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Homotopy 108
Hybrid systems 113



Index 523

i
Index reduction 109
Induced norm 62
Inertial gyroscope 474–476
Inertial MEMS sensors 377–401, See also

Higher order electromechanical ��M;
Second order electromechanical ��M

– electromechanical sigma–delta modulators
for, system level modeling of 377–401

– – feedback control system 378
Initial state (z0) 103
Initial state of the system 67
Initialize() function 361
In-plane actuators 127–129
Input alphabet (X) 103
Integrated circuit (IC) systems 483–498
IntelliSense’s design methodology

467–470
– closing the loop 469–470
– one step at a time 468–469
– from the top down 467–468
IntelliSuite, system model extraction in

470–474
– high-LEVEL overview 470–471
– implementation 473–474
– lookup table (LUT) 471
– residual stress and film damping effects,

capturing 471–472
Intellisuite™ 150
Internal variables 106

k
Kirchhoff’s current law (KCL) 25,

101, 171
Kirchhoff’s flow law (KFL) 12
Kirchhoff’s mesh rule 12
Kirchhoff’s node rule 12
Kirchhoff’s potential law (KPL) 12
Kirchhoff’s voltage law (KVL) 101
Kirchhoffian networks, system-level modeling

using 19–48
– basic principles 19–48
– compact model derivation 29–32
– from continuous-field level to compact

models 23–29
– generalized Kirchhoff’s current law (GKCL)

25
– generalized networks for tailored

system-level modeling of microsystems
20–32, See also individual entry

Knudsen numbers 176
Kronecker product 240
Krylov-subspace methods 59, 215, 219, 239,

271, 314, 431

l
Lagrange equations 98
Lanczos algorithm 216
Laplace transform 60
Laplace variable 229
Laser Doppler vibrometer (LDV) system

159
Limiter block 389
Linear independence 57–60
Linear mechanical systems 295–297
Linear model order reduction, for MEMS

electrostatic actuators 263–287, See also
Electrostatic driving principles for MEMS

Linear system theory 66–71
– balanced realization 70
– controllability 68–69
– observability 68–69
– passivity of a system 70–71
– realization theory 69–70
– stability of a system 70–71
– transfer function 66–67
– two different LTI systems, measure of the

difference between 67–68
Linear time-invariant (LTI) systems 56
Lithographie, Galvansformung, Abformung

(LIGA) technology 125
Long-short beam actuator 128–129
Long-short-beam thermal microactuator 128
Lumped element models 8, 30–31, 101,

198–201, 319–320
Lyapunov equations 81

m
Macromodeling 8, 30, 104–105
Markov parameters 75
Mass flow rate 100
Master algorithms 112
Mathematical model order reduction (MOR)

32
Mathematical structure of MEMS models

96–104, See also Numerical methods for
system-level simulation

– algebraic equations 97–102
– Boolean equations 102–104
– differential equations 97–102
– finite state machines 102–104
– fluidic systems 99–100
– hierarchically nested states 104
– Lagrange equations 98
– mass flow rate 100
– model behavior 97
– multibody system (MBS) 98–99
– networks 101–102
– solution of the DAE system 97



524 Index

Mathematical structure of MEMS models
(contd.)

– terminal behavior 97
– terminal variables 97
MATLAB 413–414
Matlab/Simulink 304–306
Matrix function norms 62–63
Matrix norms 61–62
Matrix 57
Maximum power point (MPP) principle

313
McMillan degree of the system 69
Mealy machines 103
Membrane drive 34–36
MEMS-Synth 469
Microbeam model 152–153
Microhotplates 214, 220–223
Micromirror array design 419–422
– Cadence Virtuoso’s plotting capabilities

420
Micropower module 315–316
Micropump, physics-based system-level model

of 39–40
Microswitch 351–354
Microsystems modeling, issues in 3–17
– analog hardware description languages

11–12
– automated model order reduction methods

9
– composable model libraries 14–15
– – de facto standard 14
– coupled multiphysics microsystems 4–6
– handling complexity, following the VLSI

paradigm 10–11
– – view 10
– model validation 15–16
– model verification 15–16
– multiscale modeling and simulation 6–7
– parameter extraction 15–16
– system-level model
– – general attributes of 12–13
– – terminology 7–9
– system-level models for microsystems

3–4
Minimal realization of the system 69
Mixed-level modeling (MLM) 15, 31,

163–164
– alternative damping models, comparison

with 185–186
– evaluation 179–180
– – numerical evaluation 179–180
– experimental evaluation 180–185
– of squeeze film damping in MEMS

169–179

– – automated model generation 178–179
– – coupling with mechanical models

177–178
– – finite network-based evaluation of the

Reynolds equation 170–173
– – gas rarefaction effects 175–177
– – motivation for using 168–169
– – physics-based lumped element models

173–175
– – total damping force calculation 177
Mixed-mode simulation 7
Mixed-signal systems 109–110, 113
Modal-superposition (MSUP)-based nonlinear

MOR for MEMS gyroscopes 291–308, See
also Reduced order model generation pass
algorithms

– extraction of capacitances 301–302
– – analytical approach 301
– – for comb cell conductors and platelike

capacitors 301–302
– – hybrid approach 301
– – numerical approach 301
– flow chart of 294–295
– – expansion pass 294
– – generation pass 294
– – master nodes 294
– – use pass 294
– multivariable capacitances, data sampling

and function fit procedures for 302–304
– system simulations of MEMS based on

modal superposition 304–307
– – based on Kirchhoffian networks 306
– – full order FEM models 306–307
– – Matlab/Simulink 304–306
– theoretical background of 295–299
– – body loads of capacitive sensors 297–298
– – linear mechanical systems 295–297
– – nonlinear electromechanical interactions

