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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
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Padé via Lanczos (PVL) 77
Parameter extraction in microsystems

modeling 15–16
Parametric electrothermal MEMS models

213–234
Parameterization 13, 492–494
Parameterized Arrays 447–448
Parametric model order reduction (pMOR)

213, 228–230, 295

– moment-matching-based linear MOR for
213–234

– – application of 223–227
– – application to extraction of thin-film

thermal parameters 227–232
– – DOT� (Design Optimization Tools) 231
– – parameter extraction methodology

230–232
– for packaging interactions 298–299
Partial differential equation (PDE) 53, 95,

131, 164, 337
Partial solve (PSOLVE) 430
Passivity of a system 70–71
Periodic AC analysis 14
Periodic steady-state analysis 14
Periph io get() 369
Periph io set() 369
Petrov-Galerkin projection 72, 84
Phase space 268
Physical design kits 13
Physics-based compact models 8, 19, 31–41,

See also under Electrostatically actuated
micropump

Physics-based lumped element models
173–175

– boundary model 173–174
– hole model 174–175
Piezoelectric energy harvesters 316–317
Piezoelectric generator 317–318
– design of 317–318
– fabrication of 317–318
Piezoelectric harvester, maximum power point

for 327–332
Poiseuille flow 172
Polynomial projection 273–274
Power spectral density (PSD) of output

bitstream 385
Pressure sensors 149
Primitive behavioral model 8
Probe-based microsystems 6
Process design kits (PDKs) 418–419
Processing() function 358, 361, 365
Projection-based nonlinear model order

reduction 237–260
– discrete empirical interpolation method

(DEIM) 250–255
– – thermal analysis 251–253
– evaluation cost for 239–240
– harmonic distortion 258–259
– problem specification 238
– projection principle 239–240
– pull-in effect 256–258
– – generalizing from training inputs 258
– Taylor series expansions 240–245



Index 527

– – microfluidic channel example 241–242
– – model reduction via quadratic Taylor

expansion 242–244
– – stability issues 244
– trajectory piecewise-linear method

245–250
– – nonlinear transmission-line model

246–247
Proper orthogonal decomposition (POD)

methods 55, 239
Pseudo bimorph electrothermal actuator

127
Pseudo-linear relation 22
PSugar 450
Pull-in effect 256–258

q
Quadratic Taylor expansion, model reduction

via 242–244
Quadrature phase shift keying

(QPSK)-modulated 364–367
Quantization noise loop transfer function

(QNTF) 385–386
Quantizer block output 381

r
Radio-frequency (RF) switches 3–5
Rates 358
Rational function 60–61
Rational interpolation 75
Rayleigh mode preserving damping 338
Real matching 330–331
Realization theory 69–70
Reduced order modeling (ROM) of MEMS 8,

19, 483–498, See also SoftMEMS simulation
environment

– applications 494–498
– error estimation of 84–85
– generation pass algorithms 299–304
– – extraction of body load contribution

vectors for 299–301
– MEMS development environment

484–485
– passivity 84–85
– stability 84–85
Reference node 101
Relevant modes 302
Resistance Inductance Capacitance (RLC)

361
Resistivity 130
Reynolds equation-based modeling strategies

166–167
– based on decomposition into cells 167
– based on FEM 167

– based on GKN theory 167
– based on modified Reynolds equation

167
– finite network-based evaluation of

170–173
RF-MEMS devices, compact modeling of

191–208
– RF-MEMS multistate attenuator parallel

section 194–205
– – lumped element network 198
– whole RF-MEMS multistate attenuator

network 205–207

s
Scalar variable 57
Scaling factor 472
Second Order ARnoldi (SOAR) 428
Second order electromechanical ��M
– for a MEMS accelerometer 380–391
– – advanced model 386–391
– – basic model 380–386
– – function block 389
– – limiter block 389
– – power spectral density (PSD) of output

bitstream 385
– – switch block 382
Second-order linear systems, MOR methods

for 270–272
Second order ODE systems 341
Seismic perturbations detection using

accelerometer 363–370
Serendi-CDI 501–504
Sigma–delta modulators (��M) 378–379,

See also Second order electromechanical
��M

Signal-flow model (or block-diagram model)
8

Silicon-based microhotplate 220–223
SIMPLORER� 223–225
SIMULINK 413–414, 454–457
Single substructures, behavioral modeling of

152–156
– chip/adhesive/package model 153–155
– microbeam model 152–153
Single-input multiple-output (SIMO) system

56, 75
Single-input single-output (SISO) system 56,

217
Singular value decomposition (SVD) 239
SoftMEMS simulation environment

485–494
– implementation within 485–494
– issues with 486–487
– – range of validity of the model 487



528 Index

SoftMEMS simulation environment (contd.)
– – spatial resolution 486
– – temporal resolution 487
– model output 492
– modeling abstraction levels 486
– modeling process 490–491
– modeling requirements within 485–494
– models and inputs 487–490
– parameterization 492–494
Solution of the DAE system 97
Solvers 431–432
Source stepping 116
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– solving 136–139
– system-level modeling of 125–143
Switch block 382
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


