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Abstract
Guidedby themethodsof Thermodynamics,a systemdescriptionby meansof General-
izedKirchhoffianNetworkscanbefound.For thispurpose,agenericform of therequired
compactmodelsis derived,which is consistentwith the conservation laws in suchnet-
works.

Typicalexamplesdemonstratetheusefulnessof thisgenericmodelform for microsystem
modeling. For the presentedanalyticaland physicallybasedmodels,an adequateand
efficient parameterextractionmethodis presented.Sometypical microsystemsserve as
demonstratorsto discusstheadvantagesanddrawbacksof variousmethodsfor compact
modeling.Guidelinesfor asuitableselectionof modelingapproachesarepresented.

Kurzzusammenfassung
Ausgehendvon den Prinzipien der Thermodynamik,wird mit den Methodeneiner
Systembeschreibung durch GeneralisierteKirchhoffsche Netze eine dazu konsistente
generischeForm für Kompaktmodelleabgeleitet. An typischenBeispielenwird die
EignungdiesergenerischenFormulierungfür Anwendungenin der Mikrosystemtech-
nik demonstriert. Für derart entwickelte analytische,physikalischbasierteModelle
wurde eine effiziente Parameterextraktionsmethodedargestellt. Anhand einer Reihe
von BeispielenausverschiedenenBereichender MikrosystemtechnikwerdenVor- und
NachteileverschiedenerMethodenderKompaktmodellierungverglichenundRichtlinien
für derengeeigneteAuswahl je nachAnwendungherausgearbeitet.
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1. Intr oduction

A simulationapproachfor microsystemsshouldfulfill threerequests:First, it shouldal-
low a detailedanalysisof all systemcomponents,namelythe transducingelementsand
theelectroniccircuitry. Second,it mustallow theanalysisof systemblocks,up to asimu-
lation of theentiresystem,requiringhigh numericalefficiency, especiallyif a transducer
or actuatoris embeddedin a largesystemor if a hugeamountof transducersor actuators
is containedin thesystemunderconsideration[1].

Third, it shouldbeconsistentwith theCAD-environmentusedin thedesignof integrated
circuits.

To this end, a hierarchicalapproachhasto be pursued[2, 3]. This hierarchycan be
derivedby distinguishingthreelevelsof discretizationof a problem,which in reality is
continuous.

First level of abstraction:Thediscretizationis quasi-continuousin time,spaceandphys-
ical variables. This is called the level of physicalmodelingand allows for a detailed
analysisof smallpartsof asystem.An exampleis theFinite ElementAnalysis.

Secondlevel of abstraction:The discretizationis quasi-continuousin time and physi-
cal variables,but discretein space.Herethesystemis partitionedinto blocks(devices),
whicharemodeledby auniform“generic”mathematicaldescriptionin termsof conjugate
thermodynamicstatevariablesandthepertinentcurrents(“fluxes”, “throughquantities”)
anddriving forces(“affinities”, “acrossquantities”)suchas,e.g.,massflow andpressure
gradientor electricalcurrentandvoltagedrop. The internalbehavior of eachof the in-
dividual systemcomponentsis describedby a specific“tailored” versionof the generic
model. The full microsystemis assembledby linking the individual sub-modelsof the
constituentpartsthroughflux-conservinginterfaceconditionsfor the respective pairsof
conjugatestatevariablesin adjacentcomponents.Theresulting“Kirchhoffian Network”
modelis governedby generalizedmeshrulesandnoderulesfor eachpair of conjugate
statevariablesand, thus, constitutesa naturalapproachfor analogsystemsimulation,
becausethecouplingbetweenthedifferentenergy domainsis governedby basicconser-
vation laws for energy, particlenumbers,mass,charge, etc. An exampleis the analog
SPICEsimulationin theelectricaldomain.

Third level of abstraction: The discretizationis discretein time, spaceand physical
variables. This leadsto the level of digital systemsimulation. An exampleis VHDL-
modeling.

At the level of physicalmodelingmany softwaretoolsareavailablewhich addresssub-
problemsrelatedto a specificphysicaldomain(thermal,mechanical,etc.). A numberof
directcouplingschemesbetweendifferentenergy andsignaldomainshavebeenrealized
(e.g. thermo-mechanicalanalysis),but moreoften theonly availablesolutionis the(not
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necessarilyconsistent)useof a simulator-simulatorcoupling. Thedrawbacksof this ap-
proacharethe high numericaleffort andinstabilities,which may in particularoccur in
thecaseof strongcouplingbetweenthesubsystems.Generallythisapproachis limited to
relatively smallpartsof a system,typically to a singledevice suchas,e.g. a micro valve
[4].

At the level of analognetwork simulationanddigital systemsimulation,compactmod-
els for all devices involved in the systemfunction needto be developed,startingfrom
a detailedanalysisby meansof physicalmodeling. Following the approachof tailored
modeling[5] leadsto a consistentdescriptionof the systemin termsof a Generalized
KirchhoffianNetwork. VHDL-AMS [6] is agenericsoftwarerepresentationof this mod-
eling approach,constitutingthecouplingbetweenanaloganddigital systemsimulation,
and providing the requiredintegration into the CAD environmentof integratedcircuit
design.

Compactmodelshave beensuccessfullyusedfor many years,especiallyin thedesignof
electronicsystemsandintegratedcircuits. A powerful suiteof methodsandtheir corre-
spondingsoftware-toolshasbeendevelopedfor thatpurpose,with analognetwork simu-
lationbasedonKirchhoffiannetworksbeinganessentialpartof it. Hence,it makesalot of
senseto utilize this profoundknowledgebaseandeventhis softwarepool for microsys-
tem modeling. This is additionallymotivatedby the fact, that microsystemtechnology
hasmany of its rootsin silicon-basedelectronictechnologyandthatacloseintegrationof
transducersandactuatorswith advancedcontrolelectronicsis in thefocusof microsystem
development.

Theaimof thiswork is to derivesomeguidelinesfor thedevelopmentof compactmodels
of microsystemsin sucha way, that the designmethodologyanddesignsoftwaretools
from microelectronicscanbemadeavailablefor thegrowing field of microsystemtech-
nology.

In chapter2 of thiswork,somebasicsfrom thermodynamicswill berecalled,whichareof
importancefor thedevelopmentof physicallybasedcompactmodels.Startingfrom this
point, it will be shown how the methodof Kirchhoffian network models,which is well
establishedfor electroniccircuits, canbe generalizedto otherphysicaldomains.Some
guidelinesfor thedevelopmentof compactmodelsanda genericstructureof a compact
modelwill bederived.

In chapter3, threedifferentmethodsfor compactmodelingarepresented.Thesemethods
are illustratedby exampleswhich highlight advantagesand disadvantagesof eachap-
proach.A specialfocuslies on analytical,physicallybasedmodelsandtheir capabilities
for designstudiesandstatisticalmodeling.Someconclusionsfor theproperselectionof
amodelingapproachin agivenrequestsituationwill bedrawn.

In chapter4, a parameterextraction methodfor analytical, physically basedcompact
modelsis presented,which takesinto account,that mostmodelparametershave a dis-
tinct physicalmeaningandthat the resultingmodelparametersetscouldcontribute to a
databasefor statisticalmodeling,yield/failureanalysisor statisticalprocesscontrol.

In chapter5,examplesillustratethepowerof compactmodelingbeingappliedto complex
microsystems.Example1 showshow theinteractionof anelectro-mechanicaldevicewith
anelectroniccontrolcircuit canbemodeledin caseof a strongnon-linear, bi-directional
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couplingbetweenboth.Examples2 to 4 show, how complex deviceswith non-linearand
discontinuousbehavior (incl. hysteresiseffects)canbesuccessfullydescribedby analyti-
cal,physicallybasedcompactmodels.Thesemodelswill becompiledto themacromodel
of a micropump,allowing to analyzethepumpoperation.It will beillustratedthatthese
compactmodelscanbe usedto performdesignstudiesnot only on device- but alsoon
system-level. Example5 shows the capabilityof physically basedcompactmodelsto
supplyprocesscontroltasksby investigatingtheimpactof processtoleranceson thesys-
temperformance.
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2. GeneralizedKir chhoffian Networks

2.1 Intr oduction

Thedescriptionof electricalcircuitsasKirchhoffian networksandtheir subsequentsim-
ulationin ananalognetwork simulatorhasprovento bevery successful.It wasonepre-
requisitefor thedevelopmentof large integratedcircuits. Especiallyfor circuitsbuilt by
discretecomponentstheKirchhoffian network modelis quite intuitive: theinterconnects
betweendeviceshavenegligibly smallresistancesand,therefore,canbecharacterizedby
a singlepotentialvalue,usuallymeasuredasvoltagewith referenceto thegroundpoten-
tial. Theconservative natureof theelectricalpotentialdirectly leadsto theKirchhoffian
meshrule for voltages. Charge conservation, on the other hand,yields the noderule
for the currentsthroughthe interconnects.The connectingwires of the devicesappear
asterminalnodesin themodel,anddetermineanintuitivepartitionof thefull systemin
lumpedelementdevicemodelsor compactmodels.Thedevicemodelequationsrelatethe
nodepotentialsto theelectricalcurrentsthroughthedevicebetweenneighboringterminal
nodes.Thus,eachterminalnodegetstwo variablesassignedto it: thenodepotentialand
acurrentflowing throughit.

Althoughthis kind of modelingtraditionallyfocuseson theelectricaldomain,it hassuc-
cessively beenextendedto includealsootherphysicaldomains.Dueto thestrongdepen-
denceof device propertieson temperature,thetemperaturewasincludedinto thedevice
modelsasa parameter. But importanteffectssuchasself-heatingof devicesandthermal
couplingbetweenneighboringdevicescouldnot bemodeledwith this approach,though.
So the next stepwasto includetemperatureasan internalvariablein the device model
equations.In thisway, theself-heatingof adevicecouldbemodeled,balancingtheinter-
nal heatgenerationrateto theheatflow towardsa heatsink andto the thermalcapacity
of thedevice. However, this approachis limited to simplestructures,wherethe thermal
problemcanbe describedin termsof a lumpedthermalresistivity andcapacity. A sys-
tematic,generalapproachto theself-consistentinclusionof thermalandothernon-electric
effectsin analogelectricalnetwork simulationis hencerequired.

Theanalognetwork simulationbasedonKirchhoffiannetwork modelsturnedout to beso
powerful thatmany successfulattemptshavebeenmadetoadoptit toothersthanelectrical
problems,mostlyby describingnon-electricalelementsby anelectricalanalogue.Typical
casesarethedescriptionof mechanicalor hydraulicproblemsby analogRLC electrical
networks. A major draw-back of this approachis the limitation to linear effects. To
includenonlineardevice behavior requiresto settingup new device models. This next
necessarystepwasdoneby introducingbehavioral modelsandmakingtheir simulation
possiblein theanalognetwork simulationtools.

Theaim of this chapteris to investigatetheproblemhow to systematicallyadoptKirch-
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hoffiannetwork-basedmodelingto other, non-electricalproblems.Moreover, we will try
to establishcertainguidelinesfor thedevelopmentof therequiredCMs.

2.2 Thermodynamic models

Irreversiblethermodynamicsprovidestheproperframework for aunifiedphenomenolog-
ical descriptionof physicaleffectsandprocessesin systems.Thereforeit is bestsuited
to modelmicrosystems,which typically containtransducingdevicestogetherwith elec-
tronic elementsand, therefore,by their very natureinvolve variouscouplingsbetween
multiple physicaldisciplines. Thermodynamicmethodshave beensuccessfullyapplied
to describetransportprocessesin semiconductors[7] andtransducingeffectsin microsys-
tems[8, 5, 9, 10, 11].

In thissection,somefundamentalsof thermodynamicsarerecalledfrom [12, 13], asthey
constitutethebasisfor microsystemmodeling.

2.2.1 Thermodynamic equilibrium

Local thermodynamicequilibriumstatesaregovernedby a potentialfunction,which de-
pendson theextensive statevariablesonly andsatisfiesthemaximumentropy principle.
This potentialfunction may be chosenas the internalenergy

�
containedin a control

volume � ���	�
������� ���������	�
������� ����� � �����	�
������� � �	�
�������! �	�
������� (2.1)

where  denotestheentropy and
��� ��"#"#"$� ��� asetof furtherextensivestatevariables.

The total differential of the internal energy
�

is assumedto exist and is called Gibbs
relation: % � � �& ' ( �*) ' % � ',+.- % �0/21 %  (2.2)

) '436587� 9 �9 � ' (2.3)- 36587� + 9 �9 � (2.4)1 36587� 9 �9  (2.5)

Thequantities) ' � - and 1 arecalledintensive statevariablesandareevidently, by their
definition,functionsof all extensivestatevariables.Theintensivevariables( ) ' � - and 1 )
andthecorrespondingextensive variables(

� ' � � and  ) occuringin thepartialdifferen-
tial form (2.2) constitutepairsof conjugatevariables.

���	�
����� actsasa thermodynamic
potential,but by meansof Legendretransformationsotherpotentialscanbefound,which
maybemoreappropriateto describingagivenproblem.

Only : � ; /=< of the set of intensive and extensive statevariablesare indepen-
dent variables. With a view to a more compactnotation, � �! >� - and 1 are written as



2.2. Thermodynamic models 7�@?BAC� � �D? � ) ?�AC� and ) ? , respectively. If all intensivevariables) ' areassumedto depend
on all extensive variables

� '
, it follows that the following matrix expressestherelations

betweenintensiveandextensivevariables:EFG ) �
...) ?
H	IJ � EFGLK �M� "#"#" K �6?. . .K ?�� "#"#" K ?>?

H	IJ " EFG �N�
...�D? H	IJ (2.6)

K
'PO 3Q587� 9 ) '9 � O (2.7)

The matrix (2.6) is symmetricandexpressesbasicequilibrium transducereffects. Any
partial or completeinversionof this matrix describesadditionaltransducereffects,be-
causeotherconstraintsapply, i.e. anothersetof independentvariablesis selected.It is
importantto notethatthecoefficients K

'RO
arestill functionsof theindependentvariables.

The first law of thermodynamicsstatesthat the total energy of a closedsystemis con-
served. In thefollowing formulationit expressesthattheinternalenergy of a systemcan
be increasedby addingeitherunorderedenergy (heat)

%CS
or orderedenergy (=physical

work): % � � %CS / �& ' ( �>) ' % � 'T+U- % � (2.8)

A comparisonwith the Gibbsrelation(2.2) revealsthat the heatmay be representedas%CS � 1 %  .

