthesis, 541

Steiglitz–McBride (SMB) iteration, 229
convergence, 247

step
unit, see Heaviside unit step

storage function, see energy
subdifferential, 501
subgradient, 501
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alternate iteration, 502
subnetwork equivalent, 6, 301, 705
subspace, 140, 761
identification (4SID), 204

subtraction point, 69
superposition principle, 24
support, 811
Surface Acoustic Wave (SAW) filter, 299
symmetry, 12, 324, 430
four-quadrant, 380, 409, 432

system, 24
autonomous, 80, 82
causal, 26
large-scale, 427
linear, 4, 24
linear time-invariant, see LTI systems
lossless, 368, 370, 506, 557
Multi-Input Multi-Output (MIMO), 24,

308, 312
nonlinear, 4, 81, 367, 701
norm, 41, 97, 99
real-symmetric, 430
Single-Input Multi-Output (SIMO), 24
Single-Input Single-Output (SISO), 24
static, 26, 548
time-invariant, 26, 82

system-level simulation, 521

Taylor series, 136, 701, 806
Telegrapher’s equations, 107, 565, 583, 587
Tellegen’s theorem, 366
terminal, 44
Time-Domain Reflectometry (TDR), 9
Toeplitz matrix, 196
topology, 2
trace parameterization, 477
transfer function, 36, 87
transfer matrix, see transfer function
transformation
approximate modal, 619
bilinear, 202, 210, 279, 821
Clarke, 343
congruence, 56, 342, 494, 769
modal, 346, 357, 494, 567, 608
mode-revealing, 347, 494
shift-and-invert, 428
similarity, 91, 432, 610, 768

transformer, 303, 715
ideal, 546
multiport, 546

power, 708
transmission coefficient, 47
transmission line, 16, 104, 338, 599, 641
fluid, 722
multiconductor, seeMulticonductor

Transmission Line (MTL)
three-phase, 705

Transverse ElectroMagnetic (TEM) mode,
125, 565, 694

Transverse-Magnetic (TM) mode, 115
trapezoidal rule, 274
Truncated Balanced Reaation (TBR), see

balanced truncation
truncation, 155, 173, 220, 695

Universal Line Model (ULM), 618

Vandermonde matrix, 177, 188
vector
norm, 767
space, 761

Vector Fitting (VF), 10, 234, 308
asymptotic constraints, 267, 268
column scaling, 254
consistency, 241
convergence, 242
DC constraints, 269
Delayed, see Delayed Vector Fitting (DVF)
Fast, 310
initialization, 253
Magnitude, 288
Modal (MVF), 356, 357
order selection, 253
Orthonormal (OVF), 281
Relaxed (RVF), 259
Time-Domain (TD-VF), 273
weighting, 264
weighting function, 237
Z-Domain (ZD-VF), 278

Vector Network Analyzer (VNA), 9,
687

via, 664, 687
viscosity, 723
voltage regulator, 703

wave
current, 571, 592
modal, 594
ocean, 728
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wave (Continued)
voltage, 571, 591

wave equation, 115
weighting, 264, 265, 478

inverse magnitude, 335, 340, 484

Y-parameters, see admittance

Z -transform, 818, 203
Z-parameters, see impedance
zero, 807