297–298
– – parametric reduced order models for

packaging interactions 298–299
– vibratory gyroscope 293–294
Model behavior 97
Model description languages 105–107
Model order reduction (MOR) 4, 108, 238,

269–274, 322–323, See also ANSYS�, MOR
for; Electrostatic driving principles for
MEMS; Gramian-based model order
reduction

– basic idea of 71–73
– expansion points, different choices of

75–76
– moment-matching 73–77
– – moments and moment vectors 73–74



Index 525

– – projection matrices Wand V , computation
of 74–75

Model order reduction (MOR), system-level
modeling of MEMS by means of 53–87

– applied to electrothermal simulation 54
– Gramian-based MOR methods 55
– linear system theory 66–71
– mathematical background 53–87
– mathematical preliminaries 56–66
– – basis 57–60
– – Block Krylov subspace 59–60
– – Krylov subspace 59
– – Laplace transform 60
– – linear independence 57–58
– – matrix 57
– – norms 61–63
– – orthogonality of the vectors 58
– – rational function 60–61
– – scalar 57
– – subspace 57–58
– – vector 57
– – vector space 57–58
– model order reduction, basic idea of

71–73
– moment-matching MOR 73–77
– nonlinear systems 86
– nonzero initial condition 85–86
– numerical algorithms 63–66
– parametric systems 86
– reduced model, stability, passivity, and error

estimation of 84–85
– for second-order systems 86
Model validation in microsystems modeling

15–16
Model verification in microsystems modeling

15–16
Modeling formalisms (MFs) 357
Models of computation (MoCs) 357
Modified Gram-Schmidt process 63–64
Moment-matching-based linear MOR

213–234
Moment-matching model order reduction

73–77, See also Model order reduction
(MOR)

– development of 76–77
– error bound of 84
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System in package (SiP) 147
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System model extraction (SME) 464–465
System partitioning 151–152
SystemC AMS 357–374
– heterogeneous modeling with 358–363
– – 2.4 GHz RF transceiver 366–368
– – SystemC AMS timed dataflow (TDF)

358–359
– – timed dataflow model of accelerometer

359–361
System-level modeling of MEMS 53–87,

506–507, See also under Model order
reduction (MOR); Packaging effects of
MEMS devices; Surface micromachined
beamlike electrothermal microactuators

– algorithmic approaches for 95–118, See
also Mathematical structure of MEMS
models

– – advanced simulation techniques
113–118

– – complementary variables 117
– – discontinuous forcing functions

114–116
– – emerging problems 113–118
– – hybrid or mixed-signal systems 113
– – model equations, structural changes in

116–118
– description 104–107
– – general approaches for 104–107
– – macromodeling 104–105
– – model description languages 105–107
– – SPICE (Simulation Program with

Integrated Circuit Emphasis)
104–105

– general attributes of 12–13
– for microsystems 3–4
– terminology 7–9
– – behavioral model 8
– – circuit model or network model 8
– – compact model 8
– – component 8
– – lumped-element model 8
– – macromodel 8
– – physics-based model 8
– – primitive behavioral model 8
– – reduced-order model 8
– – signal-flow model (or block-diagram

model) 8
– – structured model 8
– using generalized Kirchhoffian networks

19–48, See also Kirchhoffian networks

t
Tailored system-level modeling, generalized

Kirchhoffian networks for 20–32

– generic modeling approach for microdevices
and systems 21–23

– pseudo-linear relation 22
Tanner’s C-code modeling 489
Taylor series expansions 240–245
– quadratic Taylor expansion, model reduction

via 242–244
TDF cluster 358
Technology CAD (TCAD) 462
Terminal behavior 97
Terminal variables 97
Thermal actuators 149
Thermal conductivity 129–130
Timed dataflow model of accelerometer

359–361
Timestep 358
Tire pressure monitoring systems (TPMS)

483
Total damping force calculation 177
Training input 274
Trajectory piecewise-linear (TPWL) 237,

245–250, 264, 274, 285
– nonlinear transmission-line model

246–247
– stability issues 247–249
Transfer function 66–67
Transient MEMS circuit cosimulation

323–325
Transition function (f) 103
Truncated-balanced realizations (TBRs) 244
Truncation 80–81
Tubes, system-level model of 38–39

u
UML behavioral state machines 103
Unsymmetric Lanczos process 74
U-shaped actuator 127
U-shaped principle 125

v
Valves, compact model of 36–38
Variable gap parallel plate capacitor 264–269
Vector function norms 62–63
– real valued vector function 62
Vector norms 61–62
Vector space 57–58
Vector 57
VerilogA compact models 196–201
VerilogA model 352
Very high speed integrated circuit hardware

description language–analog and
mixed-signal extensions (VHDL-AMS) 106

Very-large-scale integration (VLSI) 4, 10–11
– in handling complexity 10–11
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Vibrating devices 345–351
Vibrational harvesters 316–317
Vibratory gyroscope 293–294
Viscous force 472
Voltage 101
Volterra method 240

w
Wafer level package (WLP) 147
Web-based community for MEMS modeling

and design 501–515
– concepts of web-based design 503–504
– design community constitution 504–505
– – discussion forums 505
– – online simulation tools 505
– – open source philosophy 504
– – wiki-style collaborative authoring 505

– encoding MEMS behavioral models
508–515

– – nonlinear beam 509–511
– leveraging web-based communities

502–505
– – Designer’s Guide Community 502
– – Nanohub 502
– – Serendi-CDI 502
– MEMS modeling and design online

505–508
– system-level modeling of MEMS 506–507
– web-based community conventions

507–508
White Noise block 381
Wireless autonomous sensor nodes

314–315
Wireless sensor network (WSN) 357