2.2.2 Non-equilibrium effects

a) Affinities and fluxes

Thermodynamicnon-equilibriumprocessescanbedescribedby fluxesof extensivequan-
tities, which aredrivenby affinities. Theflux vector

�V '
canbe intoducedastheamount

of anextensivequantity
� '

whichpassesaninfinitesimalcontrolareaperunit time,while
theassociatedaffinitiy

�W '
is the spatialgradientof theconjugateintensive statevariable� '

. The fluxesareassumedto be functionalsof all affinities andof all intensive state
variables.A simplifying assumptionis thatthefluxesdependon theinstantaneousvalues
of the

�W '
and ) ' only: �V ' � V�� W � � ����� � W ? � ) � � ����� � ) ? � (2.9)�W ' 36587� XZY�[ % ) ' (2.10)�V ' " % �\�" %  36587� % � '

(2.11)

Expanding(2.9)in aTaylorserieswith respectto the
�W '
, theconstanttermsvanishbecause

all fluxesarezeroin the absenceof any affinity. A next simplification is to neglect all
secondand higher order termsin the Taylor expansion,thus assumingthat the fluxes
dependonly linearly on theaffinities. This yields thefollowing matrix relationbetween
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fluxesanddriving affinities:EFG �V��
...�V]?
H IJ � EFGL^ �M� "#"#" ^ �6?. . .^ ?�� "#"#" ^ ?>?

H IJ " EFG �W �
...�W ?
H IJ (2.12)

^
'RO_3Q5`7� 9 �V O9 �W ' (2.13)

Thematrix elements^
'PO

areknown asthekinetic coefficientsor Onsager’s phenomeno-
logicalcoefficientsanddependevidentlyonall intensiveparameters) ' . The ^

'a'
arecalled

the primary or principal coefficients,becausethey relatea flux to its conjugateaffinity.
Thenon-diagonal^

'PO
(for bdc�fe ) arethecouplingcoefficients. Somestatementscanbe

madeaboutthecoefficients ^
'PO

of thesupermatrix (2.12):

^
'PO g h

(2.14)^
'a'
^
O6Oi+

^
'PO
^
Oj'kg h

(2.15)^
'PO � ^ l

Oj'
(2.16)

Relations(2.14)and(2.15)follow from thesecondlaw of Thermodynamics,whichstates
thattheentropy productionrate m cannotbenegative in anisolatedsystemm � ?& ' ( � �V ' " �W 'ng0h � (2.17)

whichmeansthatthematrix ^ in (2.12)ispositivedefinite. Therelations(2.16)arecalled
theOnsagersymmetryrelationsandhold true if thestatevariablesareevenfunctionsof
thevelocityof theatomisticelementsconstitutingtheconsideredthermodynamicsystem.
In caseof thepresenceof a magneticfield

�o
, somestatevariablescanbeoddfunctions

of theparticlevelocities,and(2.15)changesto

^
'PO � �o ��� ^ l

Op' � + �o � (2.18)

Thecoefficients ^
'PO

cannotbedeterminedby meansof thethermodynamictheory, but ad-
ditionalphysicallawsgoverningtherespectivephysicalenergy domainmustbeinvoked.

Another importantassumptionin the theoryof irreversiblethermodynamicsis that the
Gibbsrelation,givenby equation(2.2), still holdstrue in non-equilibriumsituations,if
thesearenot too far from (local) thermodynamicequilibrium.

b) Stationary processes

In many practicalsituationsa systemis in a stationarystate.This meansthatall thermo-
dynamicstatevariablesareconstantin time, thoughnot necessarilyat their equilibrium
values.

If in a systemwith : independentstatevariablesa numberof ;rq : affinities is exter-
nally forcedto constantvalues

�W ' �ts	uwvyx�z � c� h , thenthesystemis in astationarystate,if
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theentropy productionhasaminimum.In thatcase,all fluxeswhicharenotconjugateto
any of theforcedaffinitiesmustvanish.Theentropy productionrateis thengivenbym � �& ' ( � �V ' " �W ' � (2.19)

If wenow assumethatoneof thenotforcedaffinitiesexperiencesaperturbation{ �W}| from
its stationaryvalue,thenthis causesaflux�V | � ^ |*| { �W#| � (2.20)

BecausetheOnsagermatrix ^ is positivedefinite,it canbeshown that�V | " { �W}|�~ h (2.21)

and {}m � { �W}| l ^ |n| { �W}|�~
h

(2.22)

This implies thatany perturbationcausesa flux which is directedin sucha way that the
perturbingexcitationis reducedandthesystemmovestowardsits stationarystateagain.
In the specialcasethat no externalaffinities areforced, i.e. ;2� h

, the systemreturns
from an excited statebackinto its thermodynamicequilibrium state,while the entropy
productionapproacheszero.

c) Relaxationphenomena

So far we consideredsituationswherethe entiresystemcanbe describedby assuming
local thermodynamicequilibrium. Now this needsnot to be the case,but it is assumed
that thesystemcanbedividedinto two subsystems,eachof thembeingin local thermo-
dynamicequilibrium,andbothfilling thesamevolume.A mixtureof differentspeciesof
particlessuchaselectronsandionsin aplasmacouldserveasanexample.

Bothsystemscanbedescribedby their respective temperatures1�� and 1�� � andseparately
fulfill their Gibbsrelations1 � %  � � % � � +.- � % � � / �& ' ( �>) �' % � �' (2.23)

1 � � %  � � � % � � � +.- � � % � � � / �& ' ( � ) � �' % � � �' � (2.24)

Thetotal changein entropy is %  �� %  � / %  � � � (2.25)

Assumingthat the total energy is conserved (adiabaticprocess:

h � % � � / % � � � ), no
volumechangesof thesubsystemsoccur, andnoneof theotherextensiveparameters

� �' ,� � �' change(i.e. no recombinationbetweenelectronsandions takesplacein the above-
mentionedexampleof aplasma),thenfollows%  �� % � � �j�#� 1 � + �}� 1 � � � � (2.26)
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Theentropy productionrateis thenm � %  %  � % � �%  " 1 � � + 1 �1 � 1 � � � (2.27)

This hasthe form of entropyproductionrate � flux " affinity, with theflux variablebe-
ing the temporalchangeof an extensive statevariable. Therefore,a phenomenological
relationbetweenflux andaffinity canbeintroduced:% � �%  �t��" 1 � � + 1 �1 � 1 � � � (2.28)

Fromthephenomenologicalstateequation% � � ��� � " % 1 � (2.29)

with � � beingthespecificheatcapacitance,onegets% 1 �%  � �� � 1 � 1 � � � 1 � � + 1 � � � (2.30)

If thetemperature1 denotestheequilibriumtemperaturewhichbothsystemswouldattain
after they have relaxed, then,with ��1 � � 1 � + 1 and ��1 � � � 1 � � + 1 , equation(2.30)
canberewrittenas % ��1 �%  � �� � 1 � 1 � � � ��1 � � + ��1 � � � (2.31)

In thecasethattheheatcapacitanceof onesubsystem(theions,e.g.) is muchlargerthan
theother, means� � ��� � � , thenit follows that ��1 ��� ��1 � � , andthereforewe arrive at
thefamiliar equationfor a relaxationprocess:% ��1 �%  � �� " ��1 � (2.32)� 3Q5`7� + � � " 1D� � � � (2.33)

This equationshows that the rateof changeof a quantityis proportionalto its deviation
from theequilibrium,which is in correspondenceto equation(2.22).

The relationsrecalledin this chapterwill be usedto describethe thermodynamicbasis
for thefrequentlyusedgeneralizationof theKirchhoffiannetwork rulesto otherphysical
domainsbesidesthe electricalone. Additionally they guide the deviation of a generic
form of a compactmodel, which is consistentwith generalizedKirchhoffian network
modeling.
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2.3 Compactmodels

Assumingthat a continuousfield model (CFM) hasbeensuccessfullydevelopedfor a
microsystemandcanbedescribedby meansof irreversiblethermodynamics,now thetask
canbeperformedto derivecompactmodels(CMs). A first importantstepis thedivision
of themicrosysteminto smallersubsystems,calleddevices,suchthateachdevice canbe
modeledby a relatively simplecompactmodel.Sometimesthis is fairly simple,because
the microsystemconsistsof functionalunits, which arewell separatedfrom eachother.
More often sucha naturalseparationcannoteasilybe found. If the devicesarechosen
too large, thentheeffectsinsidemight be too complex andit is difficult to modelthem.
If the devicesaretoo small, it might not be possibleto separateeffects in neighboring
devicesproperly. Thefollowing considerationstry to givesomeguidlineshow to find an
appropriatepartitionof asysteminto devices.

2.3.1 Kir chhoffian network rules

If asystemis separatedinto twosubsystems,theinteractionbetweeneachotheris effected
by thedistributedflow of � thermodynamicquantitiesacrosstheir commoninterface � .
Thisflow is drivenby thecorrespondingaffinities:�V '�� � �& O ( � ^ �

'PO " �W O � � (2.34)

Not necessarilyall : existing thermodynamicquantities,but only ���f: quantitiesare
exchangedacross� . A containerwith metallicwalls mayserveasanexample:only heat
andelectricchargecanbeexchangedwith adjacentothersystems,but nogasor liquid can
flow. However, in thevolumeof thedevices,still all : thermodynamicquantitiesmust
beconsidered.

Now, anessentialassumptionwill bemadeabouttheinterface:thespatialdistributionof�W '
and

�V '
alongthe interface � is not decisive for describingthedevice behavior. There-

fore, theinteractionof neighboringdevicesacrosstheir commoninterface � canbechar-
acterizedby onesimple,“lumped” variablefor eachthermodynamicquantity. Thus,the
following lumpedvariablescanbeintroduced:�V '�� � ��'

(2.35)XZY�[ % ) ' � �W ' � � ��' � (2.36)

This is illustratedin Fig. 2.1below.

Theinteractionacrosstheinterface � is thereforedescribedby � pairsof lumped,conju-
gatevariables

��'
and

��'
, whichhavetheircorrespondencein thedistributedfieldvariables

of thermodynamicconjugatefluxesandaffinities. Theinterfacebetweenadjacentdevices
is callednode.

Becauseextensive thermodynamicquantitiessatisfy balanceor conservation laws, the
correspondinglumpedvariables

��'
mustalsoobey theselawswhenexpressedin integral



12 2. GeneralizedKir chhoffian Networks

continuousfield model compactmodel

==>

A BA B

J(r)

f(r)=grad(I(r))

∆φ ∆φ

ΓAB

A B

φ
AB

wBA

Fig. 2.1: Schematicview of a system,separatedinto two devices by an interface,and
theschematicrepresentationof thecorrespondingcompactor lumpedelement
model.

formulation.They canthereforebefoundto be��' ��� � �V '`� " % �� � (2.37)

Theaffinity
�W ' � �0XZY�[ % ) ' dependsnotonly on thevalueof theintensivethermodynamic

variable ) ' alongthe interface � , but alsoon its spatialdistribution in the vanity of the

interface. The descriptionof the interfaceusingaffinities
�W ' �

leavesthe intensive state
variables) �' undeterminedwithin anadditiveconstant.Therefore,theinterface� is better
describedasapproximateiso-surfaceof anintensivevariable) ' ratherthanby its affinity�W ' ��XZY�[ % ) ' . Hencewe introducelumpedinterfacevariables� ' . The � ' arerepresenting
thestateof theinterfaceandarederivedfrom the ) �' accordingtoW � � ' ���¡  � W � ) �' � % �  � % � � (2.38)

whith thefunction
W

chosenin sucha way that importantsystempropertiesarecorrectly
reproducedby theresultingmodel.An examplewill beshown in section2.3.4.

Now two importantconsequencesfollow immediately:

i): Becausethe

��'
still fulfill the balancelaw for thermodynamicextensive quantities%y¢�£ �V ' � ¤� '¥+§¦C' (with

¦C'
beingtheproductionrateof quantity

� '
perinfinitesimalcontrol

volume
% � ), thecurrentsat a nodesumup to zero,andthesumof all currentsentering

a device equalsthenegative productionrate ¨ ' �  }© ¦C' % � of this quantityinsidethis
device,asillustratedin Fig. 2.2.ª& � ( � � �' �«� © � ¤� 'T+�¦C' � % � � ¤S 'T+ ¨ ' � (2.39)

ii): From Y�uwzCXZY�[ % ) ' � h
, it follows that ¬ XZY�[ % ) ' %y � h

. Therefore,for anarbitrary
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Fig. 2.2: Schematicview of a systemwith threeinterfaces.Theconservationof theflux
musthold true for any integrationsurface

� � or
� � � , thusmakingthenoderule

for currentsobvious.

¼L½Z¾�¿}ÀCÁÃÂ#À�ÄÆÅtÇΓ

Γ3

Γ21

3φ

φ1 2φ

Fig. 2.3: Schematicview of asystemwith threeinterfaces.Any integrationof anaffinity
alonganarbitrary, but closedpathmustvanish,thusmakingthemeshrule for
potentialsobvious.

numberÈ of interfacesconnectedin seriesby asequenceof adjacentdevices,it followsª AC�& � ( � � � ��É��' + � �' �B� � ª' + � �' � (2.40)

This is sketchedin Fig. 2.3.

In theelectricaldomain,thesearetheKirchhoffian network rulesfor voltageandcurrent
[14]; but now we have generalizedthis conceptto any pair of conjugateintensive and
extensive lumpednodevariables.This reveals,why the applicationof analogelectrical
network simulation,which is basedon a Kirchhoffian network description,could be so
successfullyappliedto otherphysicaldisciplines.In Fig. 2.4 it is sketchedhow different
devicesareswitchedtogether, thusformingasystemmacro-model,basedonaKirchhof-
fiannetwork description.
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Σ
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electrical
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Fig. 2.4: Schematicview of aKirchhoffiannetwork,couplingdifferentphysicaldomains.
Theconservationlaws for massflow w andhydrostaticpressurep arereflected
in sumruleson thenodesandalongclosedmeshloops.

2.3.2 Genericmodel

Now thequestionarises,how thecurrents

��'
arerelatedto thenodalpotentials� ' . Be-

causetheOnsagermatrix is positivedefiniteandsymmetric,it canbeinvertedandequa-
tion (2.12)canbewrittenas �W ' � ?& O ( ��Ê 'PO " �V O (2.41)Ê � ^ AC� � (2.42)

Integratingthis equationalonganarbitrarypathacrossthedevice from oneinterface � �
to anotherinterface� � gives� �}Ë�wÌ �W ' %y � � �}Ë�wÌ ?& O ( � � Ê 'PO " �V O � %y � (2.43)

Now let us assumethat all interfacecurrentsof the device arekept to zeroapartfrom
thoseat the interfaces� � and � � , wherethepotentialsaresetto � �' and � �' , respectively.
By changingtheorderof summationandintegrationonegets�,�' + � �' � ?& O ( � �

�}Ë�wÌ Ê 'PO " �V O %y � (2.44)

Assumingnow, that an additionalphysicalanalysisbesidesthermodynamicconsidera-
tions(i.e., solvingthetransportequations

�V ' �fÍ �O ( � ^
'PO " �W O in theinterior of thedevice

for thegivenboundaryconditions)resultsin expressionsfor thematrix coefficients Ê 'PO
in termsof thenodalpotentials� �' and/orof the terminalcurrents

� �'
, andadditionally

assumingthattheintegral in equation(2.44)couldbeexpressedin theform

� � �O "#Î�Ï � �'PO
,

thenequation(2.44)couldbewrittenas�T�' + � �' � ?& O ( � Î Ï � �'PO " � � �O � (2.45)
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where

� � �O � � �O � +D� �O
arethecommonterminalcurrentsthrough � � and � � . The

matrix Ê Ï is anaveragedone,describingthedeviceasawholeinsteadof a localvolume
elementonly. Invertingthematrix Ê Ï � � to ^ Ï � � allows to rewrite equation(2.45)as� � �' � ?& O ( � � Ï � �'PO � �T�O + � �O � � (2.46)

Addingnow thecurrentcontributionsfrom all È + �
interfacenodes� � �	"#"#"$� � � andthe

productionrate ¨ ' to thecurrentsthroughinterface � �+@� �' � ª& � ( �
� �Ã�' / ¤S ',+ ¨ ' � (2.47)

onefinally getsthefollowing expressionfor thecurrentsat interface� � (now lumpedinto
asinglevalueat thedevicenode1):+@� �' � ª& � ( �

?& O ( � � Ï �Ã�'PO � � �O + � �O � / ¤S ',+ ¨ ' � (2.48)

This equationexpressesa nodal currentof oneextensive quantity asa function of the
potentialdifferencesfrom all othernodesto thisnode,notonly for theconjugatepotential
to thecurrent,but for all otherpotentialsaswell.

Becausethematrix ^ is a functionof theintensivestatevariables) O , alsothematrix ^ Ïmustbedependenton thestateof thedevice. In a CM thestatecannotbe describedby
distributedfield variables,but averaged,lumpedvariablesmustbeusedinstead.

A next, importantassumptionis, thatthestateof thedevicecanbeuniquelydescribedby
asetof averaged,intensivestatevariables:W � � Ï' �B�  }© W � ) ' � % � }© % � � (2.49)

Oneimportanttaskof compactmodelingis it to find anappropriatefunction
W

suchthat
relationslike (2.46)hold true.Their conjugate,averagedextensivestatevariablesareS Ï' � � © � ' % � � (2.50)

This is theobviousway of averaginganextensive quantitywhich hasto fulfill a conser-
vationlaw.

Theintensiveandextensivestatevariablesareassumedto satisfyarelationcorresponding
to thestateequation(2.6) for thethermodynamicequilibrium� Ï' � ?& O ( � K Ï

'PO S ÏO � (2.51)

andwith thegeneralizedcapacitymatrix Ð � K AC� onegetsthefollowing capacityrela-
tion S Ï' � ?& O ( � � Ï'PO � ÏO � (2.52)
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Fig. 2.5: Schematicview of a systemwith threeinterfacesand an internal node. The
conservationof theflux musthold truefor any integrationsurface

� � or
� � � , thus

makingthenoderule for currentsobvious.

Again, the raisedindices Ñ indicateaveragedvalues,describingthe stateof the entire
device,notof aninfinitesimallysmallvolumeelement.

In the casethat the coefficients of ^ Ï are constantor can be explicitly expressedas
functionsof thenodepotentials� �' and,additionally, neither ¤S ' nor ¨ ' occur, thevariables� Ï' and

S Ï' do notentertheCM andequation(2.48)simplifiesto+D� �' � ª& � ( � ?& O ( � � Ï �Ã�'RO � � �O + � �O ��� (2.53)

andequation(2.53)becomesthegenericform of aquasi-staticCM.

If however suchanexplicit expressioncannotbe found, thevariables� Ï' and
S Ï' enter

theCM asinternalnodevariables(Fig. 2.5). To bemoreprecisely, not
S Ï' , but ¤S Ï' is

used,andthereforetheconservationlaw for thequantity
S '

is writtenasª& � ( � � �' � + ¤S Ï' /�¨ ' � (2.54)

with ¨ ' being the productionrate of quantity
S '

inside the device. Equation(2.45)
changesto � Ï' + � �' � + ?& O ( � Î Ï �'PO " � �O

(2.55)

andcanbeinvertedto +D� �' � ?& O ( � � Ï �'PO � � ÏO + � �O � � (2.56)

This means,thata currentat a nodeis expressedasa functionof thepotentialdifference
betweenthisnodeandthedevice internalnode(Fig. 2.6).Now theequation(2.56)for all
nodesandall quantities,togetherwith (2.54)and(2.52)establishthegenericCM.
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Fig. 2.6: Schematicview of a systemwith threeinterfacesandan internalnode. Any
integrationof an affinity alongan arbitrary, but closedpathmustvanish,thus
makingthemeshrule for potentialsobvious.

For thechangein internalenergy of thedevice dueto a changeof thequantity
S Ï' one

getsin analogyto equation(2.2) % � Ï' � � Ï' " %CS Ï' � (2.57)

Replacing� Ï' by usingequation(2.51)yields% � Ï' � ?& O ( � � S ÏO " K Ï
'PO � %CS Ï' � (2.58)

Thismeans,thatthecapabilityof adeviceto storeaquantity
S '

is relatedto thecapability
of storingenergy.

Theentropy productioninsidethedevice is correspondingto (2.17):¤ Ò� + ª& � ( � ?& O ( � � �O " � � ÏO + � �O � (2.59)

2.3.3 An additional affinity for inertial effects

If thechangeof aflux ¤� �Ã�'
in adevicecausesanadditionalaffinity

W �' � È Ï �Ã�' " ¤� �Ã�'
to occur, thenequation(2.45)mustbemodifiedin thefollowing way:

� �' + � �' + È Ï �Ã�' "Ó¤� �Ã�' � ?& O ( � Î Ï �Ã�'PO " � �Ã�O
(2.60)

andcanbeinvertedto� Ï �Ã�'a' " È Ï ���' " ¤� �Ã�' / � ���' � ?& O ( � � Ï �Ã�'PO " � � �O + � �O � � (2.61)
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For deviceCMs with aninternalnodethecorrespondingchangeto equation(2.55)is� Ï' + � �' /�È Ï �' " ¤� �' � + ?& O ( � Î Ï �'RO " � �O
(2.62)

andthis relationcanbeinvertedto� Ï �'a' " È Ï �' " ¤� �' / � �' � + ?& O ( � � Ï �'RO " � � ÏO + � �O � � (2.63)

In anothernotificationequation(2.62)reads:� Ï' + � �' � + ?& O ( � � Î Ï �'PO /�È Ï �'PO 99  � � �O
(2.64)

with Ô beinga diagonalmatrix, i.e. È 'PO � hÖÕ b×c�ke . This matrix operatorrelates
thepotentialdifferencebetweena terminalnodeandtheinternaldevicenodeto all nodal
currents.Togetherwith the capacityrelation(2.52)andthe conservation law (2.54) for
currents,equation(2.64)is ageneral,genericCM of a device, thatcouldbederivedfrom
irreversiblethermodynamicsand,therefore,leadsto a generalizedKirchhoffian network
descriptionof theembeddingsystem.

Correspondingto (2.17)thecontribution of theaffinity
W �' � È Ï �' " ¤� �'

to theentropy
productionin thedevice is ¤ �' � � �' " W �' � (2.65)

Using
% � � 1 %  onegets:¤� �' � 1 " W �' " � �'

(2.66)% � �' � 1 " W �' " � �' %  (2.67)� � �' � ��ØØÚÙ 1 " È Ï �
' " ¤� �' " � �' %  � (2.68)� ��Û ÌÜ	Ý Ø�ÞÛ ÌÜ	Ý ØÚÙpÞ 1 " È Ï �

' " � �' % � � �' (2.69)� È Ï �' < � � �' � ���� � + È Ï �' < � � �' � pß!��� � (2.70)

This is the amountof energy � � �' storedin the current

� �'
andmeansthat a current,

which itself storesenergy, leadsto theeffect thatchangingthis currentrequiresanaddi-
tionalaffinity of thesametypeastheone,whichdrivesthecurrent.

2.3.4 Simpleexamples

In Table2.1,intensiveandextensivethermodynamicvariablesandthecorrespondingcon-
jugateaffinities (driving forces)andfluxesarelistedfor severalphysicalenergy domains.
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domain intensive affinity flux extensive
quantity quantity) ' �W ' �V ' � '

electrical � � 1 +Nà � � � 1 )
�V�á6â S á6â

mechanical
�ã � 1 à �Ã�ã � 1 � �ä �-

thermal
�}� 1 à �j�#� 1 � �V]å  

fluidic

- � 1 à�- � 1 �V | æ
Tab. 2.1: Intensive andextensive statevariablesandthecorrespondingconjugateaffini-

tiesandfluxesfor severalphysicaldisciplines.

Table2.2shows theacross-andthrough-quantitiesin compactmodelswhich correspond
to theaffinities andfluxesin CFMsin Table2.1. Thequantityheat(

S ØÚç in Table2.2) is
relatedto theentropy  in Table2.1by

%CS ØÚç � 1 %  .

domain across through conserved
quantity quantity quantity

electrical
� ) S áQâ

mechanical � �ã �ä �-
thermal ��1 � 1 ) ØÚç S ØÚçfluidic � - è | æ

Tab. 2.2: Nodalquantitiesin a generalizedKirchhoffian network description,for several
physicaldisciplines.

It is quiteusualto chosetheacross-andthrough-quantitiessuchthattheir productshave
thedimensionof a measurablephysicalquantity, namelypower, insteadof entropy pro-
ductionasin equation(2.17).Therefore,theaffinities in Table2.1aremultiplied by 1 to
yield the correspondingacross-quantitiesin Table2.2, motivatedby the relationfor the
heatproduction ¨@é � %CS ØÚç%  � 1 " %  %  � (2.71)

a) A resistorwith self-heatingeffect

As averysimpleexample,anelectricalresistoris considerednow. It is assumedto consist
of a cylinder of thelength ê andthecross-section

�
, contactedat bothsidesthermallyas

well aselectrically, but electricallyandthermally isolatedat the outercylinder surface.
Therefore,all quantitiesareone-dimensionalin spaceanddependon the ë -coordinate
only (Fig. 2.7).

Theresistorcannotstorecharge,andnochargeis generatedinside.Additionally, thecon-
ductivity of thematerialis assumedto beindependentof theelectricalstateof thedevice,
i.e. no explicit dependenceon theelectricfield or thecurrentdensityis considered.That
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Fig. 2.7: An electricalresistor, contactedthermallyandelectricallyat bothsides.

meansthat no internalnodeis necessaryto modelthe electricalbehavior, andequation
(2.53)canbeusedto describetherelationbetweenelectricalcurrentandappliedvoltage.
If we supposethat thetemperatureat bothsidesof theresistoris keptat thesamevalue,
it canbesimplifiedto

+ ) � ��� áQâ " � � � � (2.72)

Thebalanceequation(2.47)for currentsleadsto ) � � + ) � .
The coefficient � áQâ is still a function of the device temperature.Sinceall quantitiesare
one-dimensionalin space,therelation

�e�� m " �� caneasilybeintegrated,if additionally
thetemperatureinsidethedevice is assumedto beconstant.This is not truly thecase,but
anaveragedvalue 1 Ï is usedto describethethermalstateof thedevice. This resultsin
thewell-known formulafor theelectricalconductanceof a device� áQâ � m � 1 Ï �>" � � ê � (2.73)

Applying equations(2.59) and(2.71), the Jouleheatinginsidethe device calculatesto¨@é � � " ) . Thisvalueappearsasproductiontermin thethermalbalance.

To describethe thermalbehavior of the device, constantthermalconductivity andheat
capacityareassumed.Equations(2.56),(2.54)and(2.52)mustbeappliedto setup the
thermalmodel: + ) ØÚç� � ì Ï� " � 1 Ï + 1 � �í� ;d� � � < (2.74)) ØÚç� / ) ØÚç� � + ¤S ÏØÚç / � " ) (2.75)� S ÏØÚç � � ÏØÚç " � 1 Ï + 1 � � � (2.76)

Equations(2.72)to (2.76)aretheCM for theresistor. Usingthedevice symmetryì Ï � �ì Ï� �«ì Ï andtheboundarycondition 1 � � 1 � , it canbesimplifiedto) � m � 1 Ï �>" � � � ê �>" � (2.77)+ ) ØÚç� � + ) ØÚç� � ì Ï " � 1 Ï + 1 � � (2.78)� ÏØÚç " % � 1 Ï
+ 1 � �%  /�< "îì Ï " � 1 Ï + 1 � �ï� < " �ê " m � 1 Ï �>" � � � (2.79)

It still remainsto determinetheaveragedcoefficients m � 1 Ï�� , ì,Ï and ��ÏØÚç .
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The governingequationsfor the local, distributed-fieldvariablescanbe found by con-
densing(or tailoring,see[8]) thegenericthermodynamicmodel,describedin section2.2:9 e9 ë � h

(2.80)e � m � 1 � ë ���>" �ð� ë � (2.81)+ 9 e ØÚç9 ë � + ¤S ØÚç / e�" �ð� ë � (2.82)e ØÚç � ìñ" 9 1 � ë �9 ë (2.83)¤S ØÚç � � ØÚç "�¤1 � ë � � (2.84)

Sincetheproblemis assumedto be one-dimensionaland,becauseof (2.80)onecanre-
placee by ) � � . Somemanipulationfinally leadsto theone-dimensional,inhomogeneous
heat-flow equation99 ëóò ì � 1 � ë ���>",9 1 � ë �9 ë ô / � ØÚç " ¤1 � ë � + ) �� � " m � 1 � ë ��� � h � (2.85)

If ì canbeassumedto beconstant,it furthersimplifiestoìñ" 9 � 1 � ë �9 ë � / � ØÚç " ¤1 � ë � + ) �� � " m � 1 � ë ��� � h � (2.86)

Now letsconsiderequation(2.81).A directintegrationgives� âß �õ� ë � % ë � )� � âß % ëm � 1 � ë ��� � (2.87)

Thatleadsto Î«� � ) � �� � âß % ëm � 1 � ë ��� (2.88)

andmakesthefollowing definitionfor 1 Ï obvious:êm � 1 Ï � � � âß % ëm � 1 � ë ��� � (2.89)

The ideabehindthis definition is: the electricalpropertiesof the resistorare the most
importantonesandmustbe modeledasaccurateaspossible. Therefore,the measured
materialpropertym � 1 � shouldbeused.Thedetailedthermalpropertiesareconsideredto
belessimportantin this exampleandcanbemodeledby approximateparameters.

Thegeneratedpowerdueto Jouleheatinginsidetheresistorisö � � " ) � � âß � "!e�" �ð� ë � % ë� ) �� " � âß % ëm � 1 � ë ��� � (2.90)
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Comparingthis to (2.89)shows, thattheabovedefinitionfor theaveraged1 Ï yieldsthe
correctgeneratedpowerdueto Jouleheating.

Integratingthestationarypartof theheat-flow equation(2.85)andusing(2.89)gives� âß 99 ë ò ì � 1 � ë �¥9 1 � ë �9 ë � ô % ë � ) �� � " � âß % ëm � 1 � ë ���ì � 1 � ë ���>" 9 1 � ë �9 ë ÷÷÷
âß � ) � " ê� � " m � 1 Ï � � (2.91)

If now thegradient9 1 � ë � � 9 ë is replacedby thedifference
� 1 Ï + 1 � � �y� ê � < � , ì � 1 � ë ���

mustbereplacedby ì,Ï , andonefinally getsanequationto determineì,Ï :ø "îì Ï " � 1 Ï + 1 � �ê � ) � " ê� � " m � 1 Ï � � (2.92)

In summary, wefind: if acurrentthroughtheresistoris given,theparameterì Ï in (2.92)
must be adjustedsuchthat the resultingtemperature1 Ï , when insertedin m � 1 Ï�� in
equation(2.77),yieldsthecorrectvaluefor thevoltage

�
, comparedto measurementsor

FEM-simulations.A similar fit-proceduremustbeappliedto theparameter��ÏØÚç to match
the measuredor simulateddynamicbehavior of the resistor. The materialpropertiesì
and � ØÚç canbeusedasinitial guessfor thefit-procedure.

b) A capacitor

Theelectricalcapacitoris assumedto bea two-terminaldevice with eachterminalbeing
connectedto oneof thetwo parallelplates.At eachplate,electricalchargecanbestored,
but thedevice itself doesnot storeany netcharge.To modelthis devicecorrespondingto
themethodoutlinedin section2.3, it is usefulto considerit astwo sub-devicesoneand
two,assketchedin Fig.2.8.TheresistorsÎ � and Î � , connectingtheplatesto theterminal

I2

φ φ1 2

1I
QQ1 2

φ 1 φ 2

Ii

R
i

R 1 R2

M M

M M

Fig. 2.8: An electricalcapacitor, modeledastwo sub-devices(indices1 and2).

nodes,areassumedto bezero,thusleadingto � � � � Ï � and � � � � Ï� . TheresistorÎ ' is
infinitely large,making ) ' to vanish.TheCM, derivedfrom thegenericCM, describedin
section2.3,equation(2.56),(2.54)and(2.52),is thereforefairly simple:) � � ¤S Ï� �t� Ï� "@¤� � � ;ñ� � � < � (2.93)
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Becausethedevice itself mustremainneutral,it mustalwaysbe
S Ï � � + S Ï� , andthere-

forealso ) � � + ) � . By eliminating ) � , equation(2.8)canbesimplifiedto< " ) � ��� Ï " � ¤� � + ¤� � ��� (2.94)

which indeedis thecorrectformulafor ancapacitor, if ) � ) � , � � � � + � � and � Ï � < �� is used: ) ����" ¤� � (2.95)

Thestoredenergy canbecalculatedcorrespondingto equation(2.58)to be%,ù áQâ � < " S " �� Ï " %yS � S� " %CS � (2.96)
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2.4 VHDL-AMS modeling language

In the past,many attemptshave beenmadeto simulatenon-standardelectricaldevices
andnon-electricalcomponentsin analogelectricalnetwork simulatorslikeSPICEandits
numeroussuccessors.

Oneapproachwasto build a network of standardcomponentsto resemblethebehavior
of the device to be modeled.This methodis well known asmacro-modeling[15]. One
draw-backof this methodis its lack of flexibility , becausethe standardcomponentsdo
not provide all therequiredfunctionaldependenciesbetweencurrentsandvoltages.The
parameterizationis tricky, becausethestandardcomponentmodelsareabused,far away
from their usualapplication. The resultingmodel is difficult to interpretewith respect
to the physicalmeaningof the usedbuilding componentsandtheir parameters.Model
documentationandmaintenancearethereforefull of problemsaswell. Becausethe im-
plementationof componentsis different in varioussimulatorsnot only for diodesand
transistors,but even for simple elementslike resistors,the resultingmodelscannotbe
re-usedin othersimulationenvironments.

Anotherapproachis calledbehavioral modeling. Here,into thesimulatorasetof compo-
nentsis implementedwith certainparameterizedfunctionaldependenciesbetweenvolt-
agesandcurrents[16, 17]. Thatgivesthemodeldeveloperthepossibilityto build models
in nearlythefashionof theoriginalmodelequations.Theresultingsimulationmodelof a
device is a (usuallysmall)network of componentswith therequiredfunctions.Therefore
it shouldbetterbecalledbehavioral macro-model. If theprovidedsetof functionsis suffi-
cientlylarge,thisapproachis well suitedfor compactmodeling.Somedraw-backsremain
though.Thesetof functionsandtheir syntacticalrepresentationis not standardized.Be-
causenonew quantitiescanbedefined,thedifferentnaturesall appearasbeingelectrical
ones,thusmakingthesimulationresultsdifficult to interpreteandthemodelsdifficult to
debugandmaintain.Additionally, all quantitiesmustbescaledto thesameorderof mag-
nitudeascurrentsandvoltagestypically have. Otherwisetheconvergencepropertiesand
theaccuracy of theresultssuffer. Electromechanicalexamplescanbefoundin [18, 19],
electrothermalonesin [20, 21].

VHDL-AMS [6] is quitecomparableto behavioral modeling,but overcomessomeof its
limitations.Someimportantadvantagesare:

– Standardization:IEEE standard1076.1assurestheportability of all VHDL-AMS
modelcodewith only minorwork required(mostlyrelatedto differencesin numer-
ical algorithms)

– Self-documenting:The high-level hardware-descriptionlanguagesupportshier-
archical designsas well as namedentities (devices) and quantitiesand human-
readablekeywords.

– A comprehensive set of pre-defined functions is available, including time-
derivativesandtime-integrals.Internalnodesaresupported.

– Conditionalstatementsandmany othercontrolstatementsareavailable.
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– It is a supersetof VHDL [22]. Therefore,mixed digital andanalogmodelingis
fully supported,makingit possibleto modellargesystemsefficiently.

Variousexamplesof microsystemmodelingby meansof VHDL-AMS canbe found in
[23].

No detailedintroductionto VHDL-AMS will be givenhere,but insteada fairly simple
exampleis presented,which demonstratessomeimportantfeaturesof themodelinglan-
guageVHDL-AMS. The exampleis the electricalresistorwith thermalself-heatingas
describedin section2.3.4,andis structuredasfollows:

First,therequiredquantitiesaredefined,andtoleranceattributesaregivento them.These
toleranceattributesareusuallysimulator-dependentandmustbeadjusted,if themodelis
portedto anothersimulationenvironment.

Next, an entity is defined,describingthe external structureof the device, namelythe
numberof its terminalnodesandtheirnatureandtheparameters,whichcanbetransferred
to themodelduringinstantiation.

Finally, thearchitectureof themodelis described.Thatincludesthedefinitionof internal
nodesandtheformulationof themodelequations.Themodelequationsrelatetheacross-
andthrough–quantitiesof thenodesto eachother. Themodelcompilerchecks,thatonly
oneof theconjugatepair of quantitiesat eachnodeis setin themodel. Theotheroneis
determinedby applyingtheKirchhoffian rulesin thenetwork, thedevice is connectedto.

T, Q
electrothermal

heater

electrical domain thermal domain

U, I

PACKAGEpvo IS

CONSTANTtemp_tol : STRING := "ABSTOL=1.0e-9;
CONSTANTheatflow_tol : STRING := "ABSTOL=1.0e-12 ;

SUBTYPET IS REAL TOLERANCEtemp_tol;
SUBTYPEW IS REAL TOLERANCEheatflow_tol;

NATUREthermal IS
T ACROSS
W THROUGH

NATUREelectrical IS
voltage ACROSS
current THROUGH

END PACKAGEpvo;

ENTITY heater IS
GENERIC(R : REAL := 1.0;
tk : REAL := -3.0e-3;

c_th : REAL;
r_th : REAL;
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);
PORT(TERMINAL v_in, v_out : electrical;

TERMINAL T_in, T_out : thermal);
END heater;

ARCHITECTUREbasic OF heater IS
QUANTITY T_M: REAL TOLERANCEtemp_tol;

QUANTITY U ACROSS
I THROUGH v_in TO v_out;

BEGIN

U == R * (1.0 + tk * T_MReference) * I;

T_inContributi on == (T_MReference - T_inReference)/ r_ th ;
T_outContribut ion == (T_MReference - T_outReference) /r _t h;
(T_MReference - T_inReference) /r _t h
+ (T_MReference - T_outReference )/ r_ th

== U*I - c_th*T_MReferen ce dot;

END basic;

Thereexist otherhardwaredescriptionlanguageswith moreor lessthesamefunctionality.
Non-standardproprietrylanguagesareSpectreHDL[24], Mast[25], HDL-A [26], Analog
Insydes[27] andothers,whereasVerilog-A, theanalogextensionto Verilog,aimstowards
standardization.For a first overview andsomehistoricalbackgroundsee[28]. In this
work,mostlySpectreHDLand,to acertainextend,HDL-A havebeenused.Somemodels
(thevalve, section5.2, andthecompletegyroscopemodel,section5.5, e.g.) have been
portedto VHDL-AMS andcould be successfullytested. It turnedout that, due to the
comparablefunctionality, a transferbetweendifferenthardwaredescriptionlanguagesis
simplebut time-consuming.
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2.5 Conclusions

In thischapterwedescribedamethodologicalapproachof developingCMs,startingfrom
a thermodynamicdescriptionof thesystemunderconsideration.A setof equationswas
derived, which establisha genericCM. Besidesthe assumption,that the device canbe
describedby meansof thermodynamics,thefollowing four fundamentalassumptionshad
to bemade:

1. Thecompletesystemmodelcanbedivided into devices. The interactionof those
devices can be describedas an exchangeof thermodynamicextensive quantities
acrossinterfaces.

2. An interfacebetweenadjacentdevicescanbe describedby a pair of lumped,av-
eragedvariables(nodepotentialandnodecurrent),beingaveragedvaluesof the
thermodynamicintensiveparameterandtheflux of theconjugateextensiveparam-
eter. Their local distributionalongtheinterfacecanbeneglected.

3. An averagedmatrix canbefound,thatrelatesthedifferenceof theintensive nodal
parametersto thenodalcurrents.This averagedmatrix is still symmetricandposi-
tivedefinite,asthecorrespondingOnsagermatrix is.

4. The stateof the device can be describedby a set of averaged,lumpedintensive
statevariables.Theselumpedintensiveparameterscanberelatedto theintegrated
extensive parametersin stateequations.Thematrix, which relatesthe intensive to
theextensive lumpedparameters,is positivedefiniteandsymmetric.

It seemsworth spendingmoreresearchwork to answeringthequestion,whatconditions
mustbe fulfilled, that the above assumptionsarevalid. An answeron how to find the
averagedmatrix, mentionedin item 3, would bemostdesirable.Up to now, it is left to
the’physicalintuition’ of themodeldeveloperto find a solution.
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3. Compactmodeling approaches

3.1 Intr oduction

In a productdevelopmentcycle quitedifferentrequestshave to besatisfiedby CMs used
for system-level simulation.

During the conceptualwork, the feasibility of the projectedsystemdesignneedsto be
verified. Dif ferent systemconceptsare to be comparedto find the optimal approach.
So,system-level simulations,basedon CMs of theuseddevicesarestronglyneeded.It
is very likely, however, thatdevice CMs arenot availableyet, becausethedevelopment
of thedevicesthemselvesor the technologyfor their manufacturingis not finalizedyet.
Measurementdatamightberarelyavailableeither.

Onepossibility for CM developmentis thena roughanalyticaldescriptionof theopera-
tional principles,basedon simplephysicalmodels,ignoringmany second-ordereffects,
crosscouplingsetc.

A secondconsistsin characterizingthedevicebehavior by FEM-simulationsandthesub-
sequentgenerationof CMs by meansof curve fitting procedures.This approachis espe-
cially useful,if CAD- andFEM-modelsof thedevice arealreadyavailable.A changein
thedevicedesign,however, requiresto reruntheFEM-simulationandthecurvefitting for
theCM.

Whentheconceptof thesystemis found,it needsto bedesigned.Here,a detailedquan-
titativeanalysisof thesystemperformanceandits robustnessagainstprocessfluctuations
hasto becarriedout. Issueslike reliability, designcentering,manufacturabilityetc.must
beaddressed[29]. This meansthatmany systemsimulationswith systematicallyvaried
CM input parametersmustbe run. It is obvious that analytical,physicallybasedCMs
arerequiredhere,explicitly expressingthedependenciesof thedevicebehavior ondesign
parameters,technologicalandmaterialparametersetc.

During productionthe manufacturingprocessneedsto be monitored. If besidespro-
cessparametersalsodeviceCM parametersaremeasuredroutinely, correlationsbetween
processandgeometryparameters,device CM parametersandsystemparameterscanbe
analyzed[30, 31]. This allows to performstatisticalmodeling,to build yield models,to
performfailure analysis,statisticalprocesscontrol etc [32, 33]. This requires,besides
analytical,physicallybasedCMs,a very efficient parametermeasurementandextraction
strategy, whichallows to build up astatisticaldatabase.

In this chapter, threedifferentmodelingapproachesarepresented,namelythefinite net-
workmodeling(FNM), thecompactmodelingbymeansof basisfunctions,andphysically
basedcompactmodeling,usinganalyticalequations.
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FN modelingand basisfunction modelingcan, to a certainextend, be automated,but
arenot very powerful with respectto changingdevice parameterslike geometries,e.g.
Analytical, physicallybasedmodeling,on theotherhand,is very powerful with respect
to parameterstudiesandhasgoodextrapolationcapabilities.However, it requiresa lot of
experienceandtimeduringmodeldevelopmentandcanhardlybeautomated.

3.2 Finite network models

Thesimulationof sensorsystemswhichcontainnon-electricalcomponentsis anon-trivial
task.Frequently, thesensingelementsof suchsystemsarecontrolledin a feedback-loop,
thus making a coupledsimulationnecessary. One approachis the coupling of FEM-
simulationtoolsfor thenon-electricalpartwith a circuit simulationtool for theelectrical
partof thesystem[34, 35]. Sincethecontrolunit of thesystemis realizedelectronically,
the electricalsimulationis indispensable.The correspondingsoftware is an analogor
mixedanalog-digitalsystemsimulationtool.An alternative is theFinite Network model-
ing.

Themethodof Finite Network modelingreproducestheFEM approach.Thegoverning
partial differential equationsare discretized,using appropriateansatzfunctions in the
discretizationgrid elements.This leadsto a largesystemof linearor nonlinearordinary
differentialequations(ODEs). Powerful softwaretoolsareavailableto solve suchlarge
systemsof nonlinearODEs. If analognetwork simulatorslike Spectre,Eldo, Saberor
Hspiceare used,linear elementODEs can be representedas RLC equivalent circuits,
whereasnonlinearelementsmustbe written asbehavioral models,usingVHDL-AMS,
e.g.. Theseelementsare thencompiledinto a netlist, thusestablishingthe simulation
model.

Thefinite network modelinghassomeadvantages,makingit veryattractivefor microsys-
temmodeling.First, thefinite network simulationmodelcanbegeneratedautomatically
from a FEM-mesh.To this end,a softwaretool calledANTOS hasbeendeveloped. It
convertsFEM modelsfrom ANSYS, basedon brick elements,into a SPICEnetlist of a
finite network model(FNM). Second,theelementformulationis fully flexible, allowing
theuserto includenearlyarbitrarycouplingeffects,which might not be includedin the
usualFEM-tools. Finally, thecombinationof a FN modelwith CMs is possibleandal-
lows thesimultaneoussolutionof thecompletesystemmodel. Especiallyin thecaseof
strongbidirectionalcouplingbetweenthepartsof thesystemmodeledby meansof FNMs
andCMs,thatleadsto muchbetterconvergencepropertiesthanasuccessivecouplingbe-
tweenFEM solverandsystemsimulator[36, 37, 38]. Sinceanalogsystemsimulatorsare
usedto solve the resultingcoupledproblems,onebenefitsfrom the fact that thosesim-
ulatorsarewell tunedtowardsa robust,efficient solutionof stiff transientproblems,and
additionallygetsaccessto all their built-in analysismethods(quasistaticoperatingpoint,
DC sweep,transient,smallsignalAC ...).

To make simulationson systemlevel possible,FNMs canbecombinedwith CMs. This
means,that thepartsof thesystemmodeledby CMs andthosemodeledby FNMs inter-
faceto eachother. Theinteractionatsuchinterfacesmustbedescribedby asinglepairof
conjugatevariables.Basicallythesameconsiderationsasin section2.3for lumpinganin-
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terfaceinto asinglenodecanbeappliedto theinterfacenodesof FNMs. Two possibilities
arefoundto beuseful:

– Theacrossvariablesat theFNM interfacenodesareforcedto beconstant,equalto
the correspondingnodalvalueof the CM. The nodal throughvariableof the CM
is the interface-integral of thecorrespondingflow densityof theFN model. This
possibility is recommendedif a generalizedpotentialis forcedfrom theCM to the
interface(theCM actsasa generalizedvoltagesource).

– Thenodalthroughvariableof theCM is usedto forceaconstantflow densityat the
interfaceto theFNM. Thenodalacrossvariableof theCM is thenanaveragedvalue
of thecorrespondingnodalvaluesat theinterfaceto theFNM. Insteadof averaging
overtheinterface,it is alsopossibleto intentionallyselectanodeasthetypicalone
to describetheinterface,thereforeusingits FNM acrossvariablealsoasthenodal
CM acrossvariable. This possibility is recommendedif theCM drivesa flow into
theinterfaceto theFNM (theCM actsasageneralizedcurrentsource).

Onemajordisadvantageof this modelingapproachis thelargeamountof degreeof free-
domin theFN model,usuallya multiple of thenetwork nodecount.This makessimula-
tionsvery time- andmemory-consuming,comparedto suchsimulationswhich useonly
CMs. Additionally, geometryvariationsusuallyrequireto rebuild theFN model,starting
from a modifiedFEM model. Thesetwo pointsarethereason,why FN modelingis not
well suitedfor designstudies.

Examplesfor FN modelingof thermalproblemscanbefound in [39], mechanicalprob-
lemsaresolvedby meansof FN in [40, 41,42,43, 44], andacomplicated,coupledprob-
lem canbefoundin [45]. Theapplicationto self-heatingeffectson chip-level, including
asemi-automaticgenerationof theFN modelfrom layoutdatais shown in [46].

Sincethemanualsetupof thelargesystemof ODEsis impractical,it is helpful to utilize
CAD-tools for solid modelingandmeshgeneration.All requiredinformationlike grid
nodecoordinates,cell volumes,elementattributes,surfaceflags,neighboringnodesetc.
can be exportedfrom the CAD-tool. A software tool is then required,that builds the
requirednetlistfile from theseexporteddata.

For theexamplepresentednext in this work, the interfaceprogramANTOSwasusedto
build theSpicenetlistof a thermalFN model,basedon a brick elementmesh,generated
in ANSYS. This FN modelallows to specifyvariousboundaryconditionslike clamped
temperature,heatconvectionor radiation. Body loads(heatgenerationrate,e.g.) can
be appliedaswell. Two alternative approacheswereused:First, the relationsbetween
the quantitiestemperatureandheatflow-ratebetweenneighboringnodesareexpressed
usingthe simulator-built-in linear electricalR andC elements.Second,thoserelations
arewritten in VHDL-AMS, thus featuringa more generalapproach,which allows for
morecomplex relationslikenonlinearitiesin materialpropertiesetc.

3.2.1 The demonstrator: a thermo-electro-mechanicalmicrosystem

An essentialfunctionalfeatureof microsystemsis theability to verify their functionality,
i.e. the possibility to performself-tests.In the caseof an accelerationsensor, onepos-
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sibility of a self-testis the controlledexcitation of oscillationsof the seismicmassand
the evaluationof the resultingsensoroutputsignal. Oneexcitation method,which can
relatively easilybeimplementedin thesensorsystemis a thermalactuation.Thismethod
is usedin anaccelerationsensor, whichwasdevelopedat theIFT in thepublicly founded
projectASIS-III [47].

TheASIS accelerationsensoris manufacturedin bulk silicon micro-machiningtechnol-
ogy. A seismicmassasthick asthesiliconwaferwhich it is madefrom, is attachedto the
silicon frameby four suspensionbeams(Fig. 3.1). Thebeamshave integratedresistors,
whichexplorethepiezo-resistiveeffectof crystallinesiliconto detectabeambendingdue
to accelerationsof thesensor. Thegeometryof thebeamsaswell astheplacementof the
resistorswasoptimizedto getmaximumsensitivity to accelerationsin thesensedirection
andminimumsensitivity in theotherspatialdirections.Additionally, thepiezo-resistors
areswitchedtogetherin a bridgecircuit in sucha way, thatotherthanthedesiredsignals
canceleachotherout. Thebeamsalsocontainresistorsfor heatingpurposes.A heatingof
thebeamscausesa thermalexpansionandsubsequentlya deflectionof theseismicmass,
given that the framestaysat ambienttemperature.The resultingdeflectionof the seis-
mic masscanbe detected,so that finally the functionality of thesensorcanbe verified.
Althoughthepiezo-resistorscouldserve asheatersaswell, theusageof separateheating
resistorsturnedout to bebetterthanto reusetheppiezo-resistors

To developa completeself-testregime,simulationson device level aswell ason system
level hadto beperformed.A coupledthermo-electro-mechanicalsystemsimulationhad
to clarify, if theelectricalresponseto a heatingpulsewould provide enoughinformation
aboutthedevice to serveasself-test.To this end,CMs for all functionalpartsof thesen-
sorhadto bedeveloped.For themechanicalandelectricalbehavior, theCM development
wasmoreor lessstraightforwardandwill bedescribedin section3.2.3.For thethermal
behavior, in thegivencaseit wouldhavebeenpossibleto build CMs,becausethethermal
time constantsof theconstituentparts(beams,frame,seismicmass)arefairly well sepa-
ratedfrom eachother, makingit possibleto modelthemseparatelyaslumpedelements.
Frequently, in thermalproblems,theoppositeis thecase:heatsourcesandheatsinksare
notwell localized,but spatiallydistributed,makingit difficult to lump theminto CMs. A
FiniteNetwork modelis anattractivealternative in suchsituations.

In orderto demonstratethataFNM workswell andefficiently in combinationwith CMs,
deliberatelyaFN descriptionwaschosenfor thethermalmodelof theaccelerationsensor.

3.2.2 The finite network model

In section3.2, a methodfor the FN modelingwasdescribed.This methodwasapplied
to the thermalsimulationof the ASIS accelerationsensor. To this end, a FEM mesh
was generatedin ANSYS (Fig. 3.1). The ANSYS input deck is fully parameterized,
thusallowing for parameterstudieslikedesignmodifications,e.g.TheresultingANSYS
FEM mesh,consistingof brick elementsonly, is thenexportedto the softwarepackage
ANTOS,which generatesthe desiredFNM for thermalmodeling. The FNM has2450
nodes,which leadsto 2440capacitive elementsand7860resistive elementsin the final
netlist. The FNM takes into accountthe thermalconductivity, the thermalcapacitance
andheattransferacrossthe surfacedueto convectionandradiation. The convectionis
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Fig. 3.1: Finite-Elementmodelof thesensor:seismicmassandsuspensionbeams(top)
anddetailedview of a suspensionbeam(bottom). The samemeshis usedfor
mechanicalandthermalsimulationsaswell astheexport to theFNM generator
ANTOS.Theframeis notmodeled.Instead,hesuspensionbeamsaregivencon-
stanttemperatureandzerodisplacementboundaryconditionsat theconnecting
pointsto theframe(indicatedby arrows).

modeledasa linear thermalresistorfrom eachsurfaceelementto a reference,i.e. to the
ambienttemperature.Theheattransferto theenvironmentdueto radiationis modeledto
beproportionalto 1�ú .
A transientthermalanalysisof thesensorwarm-upwasperformed.Two oppositebeams
areheatedby a power of 3.61mW. Thesimulationwasperformedin theanalognetwork
simulatorSpectre[24], using the generatednetlist. The advancedtimestepsizecontrol
in theanalognetwork simulatoris ableto resolve transienteffectson very differenttime



34 3. Compactmodeling approaches

scales. This lets the simulationrun very efficiently. To simulatethe curvesshown in
Fig. 3.3 takes approximately30 secondson a HP9000/785,but still the fast transient
temperatureraiseof thesuspensionbeamsgetscorrectlyresolved.Thesimulationof this
problemin ANSYS takes70 secondson thesamemachine.Notethat in bothcasesonly
the thermalproblemis simulated,neglecting the couplingof the thermaleffects to the
electricalandmechanicalbehavior of thesensor. A comparisonof thesimulationresults
shows negligible differencesbetweentheFEM andtheFN simulations,asexpected(see
fig 3.3).

The alternative approachusing VHDL-AMS written elementsinsteadof using the
simulator-build-in resistive andcapacitive elementsyields exactly the sameresultsand
no significantdifferencein simulationtime,which basicallyhighlightstheefficient solu-
tion algorithmsin Spectrefor VHDL-AMS models.

1

C1

Rc1

R101

R102

R103

R105

28

3

131

271

Fig. 3.2: Finite-Elementmodelof the sensorandandsketchof the correspondingfinite
network. Rc1representsthesurfaceconvectionandC1thethermalheatcapacity
of thevolumeassociatedto node1.

Below, a partof the input netlistof theFN is givenin SPICEformat. A sketchis shown
in fig. 3.2. The thermalconductivity betweenneighboringnodesis modeledby linear
resistive elements.Theheatconvectionat thesurfaceis modeledby linear resistive ele-
mentstoo,usingthenamingconvention Î�ûÆq �$üîý�þ ~ . Theheatcapacityof thevolume
belongingto anodeis modeledasa linearcapacitiveelement.Theactualvaluesfor those
elementsarecalculatedfrom theFEM-discretizationdata(nodedistances,elementareas
andvolumes)by thesoftwaretool ANTOS.

R101 1 28 80.839
R102 1 3 7426.8
R103 1 131 25.514
R104 1 271 164.98
R105 1 1683 7426.8
Rc1 1 0 3.3746e+07
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C1 1 0 3.6348e-08

R201 2 8 1856.7
R202 2 10 646.71
R203 2 129 191.34
R204 2 270 1200.4
R205 2 481 275.18
Rc2 2 0 2.5307e+08
C2 2 0 4.8468e-09

.

.

.

Thesamepartof thenetlistis shown below, but SpectreHDLis usedto modeltherelation
betweenthetemperatureatgrid nodesandresultingheatflow rate.TheprogramANTOS
writesonly thegeometricaldataof all elementsof theFEM-modelinto thenetlist,namely
thedistanceýZë betweennodes,theelementcross-sectionalarea

�
, theelementvolume �

andits materialindex
æ b . Theactualcalculationof thenetwork elementstakesplacein

theFN-elementcode.ThecorrespondingSpectreHDLmodelcodeis presentedjustbelow
thenetlist.Theheatradiationis modeledasanonlinearrelationbetweentemperatureand
resultingheatflow rate.

Y1_1s 1 3 genmod dx=0.00016085 A=6.8976e-11 V=3.6984e-15 mi=2
Y1_2s 1 28 genmod dx=1.361e-05 A=5.3618e-10 V=2.4325e-15 mi=2
Y1_3s 1 131 genmod dx=1.3333e-05 A=1.6643e-09 V=7.3968e-15 mi=2
Y1_4s 1 1683 genmod dx=0.00016085 A=6.8976e-11 V=3.6984e-15 mi=2
Y1_5s 1 271 genmod dx=2.7776e-05 A=5.3618e-10 V=4.9643e-15 mi=2
Y1_6s 1 0 genmod dx=0 A=1.6643e-09 V=0 mi=0

Y2_11 2 481 genmod dx=4e-06 A=2.2683e-11 V=0 mi=0
Y2_1s 2 481 genmod dx=4e-06 A=4.6293e-11 V=6.1724e-17 mi=2
Y2_21 2 10 genmod dx=1.361e-05 A=6.6667e-12 V=0 mi=0
Y2_2s 2 10 genmod dx=1.361e-05 A=6.7023e-11 V=3.0406e-16 mi=2
Y2_3s 2 129 genmod dx=1.3333e-05 A=2.2192e-10 V=9.8632e-16 mi=2
Y2_4s 2 8 genmod dx=4.0214e-05 A=6.8976e-11 V=9.246e-16 mi=2
Y2_5s 2 270 genmod dx=2.7776e-05 A=7.369e-11 V=6.8226e-16 mi=2
Y2_6s 2 0 genmod dx=0 A=2.2192e-10 V=0 mi=0

.

.

.

module genmod (n1, n2) (dx, A, V, mi)
node[T,Qp] n1, n2;
parameter real dx = 0.0; // distance to neighbor node
parameter real A = 0.0; // area
parameter real V = 0.0; // volume
parameter real mi = 0.0; // material index (if 0, then surface)
{

real c_th, y_th, y_cv, y_rd;
// Model parameters, to be set in a model file
// (or during instantiation)

parameter real T_ref = 300.0;
parameter real lambda = 157.0;
parameter real cw = 2330.0*703.0;
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Fig. 3.3: Transientsimulationof the sensorwarm up, comparingFEM andFN model.
Two oppositebeamsareheatedby apowerof 3.6mW. Thetemperatureis shown
at the heatedbeamsand at the centerof the seismicmass. Right handside:
detailedview of thefirst millisecondafterthepowerhasbeenapplied.

parameter real alpha = 25.7/5.0;
parameter real a_rad = 1.0e-3;
initial {

y_th = lambda * A / dx;
c_th = cw * V;
y_cv = alpha * 2.0 * A;
y_rd = a_rad * 2.0 * A;

}
analog {

if ( (mi > 0.0) && (dx > 0.0) ) { // inner node
Qp(n1) <- c_th * dot(T(n1));
Qp(n1,n2) <- y_th * T(n1,n2);

} else { // surface with convection
Qp(n1) <- y_cv * T(n1);
Qp(n1) <- y_rd *( pow(T(n1)+T_ref,4) - pow(T_ref,4) );

}
}

}

Theeffect, thatthesuspensionbeamswarmup tenthousandtimesfasterthantheseismic
mass,led to the ideato performa dynamicinsteadof a staticself-test.A pulsedheating
regimewassimulated(Fig. 3.4),showing theexpectedresult,thatthetemperatureof the
suspensionbeamsfollowstheheatingpulses,whereastheseismicmassremainsnearlyat
aconstanttemperature.Thisis animportantinputfor thedevelopmentof compactmodels
for themechanicalbehavior of thesensor, which will bedescribednext.
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Fig. 3.4: TransientFN simulationof thesensorwarmup. Two oppositebeamsareheated
by apulsedpowerof 3.6mW, pulsewidth 1ms,pulseperiod10ms.Thetemper-
atureis shown at theheatedbeamsandat thecenterof theseismicmass.Right
handside:detailedview of asinglepowerpulse.

3.2.3 The compactmodel

To develop a CM for the mechanicalbehavior of the sensor, a FEM analysiswasper-
formed. The first stepwasa modalanalysis,yielding the resultsgiven in table3.1 and
Fig. 3.5.Thesimulationmodelis thesameastheoneshown in Fig. 3.1. It turnedout that

Mode Frequency (Hz)

1 8 395
2 26576
3 40205
4 49620
5 177310
6 212020
7 932360

Tab. 3.1: Mechanicalresonancefrequenciesof the seismicmassasa result of a FEM
modalanalysis.

theseismicmassdoesnotshow any significantdeformationsand,therefore,canbetreated
asa lumpedmass.Themechanicalbehavior of thesuspensionbeamscanbedescribedby
ananalyticalformulafor clampedbeamsfrom [48]:ÿ � ������� �
	�� ����� ��� (3.1)

� � � ���������� ��� � �����  � (3.2)
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Here, ��� standsfor the force actingon the beamin the sensor’s sensedirection,and ÿ ,� , � and
	

arethedisplacementof theseismicmassandthewidth, heightandlengthof
thesuspensionbeam,respectively. � and

�
arethemodulusof elasticityandthePoisson

ratio.

A quasi-staticFEM analysisandits comparisonto themodalanalysisshowsthatit should
bepossibleto selectively excite eigenmodesby selectingtheappropriatebeamsfor heat-
ing. However, onecan readfrom Fig. 3.6, that it is not possibleto stimulatethe first
modeseparately, but modestwo andfour wouldbeexcitedaswell. Still, sincethedesired
motionin sensedirectionis caused,this heatingregimeis chosenfor thesensorself-test.

A transientFEM analysismustbeperformedto find out whatkind of deflectionsof the
seismicmasswould be causedby the selectedheatingregime. It shows that a heating
pulsestimulatessignificantoscillationsonly in thesensemode(Fig. 3.7),which is very
desirableandintentionallycausedby a correspondingaspectratio of thecross-sectionof
the suspensionbeams(heightmuchlarger thanwidth). The deflectionout of the wafer
plane( ! -direction)canbeneglected,becausethepiezo-resistorsin thesuspensionbeams,
whichdetectthebeambending,areswitchedtogetherasabridecircuit in suchaway, that
theresultingsignalsdueto a ! -deflectioncancelouteachother. Therefore,it is sufficient
in the CM to model deflectionsin sensedirection only. The sensordeflectiondue to
a temperaturechangein the heatedsuspensionbeams(thermalexpansion)is taken into
accountin theCM by aforcetermactingontheseismicmass.This forcetermis assumed
to dependlinearly on the temperaturechangeof the suspensionbeamsandthe seismic
massandis fitted to FEM simulationresultsto yield thecorrectdeflections.

Thepiezo-resistorsaremodeledby thefollowing equations

" � "�# � � � $&%�')( ��ÿ $�%+*,( �.-0/1 (3.3)2 � " ��35476 (3.4)

where
%8')(

describesthe changeof resistivity dueto a beamdeflectionÿ andis subject
to calibrationby measurements.-0/ is the temperaturedifferenceof the piezo-resistor
to a referencetemperature.

2
is the Jouleheatingdueto an electricalcurrent 3 , either

a heatingcurrentor a measurementcurrentthroughthe piezo-resistor. In this manner,
thepiezo-resistorCM describesthecouplingbetweenmechanical,electricalandthermal
domains.

In the FEM simulations,no dampingdue to the air was taken into account. Instead,
a small, but arbitrary value for structuraldampingwas used. In the CM, a damping
forceproportionalto thevelocityof theseismicmasswasintroduced.Thecorresponding
dampingparameterneedsto beadjustedto matchmeasurementresults.

Advancedmodelsfor squeezefilm dampingareavailable,usingeithera FN approachor
aCM [49, 45,50, 51], andcanbereadilycombinedwith thepresentedsensormodel.

3.2.4 Simulation results

The CMs arecomposedto build a macro-modelof the entireaccelerationsensor. The
couplingbetweenmechanical,thermalandelectricalbehavior occursin thebeams,which
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Fig. 3.5: FEM modalanalysis:modeshapesof thefour lowestandthesixtheigenmodes.
Top left: thefirst modeis a translationin thesensedirectionof thesensor. Top
right: the secondmodeis a translationout of the wafer plane. Middle and
bottom:thehighermodesarerotationalones.

containtheheatersandthepiezo-resistorsandactasmechanicalspringsbetweenseismic
massandframe(Fig. 3.8).

A small signalmodalanalysisof the completesensorsystemwasperformed,sweeping
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Fig. 3.6: FEM quasi-staticthermo-mechanicalanalysis.A temperatureraiseof suspen-
sion beamsis forcedandthe resultingmechanicaldeflectionshown. Top: the
two beamson theright areheated.Bottom: all four resp.two diagonallyoppo-
sitebeamsareheated.

thefrequency of theheatgenerationratein thepiezo-resistorsof two oppositesuspension
beamsfrom 1Hz to 1MHz. The results,presentedin Fig. 3.9 to 3.11, show that above
a few Hertz the temperatureof the seismicmasscannotfollow the input heatingsignal.
The massof the suspensionbeamshowever is much smaller than that of the seismic
mass,making it possiblefor the temperatureto follow the forced heatgenerationrate
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Fig. 3.7: FEM transientthermo-mechanicalanalysis.A heatgenerationrateof 3.6mW
is appliedto two suspensionbeams,andtheresultingmechanicaldeflectioninÿ and ! directionis shown. Right: detailedview of thefirst two milliseconds,
showing oscillationsonly in the ÿ direction.

up to a frequency of approximately1kHz. The resultingmechanicaldeflectionof the
seismicmassshows a resonancepeakat 8.4kHz,which correspondsto thegroundmode
of themechanicalsystem(seetable3.1).Thosefindingsshow thata thermalexcitationof
mechanicaloscillationsis possibleandcanbeexploredto developa self-testregimefor
thesensor.

A transientsimulationof theself-testwasperformed,usingthedevelopedmacro-model.
A heatingpulseof 1ms durationcausesthe expectedoscillationsof the seismicmass
(Fig. 3.12).Theresultingbendingof thesuspensionbeamscausesa correspondingmod-
ulation of the piezo-resistors,which againleadsto a cross-voltagein the bridgecircuit
formedby the piezo-resistors(Fig. 3.13). Additionally that causesa modulationof the
heatgenerationrate,providing a couplingfrom the mechanicalvia the electricalto the
thermaldomain. To modelthis in a FEM tool, thoughpossible,would bea challenging
task.

Sinceit would requirea significanteffort to developandto manufacturea circuit which
performsthe switchingfrom heatingto measurementregime asit would be requiredif
the piezo-resistorswere re-usedfor heatingthe beams,it wasdecidedto realizesepa-
rateheatingresistorsat thesuspensionbeams.Thelayoutproblemto placetherequired
connectingwireson thenarrow suspensionbeamsturnedout to besolvable.
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Fig. 3.8: Macro-modelof theASIS-accelerationsensor. Only oneheaterandtwo of the
four piezo-resistors(labeledbeam1andbeam4)areshown. Thepiezo-resistors
couplethe thermal,mechanicaland electricalbehavior. Electrically they are
switchedto a bridge.
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Fig. 3.9: CoupledFNM andCM thermo-mechanicalsimulation.A smallsignalanalysis
is performed,sweepingthefrequency of theresistivebeamheatingfrom 1Hzto
1MHz. It shows thatfor frequenciesabove1kHz thetemperatureof theseismic
masscannotfollow thetransientsof theheatgeneration.
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Fig. 3.10: CoupledFNM andCM thermo-mechanicalsimulation.A smallsignalanalysis
is performed,sweepingthefrequency of the resistive beamheatingfrom 1Hz
to 1MHz. It shows that the seismicmasscanbe driven into resonanceat it’ s
groundmodeat 8.4kHz.
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Fig. 3.11: CoupledFNM andCM thermo-mechanicalsimulation.A smallsignalanalysis
is performed,sweepingthefrequency of theresistivebeamheatingfrom 1Hzto
1MHz. A plot of imaginaryversusrealpartof thedeflectionshowsthetypical
pictureof anoscillatorysystemwith multiple timeconstants.
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Fig. 3.12: CoupledFNM andCM thermo-mechanicalsimulation.A heatingcurrentpulse
from 1 to 2 ms (left) anda step-like increaseof the heatingcurrent(right) is
appliedto the piezo-resistorsin two suspensionbeams,correspondingto the
chosenself-testregime.Thepresentedmechanicaldeflectionin sensedirection
showstheexpectedoscillations.
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Fig. 3.13: CoupledFNM andCM thermo-mechanicalsimulation.A heatingcurrentpulse
of 1 milliseconddurationis appliedto the piezo-resistorsin two suspension
beams,correspondingto thechosenself-testregime. Theresultingcrossvolt-
ageat the piezo-bridgeshows the expectedoscillations. During the heating
pulseany outputfrom thebridgeis suppressed.
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3.3 Basis-functionsapproach

A crucialproblemfor thesimulationof systemsis thegenerationof efficientdevicemod-
els,whichstill captureall relevantinformationaboutthedevicebehavior. A FEM device
modeltypically hastherequiredaccuracy but suffersfrom highnumericaleffort required
duringsimulation,makingits usageimpossiblein mostsystemsimulationapplications.

Sincefor thesystemaspectonly veryfew parametersof adevicearerelevant,thequestion
riseshow to generateadevicemodelthatdescribesthedevicebehavior in termsof avery
small setof statevariables.Oneapproachis to start from a FEM device modelandto
look for away to reduceits largeamountof degreeof freedom.

A frequentlyusedway for modelorderreductionis to performa linear modalanalysis
and to expressthe spatialvariation of the statevariablesin termsof a small seriesof
modaleigenfunctions[52, 53, 54]. For a limited setof electro-mechanicalproblemsthis
approachhasbeenautomated[55]. Someproblemscanbeseenwith this method.Espe-
cially for coupledproblems,modaleigenfunctionsarenot readilyavailable. In thecase
thatthemechanicaldomaincoupleswith others(fluidic, electrostaticetc.),it is attractive
to usea modal analysisof the un-coupledmechanicalsub-problem[56]. This should
work well if thecoupledproblemis dominatedby themechanicalstructuralandinertial
forces,i.e. the coupling to the otherdomainsis only weak. If, however, the coupling
forces(fluidic dampingor electrostaticattraction)areasstrongasor evenstrongerthan
theinertialones,theactualstructuraldeflectionshapewoulddiffer significantlyfrom any
modeshape,thusrequiringa long seriesof modaleigenfunctionsto approximateit. The
efficiency of theresultingmodelwouldbelow.

Anotherwayof modelorderreductionis presentednow, which triesto applythemethods
as well as the software of anotherdiscipline to the field of compactmodeling. That
disciplineis statisticalmodeling.Theparametersof many devicesaremeasured.It turns
out that, dueto the underlyingphysics,not all of thoseparametersvary independently
from eachother. A PrincipalComponentsAnalysis(PCA) canbe usedto significantly
reducethedimensionalityof theparameterspace.In thefield of IntegratedCircuit device
modelingthis methodis well establishedandsoftwaretoolsareavailable.

3.3.1 Pricipal componentsanalysisfor modelorder reduction

It is obviousthatthevariationsof differentstatevariablesof asystemwith timeor dueto
thechangeof a control parameterarenot independentfrom eachother, but aremoreor
lesscorrelatedto eachother. This directly leadsto theideato usePrincipalComponents
Analysis(PCA) to find asmallsetof componentsor factorswhichcanbeusedto express
thevariationsof all statevariables.Thatgivesa reductionof theproblemsizefrom the
numberof statevariablesto thenumberof componentsfoundby thePCA.Thisapproach
is very similar to the Karhunen-Loeve decompositionchosenby Hung [57, 58], but has
the advantagethat powerful software tools for PCA are commerciallyavailable. The
PCA-toolSPAYN [59], originally designedfor statisticalanalysisof Spice-parameters,is
usedin thiswork.

The sequenceof necessarystepsfor developinga compactmodelby meansof PCA is
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outlinednow.

a) Quasi-staticmodels

Run a variety of FEM simulations: The relevant control parametersarevariedin the
desiredrangeto providethedatafor thesubsequentPCA.All relevantFEM modeldegree
of freedomfor all simulatedoperatingpoints must be storedin a database.This step
requiresa lot of hardwareresources,namelyCPU-timeanddiskspace.

Physical analysisof a simplified model system: In orderto get thequalitative relation
betweenthe control parametersandsomevariables,which canbe usedto describethe
device behavior, a simplified model systemmust be found and describedanalytically.
In caseof anelectrostaticallyactuatedpumpmembrane,e.g.,thecontrolparametersare
the appliedhydrostaticpressureandelectricalvoltage,whereasthe variableof interest
is thedisplacedvolume. Thesimplifiedmodelsystemcouldbea rigid plate,suspended
by linearspringsandactingasanelectricalplatecapacitor. Thatwould leadto a linear
relationbetweenpressureandvolume,but to a parabolicrelationbetweenvolumeand
appliedvoltage.

Transform the control parameters: Correspondingto theresultsof thephysicalanaly-
sis,controlparametersandFEM modeldegreeof freedomshouldbetransformedin such
a way that thetransformedvariablesexhibit linearcorrelations,at leastin thesimplified
modelsystem.

Run the PCA: All FEM modeldegreeof freedomandall control parametersare just
equallyweightedinput datato thePCA. Settingweight factorsto the input datacanadd
previously gainedphysicalknowledgeto themathematicalformalism.ThePCA yieldsa
distinctnumberof factors,which arenecessaryto reproducethevariationsin thedataof
theFEM simulationsof all operatingpointswithin a givenaccuracy. All degreeof free-
domin thedataandthecontrolparametersarecorrelatedlinearly to their corresponding
factors.Higherordertermsandmixedtermscanbeusedin thecorrelationsaswell.

Changefr om factor representationto dominant parameters: To make the resultsof
thePCAphysicallymoretransparent,it is possibleto usethedominantparametersinstead
of thefactors.Thedominantparametersarethosewhichhave thestrongestcorrelationto
a factor, andthey areautomaticallyidentifiedby thePCA-tool.Alternatively they canbe
chosenmanually. Thatis recommendedandcanbeguidedby theresultsof thepreviously
performedphysicalanalysis.Thecontrolparameterswhich have beenvariedduring the
FEM simulationsshouldbeusedasdominantparametersin any case.

The result of the describedsequenceof stepsis a quasi-staticCM, that containsvery
few degreeof freedomandthereforecanbesimulatedvery efficiently. Most stepsof the
modelgenerationcanbeautomated.If oneomitsall stepswhich requireuserinteraction,
i.e. doesnot performparametertransformationsanddoesnot applyany weight factors,
themodelgenerationcanbefully automated.However, thelossof physicalmodelcontent
thatcomesalongwith this,causesreducedextrapolationcapabilitiesof theresultingCM.

Onemajor drawbackof CM generationby meansof PCA is, that in caseof discontin-
uousor non-monotonicrelationsbetweencontrolparametersandFEM modeldegreeof
freedom,this methodwill not yield a reasonableCM.
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b) Dynamic models

The just describedmethodof developingquasi-staticCMs by meansof PCA canbeex-
tendedto developCMs for dynamicmodeling.Thenew aspectswill beoutlinednow.

Run transient FEM-simulations: The dynamicresponseof the device to changesin
control parametersis simulated. The transientbehavior must be sampled,storing the
vectorof all importantmodeldegreeof freedomfor eachtime point into a databasefor
thesubsequentPCA.

Physical analysisof a simplified model system: The dynamicbehavior of the device
underconsiderationmustbedescribedby ODEsin termsof very few variables.Theidea
is to simplify themodelto suchanextendthatananalyticaldescriptioncanbefound.

Run the PCA: Thetime-variablemustbeexcludedfrom thePCA.Besidesthis theanal-
ysisrunsverysimilar to thequasi-staticcase,yieldingasetof factors,whichdescribethe
variationof thedata.

Changefr om factor representationto dominant parameters: Thedominantparameter
in eachfactorcanbefoundautomaticallyby thePCA-tool.A manualselectionmight be
necessary, becauseeitherthefactorsor theirdominantparametersmusthaveacorrespon-
denceto thevariablesof theanalyticalmodelof thesimplifiedsystem.

Describethe dynamic behavior: ODEsmustbefoundwhich describethedynamicbe-
havior of the factorsor their dominantparameters.Thereforea correspondenceto the
variablesof theanalyticalmodelis required.ThentheODEsof thisanalyticalmodelcan
beused.Theparametersof thoseODEs(like resonancefrequenciesor dampingparame-
ters,e.g.)canbeextractedfrom thetransientFEM data.

Thedeviation of thedifferentialequationsfor thefactorsis difficult andrequiresinsight
into thedynamicbehavior of thedevice. It is thekey stepin thedevelopmentof dynamic
CMs. Theotherstepscanbeautomated.As in thequasi-staticcase,discontinuousdevice
characteristicscannotbemodeledby this method.

3.3.2 Quasi-staticexample: membrane

Electrostaticallyactuatedmembranescanbeusedasdriveunitsin micro-pumps(see[60]
andchapter5.4). They canbe manufacturedrelatively easyby surfaceor bulk micro-
machiningtechnology[61], usingonly CMOS-compatiblematerials,and they have no
staticpower consumption.Otheractuationprinciplesrequireadditionalmaterials,like
piezo-ceramics,e.g.,or consumeasignificantamountof power(thermo-pneumaticdrives,
e.g.).Thedisadvantageof anelectrostaticdriveis theveryhighrequireddrivevoltageand
still limited achievablestroke volume.Thelattermakesself-primingandbubbletolerant
pumpsfor liquids nearly impossible. Still the electrostaticpumpmembraneexhibits a
veryinterestingbehavior likemultiplesnapeffectsandhysteresisin thestaticcharacteris-
tics. This is thereasonwhy it is anattractivebenchmarkexamplefor compactmodeling.

Thepreviouslyoutlinedmethodof developingaquasi-staticCM by meansof PCAwill be
exemplifiednow by modelinganelectrostaticallydeflectedmembrane.It will beshown
thattheCM canbeobtainedeasilyandthatthis methodis bestsuitedfor automatization,
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but hasvery limited extrapolationcapabilitiesandcannothandlediscontinuitiesin the
devicecharacteristics.To handlethoseproblems,physicallybasedanalyticalmodelingis
apowerful, thoughelaborativeapproachandwill bedescribedin section3.4.

a) Operation principle

A thin membrane,somemicrometersthick andwith lateraldimensionsof approximately
amillimeter, is separatedfrom arigid substrateby anair-gapof somemicrometerswidth.
Membraneandsubstrateare electrically isolatedfrom eachother, so that an electrical
voltagecanbeappliedbetweenthem(seesection3.4.2for moredetailsanda schematic
drawing). Additionally, a hydrostaticpressuredifferencebetweenair-gapandsurround-
ing medium(air or water in a pumpchamber, e.g.) actson the membrane.The device
characteristicsof interestis thevolumedisplacementasafunctionof pressureandapplied
voltage.

To maximizethevolumedisplacement,which correspondsto theachievablestroke in an
applicationaspumpmembrane,thevoltageis chosenhigh enoughto pull themembrane
towardsthesubstratecounter-electrode.Thiselectrostaticpull-in is adiscontinuityin the
quasi-staticdevicecharacteristicswhich is inherentto many MEMS.

b) PCA and CM generation

To generatethedatathatdescribesthedeviceoperation,a seriesof coupledelectrostatic-
mechanicalFEM-simulationshadto beperformed,varyingthecontrolparameterspres-
sureandvoltagein awiderange.TheFEM analysisyieldsthedeflectionof themembrane
towardsthesubstrateat all FEM-nodesfor eachdatapoint. Thedisplacedvolumecanbe
calculatedby integratingthe deflectionover the membranearea. The nodaldeflections
togetherwith thecontrolparameterspressure9 andvoltage : arestoredin a database.

A simplifiedmodelof theelectrostaticallyactuatedmembranewasderivednext. It is well
known, thatfor smalldeflectionsandconstantpressureloadthemembranedeflectionde-
pendslinearly on theappliedpressure.Dueto thelargeaspectratio betweenair gapand
lateralmembranedimensions,for small deflections� the electric field betweenmem-
braneandsubstratecanbeassumedto behomogeneous.Theelectrostaticforcebetween
themcanthereforebeapproximatedusingtheformulafor theelectrostaticpressureload
betweenparallelplates:

9<;>= �@?�� : 4 �A�
BDC�E
F � ���4 � (3.5)

Thatleadsto theideato use : 4 insteadof : in thePCA.

A softwaretool hadto be developedto convert the outputdataformat of the FEM-tool
into the input dataformat of the PCA-tool. The PCA canthenbe performedandgives
the result that two factorsarenecessaryto expressmore than99% of all variationsin
the FEM-data. Pressure9 and transformedvoltage : 4 are found to be the dominant
parametersof factoroneandtwo, respectively. Shown below aretheresultsof thePCA,
namelythenodaldisplacements

B !8G asa functionof thedominantparameters.Here,only
linear termsareusedfor the correlations,but asshown in figures3.14 to 3.16, higher
ordertermscanbeusedfor increasedaccuracy.
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Fig. 3.14: Secondorderpolynomialfit betweenappliedpressureandmembranecenter
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A partof thefinal CM, written in SpectreHDL,is shown below. Here,secondorderterms
andmixed termsof the two dominantparameters9 and : 4 areusedto model the dis-
placements

B !8G . The displacedvolume HJI 	 appearsasan internalvariable(callednode)
in the model. The terminalthroughvariable,i.e. the volumeflow rate K is calculated
asthe time derivative of HLI 	 . The electricaldisplacementcurrentdueto changesin the
appliedvoltageor varyingelectricalcapacitanceis modeledaswell, usingthenodaldis-
placementsanda localplatecapacitorapproximation.
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c) Simulation results

Ontheleft handsideof figure3.18,theCM simulationresultsarecomparedto theFEM-
simulations,usingthesamerangeof datawhich wasusedfor thePCA (

� ��M 2ON to P M 2ON
and PD: to QRPD: ). As expected,theCM matchestheFEM perfectlywell. Theextrapolation
outsidethis pressurerangegivesfairly poorresultshowever. That is not only thecasein
the pressurerangeabove P M 2ON , wherethe device characteristicsarediscontinuous(see
chapter3.4.2below for a detailedexplanationof this effect), but alsobelow

� ��M 2ON , as
can be seenin the right part of Fig. 3.18 and in the left of Fig. 3.19. Using a larger
pressurerangefor thePCA(

��S M 2TN to P M 2ON ) wouldextendtheaccuratemodelingrange
(right partof Fig. 3.19),but still themodelcannotbeusedto extrapolateoutsidetherange
usedby thePCA to fit thecorrelations.
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Fig. 3.18: Displacedvolumeversusappliedpressure,comparingFEM andCM data.Left:
pressurerangefrom -2kPa to 0kPa wasusedin thePCA to generatetheCM.
Right: extrapolationof the CM fails outsidethe pressurerange,which was
usedin thePCA.
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Fig. 3.19: Displacedvolumeversusappliedpressure,comparingFEM andCM data.Left:
extrapolationfails outsidethe pressurerangeusedfor the PCA. Right: ex-
tendedpressurerangedown to -4kPawasusedfor thePCA.

Only if by meansof a physicalanalysissomeinformationaboutthephysicalbasisof the
device behavior is incorporatedinto themodel,it canbeusedfor extrapolation.This is
illustratedin Fig. 3.20: on the left handside,anextrapolationoutsidethevoltagerange
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Fig. 3.20: Displacedvolumeversusappliedpressure,comparingFEM andCM data.The
appliedvoltagesareabovethoseusedfor thePCA.Left: untransformedvoltage
usedin thePCA.Right: quadratictransformationwasusedin thePCA.

usedfor thePCA wasperformed,usingthenon-transformedvoltagein thePCA.On the
right of this figure, however, the transformedvoltage U 4 was usedinstead,thus using
previously acquiredknowledgeaboutthedevice behavior. Theextrapolationcapabilities
of this modelaresignificantly better, althoughthe discontinuousbehavior, namelythe
pull-in effect,still cannotbemodeled.

3.3.3 Dynamic modelexample: accelerationsensor

To demonstratethe generationof a dynamicCM usingPCA, the thermalself-testof an
accelerationsensoris used.This sensorandits dynamicbehavior wasalreadydescribed
in section3.2.

a) Dynamic FEM modeland PCA

Tostudythedynamicpropertiesof asystem,its responsetosteplikechangesof inputstim-
uli canbeanalyzed.In thegivencaseof theaccelerationsensortheresponseto asteplike
changeof theheatingcurrentthroughtheresistorslocatedonthesuspensionbeamsis an-
alyzed.To this end,a coupledthermo-mechanicalFEM-simulationwasperformed.The
heatgenerationin the resistorswasappliedto the FEM-modelasa constantload (heat
generationrate V F ), thusneglectingthedependenceof thepiezoresistorsconductivity on
thetemperature.

The resultsof theFEM-simulationaresampledin a time-interval from zeroto two mil-
lisecondsafter theheatingcurrentwasapplied. Thesolutionvectorfor eachtime-point
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wasstoredin adatabase.ThePCA,whichwasperformedonthisdata,gavetheresultthat
thevariationin thedatacanbeexpressedusingthreeindependentfactors.Thedominant
parametersin thosefactorsare the displacementUXW andthe temperature/ �8S of nodes
locatedin themiddleof thesuspensionbeams,andthetemperature/ ��Y at a nodein the
centerof the seismicmass. The dynamicresponseof thosedominantparametersto a
stepl-like increasein theheatingpower is plottedin theleft of figures3.21and3.22.

All othernodaldegreeof freedomcanbeexpressedby thesedominantparameters.When
only lineartermsareused,then95%of thedatavariationis modeled.By addingquadratic
andmixedtermsthis valueis increasedto morethan99%.

u8 = $1

T14 = $2

T17 = $3

u1 = -3.419e-10 + 1.574e+00*($1 - 1.896e-11)
- 8.186e-11*($2 - 5.939e+00)
- 2.900e-10*($3 - 3.310e-02)

u3 = -2.450e-10 + 1.545e+00*($1 - 1.896e-11)
- 5.934e-11*($2 - 5.939e+00)
- 2.074e-10*($3 - 3.310e-02)

u4 = -1.676e-10 + 1.483e+00*($1 - 1.896e-11)
- 4.112e-11*($2 - 5.939e+00)
- 1.391e-10*($3 - 3.310e-02)

.

.

.
T1 = 1.589e+00 + 9.339e+07*($1 - 1.896e-11)

+ 3.091e-01*($2 - 5.939e+00)
+ 1.586e+00*($3 - 3.310e-02)

T3 = 3.807e+00 + 7.777e+07*($1 - 1.896e-11)
+ 6.559e-01*($2 - 5.939e+00)
+ 1.277e+00*($3 - 3.310e-02)

T4 = 5.816e+00 + 5.399e+07*($1 - 1.896e-11)
+ 9.656e-01*($2 - 5.939e+00)
+ 1.094e+00*($3 - 3.310e-02)

.

.

. $

b) Dynamic model for the factors

The type of the dominantparameters,their locationandtheir dynamicresponsecalcu-
latedin theFEM make it possibleto identify physicaleffectswhich determinetheir dy-
namicbehavior. Theparameters/ ��S and / ��Y show thetypical behavior of two systems
with thermalresistivity andcapacitance,which arecoupledthrougha commonbound-
ary. That canbe describedby two coupledordinarydifferentialequationsof first order
(eqns.(3.6), (3.7)̇). Thecoefficientsof this setof equationscanbeeasilyextractedfrom
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theFEM data.

Z\[^]_�a`/�]cb $�% [^]_��/�]cbd� �1e�f ��/�]�g $ V F (3.6)Z\[ 4 �a`/�]�g $�% [ 4 ��/�]�gh� �1e�i ��/7]cb (3.7)

The parameterUXW canobviously be describedby the differentialequationof a damped
harmonicoscillator (eqn.(3.8)̇). Importantfor the resultingmodel is the fact that both
otherdominantparameters/ �8S and / ��Y appearin theforcetermof thisdifferentialequa-
tion, motivatedby thefact,thata temperatureincreaseof thebeamsandtheseismicmass
causestheir thermalexpansionand,subsequently, a mechanicaldeflection.The oscilla-
tion frequency caneitherbe determinedanalytically, calculatingthe sizeof the seismic
massandusingformulaefor beambendingto describethesuspensionbeams,or canbe
extractedfrom FEM data.

jk�^lU)m $ B � `U)m $ M0� UXm � e.n ��/7]cb $oe�p ��/�]�g $qe F �r`V F (3.8)

Sincethe dampingof the sensordue to air friction was not modeledin the FEM, but
just mimickedusingstructuraldamping,a simplefit of the dampingparameteris suffi-
cient.Theparametersin theforceterm,whichactuallydescribethecouplingbetweenthe
thermalandthemechanicalproblems,havebeenextractedfrom theFEM dataaswell.

TheresultingCM, written in SpectreHDL,is shown here:

// acceleration sensor: thermo-mechanical CM based on PCA
// P.Voigt

module mafethe (n_th1, n_th2, n_mech) ()
node[T,Qp] n_th1, n_th2;
node[X,F] n_mech;
{

node [X, F] u8, u8p;
node [T,Qp] T14, T17;

//Model parameters, to be set in a model file (or during instantiation)
parameter real k = 1.0e3; // spring constant
parameter real d = 2.0e-3; // damping constant
parameter real m = 0.365e-6; // seismic mass
parameter real fitp = -0.45e-9;
parameter real fitu = -1.36e-6;
parameter real fitv = 2.0e-9;
parameter real fitc = -0.11e-3;
parameter real fitr = -0.54e-3;
parameter real rw1 = 1.9*1.9e-3/6.24;// beam: thermal cond.
parameter real cw1 = 0.05e-6; // beam: thermal cap.
parameter real rw2 = 0.29e-3; // mass: thermal cond.
parameter real cw2 = 0.12e-3; // mass: thermal cap.
analog {

F(u8) <- fitp * 0.25 *dot(Qp(n_th1)+Qp(n_th2));
F(u8) <- fitu * T(T17);
F(u8) <- fitv * T(T14);
F(u8) <- k * X(u8);
X(u8p) <- dot(X(u8));
F(u8) <- d * dot(X(u8));
F(u8) <- m * dot(X(u8p));
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Qp(T14) <- -0.25 * (Qp(n_th1)+Qp(n_th2));
Qp(T14) <- fitc * T(T17);
Qp(T14) <- rw1 * T(T14);
Qp(T14) <- cw1 * dot(T(T14));

Qp(T17) <- fitr * T(T14);
Qp(T17) <- rw2 * T(T17);
Qp(T17) <- cw2 * dot(T(T17));

//T4 - position of heating resistor 1
T(n_th1) <- 9.656e-01*T(T14) + 1.094*T(T17);
//T15 - position of heating resistor 2
T(n_th2) <- 7.970e-01*T(T14) - 0.030*T(T17);
//u17 - center of seismic mass
X(n_mech) <- -1.1e-10*T(T14) + 1.556e+00*X(u8) - 2.0e-10*T(T17);

}
}

The device terminalnodessXtvu ] and s^tvu 4 are representingthe thermalpropertiesof the
piezoresistors.Here,theJouleheating,generatedin thepiezoresistors,is forcedinto the
compactmodel,andthetemperatureat thisnodeis fedbackto theelectricalmodelof the
piezoresistorto accountfor thetemperaturedependenceof theconductivity. Thedevice
terminalnode s^w_; f u representsthe mechanicalstateof the seismicmass. It is usedto
couplethemechanicaldeflectioninto theelectricalmodelof thepiezoresistorto account
for thestressdependenceof theconductivity.

c) Simulation results

The CM wasusedto simulatethe responseof the sensorto a steplike changein heat-
ing power andto a heatingpulseof 1msduration. The resultsarecomparedto coupled
thermo-mechanicalFEM-simulations.As canbeseenin figures3.21and3.22,theFEM
resultsarematchedverywell. TherequiredCPU-timeis only a few secondscomparedto
somehoursfor theFEM.

ThePCA-basedCM reachesthesameaccuracy astheFN modeldescribedin section3.2.
A comparisonis given in figures3.23 to 3.25. The numericalefficiency, however, is
muchbetter. ThePCA-basedCM is at leastanorderof magnitudefasterthanFN-models,
dependingon theactualnumberof grid nodesin theFN model.

Becausethesimulationswith PCA-generatedcompactmodelsrun very efficiently, com-
paredto FEM simulationsor FNM simulations,presentedin section3.2, alsodetailed
simulationscovering a long time-spancanbe performed,taking only a few secondsof
CPU-time.In Fig. 3.24and3.25thedevice responseto a long seriesof heatingpulsesis
shown. It turnsout thatthebeamsheatupandcool down veryquickly, causingmechani-
caloscillations,whereastheseismicmasswarmsup veryslowly, causinga slight shift in
its mechanicalequilibriumposition.
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Fig. 3.21: Simulatedtransientresponseto a steplike (left) andpulsed(right) heatgener-
ation rate. The resultingdynamicbehavior of the dominantparameterU^W is
shown, comparingthePCA basedCM againstFEM-data.
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Fig. 3.22: Simulatedtransientresponsetoasteplikeheatgenerationrate.Thetemperature
raiseof theheatedsuspensionbeams( / �8S ) andtheseismicmass( / ��Y ) (left)
andtheresultingdeflectionof theseismicmass(right) is shown.
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Fig. 3.23: Simulatedtransientresponseto a steplike heatgenerationrate. The resulting
deflectionof the seismicmassis shown, giving a detailedview on the right.
A comparisonof threedifferentmodelingapproachesshows very goodagree-
mentbetweenthem.
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Fig. 3.24: Simulatedtransientresponseto apulsedheatgenerationrate.Thetemperature
raiseof theheatedsuspensionbeam(left) follows thetheheatgenerationrate,
whereasthe temperatureof the seismicmass(right) remainsnearlyconstant.
Theresultof aFN modelbasedsimulation(seechapter3.2) is comparedto the
PCAbasedCM.
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Fig. 3.25: Simulatedtransientresponseto a pulsedheatgenerationrate. The deflection
of theseismicmassis causedby thetemperatureraiseof both,thesuspension
beamsandtheseismicmass.Theresultof a FN modelbasedsimulation(see
chapter3.2) is comparedto thePCAbasedCM.
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3.4 Analytically derivedmodels

As shown in theprevioustwo sections,finite network modelingandmodelingbasedona
basis-functionsapproachareusefulmodelingmethods,but cannotaddresscertainprob-
lems. They cannotbe efficiently usedto modeldesignandprocessvariationsandthey
have very limited extrapolationcapabilities.And finally, they canhardlybeusedfor sta-
tistical modeling,yield analysisandrelatedtasks.It will beshown next, thatanalytically
derived,physicallybasedmodelsprovidea meansto efficiently addressthosequestions.

3.4.1 Physically basedmodels

For statisticalmodeling,yield analysisetc.,thecompactmodelmustexplicitly expressall
relevantphysicaleffects,which determinethedevicebehavior. A continuousfield model
for thosephysicaleffectscanbeusedto determinea setof nodevariables,describingthe
interactionof the device with otherdevicesof the systemand the environment. If the
methodoutlinedin chapter2 is followed, that yields a setof nodevariablesthat fulfill
conservationlaws,namelythenoderule for thethroughvariablesandthemeshloop rule
for theacrossvariables,thusformingaGKN.

Thefinal resultof themodeldevelopmentprocessis a compactmodelthatdescribesthe
dynamicdevice behavior in termsof a setof ODAEs. Thenumberof internalstatevari-
ablesof theCM, whichneedto beiteratedduringthesimulationof themodel,mustbeas
smallaspossible.Theinput parametersof theCM aredesignparametersandtechnology
parameters.Examplesarephoto-maskdimensions,layerthicknessesandmaterialparam-
eters.Ideally, nofit parametersareused,but in mostcasesit will benecessaryto simplify
therealdevice,until ananalyticaldescriptionof thephysicaleffectunderconsiderationis
possible.Thatmeans,thatfit parametersmight benecessaryto compensatefor theerror
madeby the analyticalapproximations.Otherwise,the accuracy of the resultingmodel
couldbeinsufficient for theapplicationsit is intendedfor.

It is importantto mentionhere,thatthosefit parametersarenotglobalfit parameters,but
arerelatedto a well understoodapproximationof a certainphysicaleffect. Thatmeans
that it is obvious on what datafor what device operationconditionsto extract thosefit
parameters.Thatallows to setupa local extractionstrategy for thefit parameters.

Sincethedependenciesof thedevice behavior on device geometry, operatingconditions,
materialandprocessparametersarecontainedin themodelequations,thefit parameters
shouldonly weaklydependon them.If that is not truly thecase,sucha dependencewas
not explicitly modeled,but maybeoverlookedandpushedinto the fit parameters.That
wouldmeanthatthedevicemodelneedsto beimprovedto correctlymodelthoseeffects.
The resultingmodelhasgoodextrapolationcapabilities,as long as the range,wherein
theanalyticalapproximationsarevalid, is not left. Theknowledgeaboutthis rangeis an
essentialpartof themodelitself.
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Fig. 3.26: Schematicview of anelectrostaticallyactuatedmembraneasit canbeusedas
pumpmembranein micro-pumps.
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Fig. 3.27: FEM-simulatedmembranedeflection.A voltageof 150V is applied.It is pos-
sibleto distinguishthreeregions:theapproximatelysquareshapedtouch-down
area(darkgrey), theedges,andthecorners.

3.4.2 Example: an electrostatically actuatedpump membrane

Electrostaticallyactuatedpumpmembranestypically consistof aflexible membrane-like
top-electrodeanda rigid bottom-electrode.Whenanelectricvoltageis appliedbetween
theseelectrodes,the electrostaticattractingforce deflectsthe pump membrane.If the
appliedvoltageis sufficiently high, the membranesnapstowardsthe counter-electrode,
thusmaximizingtheachievablestroke volume[62]. To avoid anelectricalshortage,the
electrodesmustbecoveredby isolatinglayers.Thequasi-staticcharacteristicsof anelec-
trostaticallyactuatedmembranearepresentedin Fig. 3.28.

Whena voltageis appliedto the membrane,andadditionally, an increasinghydrostatic
pressure1 moves the pump membranetowardsthe counter-electrode,then at a certain
pressureandresultingmembranedeflectionthe electrostaticattractingforce overcomes
the restoringmechanicalforce, thuspulling in the membrane.The bendingshapeof a
pulled-in membraneis shown in Fig. 3.27. To releasethe membrane,a lower pressure
is required,sothatthepressure-controlledquasi-staticcharacteristicsexhibit a hysteresis
(seeleft of Fig. 3.28).

1 In thecontext of pump-membranes,pressurealwaysmeansthepressuredifferencebetweenbothsides
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Fig. 3.28: FEM-simulatedstaticcharacteristicsof amembrane.Theleft figureshowsthe
volumedeflectionvs. appliedhydrostaticpressure.Theright figureshows the
resultingpressure,whenthevolumeis thecontrolledparameter. A voltageof
150V is appliedto themembrane,causingthesnapeffects.
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Fig. 3.29: FEM-simulatedmembranedeflection. A voltageof 150V is appliedandthe
displacedvolumeis fixedto be20nl,which is next to theshapesnappoint.

To accessthe instablepart of the volume-versus-pressurecharacteristics,one has to
changefrom pressurecontrol to volume control (Fig. 3.28, right). Thesecharacteris-
tics alsoshow a discontinuity, causedby anabruptchangein theshapeof themembrane
deflection.A FEM-analysisreveals,thattheshapesnapeffect appearsto bea redistribu-
tion of displacedvolumeundertheconditionthat thetotal displacedvolumeis constant.
Figures3.29 and3.30 illustrate this effect. The volumeredistribution is driven by the
inhomogeneitiesof theelectrostaticload.

The complexity of the membranebehavior is comparableto the breakdown phenom-
enaof multi-layerCMOSstructures.Fig. 3.31shows thesimulatedlatch-upof a lateral

of themembrane,i.e. betweenpump-chamberandair-gap.
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Fig. 3.31: Simulatedlatch-upof a lateralCMOS ���������)� structure.Thesecondbreak-
down, whenthevoltagedropsto a small value,hasit’ s correspondencein the
shapesnappingof anelectrostaticallyactuatedmembrane.

� � ����� � structure[63], whichis verysimilar to thequasi-staticcharacteristicsof amem-
brane.Thelatter is shown in Fig. 3.28. Theright handsideof this figureshows thecase
thata hydrostaticpressureis theresultof a controlledvolumein presenceof anapplied
voltage.In thatcase,theinstablepartof thepressurecontrolledcharacteristics,shown at
theleft of Fig. 3.28,canbeaccessed.
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3.4.3 The compactmodel

To find a physicallybasedcompactmodel,thatdescribesthebehavior of themembrane,
the statusof the membranemustbe describedby analyticalexpressionsin termsof as
few aspossiblestatevariables.As a first step,themembranedeflection� causedby an
appliedhydrostaticpressure� is expressedanalytically[48] by:

������� � �,�����,���R� ��������_���_�� (3.9)

�a�¡ 7¢¤£A¥¦� �������0§+¨�©��^ª �� �«���
��� ¥,§+¨�©.��ª
�.£

�«�_���_� ¥ (3.10)

� �
¬ �.D®���
���
�����J���°¯&±A¥ � (3.11)

Here, �«�_���_� and D�_���_� areedgelengthandthicknessof the membrane,  and £ arethe
distancefrom themembranecenterpoint in thecorrespondingdirections,whereas

¬
and

± aremodulusof elasticityandPoissonratio, respectively. For large deflections,even
thoughanalyticaldescriptionsareknown[64,65],asimplefit functionisdeliberatelyused
to accountfor theresultingnon-linearities.Thecorrespondingfit parameterwasextracted
from comparisonwith FEM-simulations.This approachpreserveshigh accuracy evenin
theregionof largedeflection(regionof largenegativepressurein Fig. 4.2).

As soonasthemembranetouchesthecounter-electrode,anotherapproximationcomesto
play. Themembraneis consideredto consistof threedifferentkind of regionsassketched
in Fig. 3.33. A comparisonto the resultsof a FEM-simulationin Fig. 3.27shows, that
this approachis well justified. A comparableapproachcanbefoundin [66]. Thetouch-
down region ²�³ is excludedfrom the force balanceand thereforethe areas²µ´ can be
approximatedby formulaefrom [48] for rectangularmembraneswith one edgemuch
longerthantheother(2D approximation):

���_��� � �,�����D�R� ����� ��>¶·¶� (3.12)
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The effective membranelength �º�¹¶·¶ is the edgelengthof the membranereducedby the
edgelengthof thetouch-downarea²�³ . Thecornerareas²�» areassumedto behavesimilar
to onequarterof asquaremembranewith theedgelength �º�>¶¼¶ , modifiedby afit factor.

As a resultof theseanalyticalexpressions,the stateof the membranecanbe described
by two variables,namelythecenterdeflection������� andthe effective membranelength
�º�>¶·¶ . For deflectionssmallerthanthegapbetweenmembraneandcounter-electrode,�º�>¶·¶
is constant,equalto the geometricalmembranelength �«�_���_� . Whenthe membranehas
snappeddownandtouchesthecounter-electrode,���_��� staysconstantwhile �«�¹¶·¶ decreases
with increasingpressure,following approximatelya oneover four power law, according
to equation(3.12).

Oncethebendingshapeof themembraneis known, theelectrostaticattractingforcebe-
tweenmembraneandcounter-electrodecanbe calculatedaswell as the corresponding
electriccapacitance.Dueto thevery largeaspectratio betweenlateralmembranedimen-
sions �½���
��� andgapwidth �¾��
´ theapproximationof ahomogeneouselectricfield is well
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Fig. 3.32: Membranedeflectioncurve. Thesegmentfrom ¯° <³ to  <³ , touchingthecounter-
electrode,is excludedfrom theforcebalance,thusreducingtheeffectivemem-
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Fig. 3.33: Top view of a membrane,indicatingdifferentregions: ²�³ - counter-electrode
touched,² ´ - 2D approximationof the deflectioncurve, ²1» - a cornerfill fit
applies.

justified. This leadsto a simple formula for the local electrostaticpressuredue to an
appliedvoltage Ô :

�<�>Õ��¡ 7¢¤£A¥Ö�@×��.ÔTØ·ÙA�
D¾��
´�¯Ú�0�c 7¢¤£,¥Û¥�Ø � (3.14)

A formulafor themembranebendingwhichconsidersnon-uniformpressureloadswould
be difficult to obtainbecausethe electrostaticpressureitself dependson the membrane
bending.Tokeepthemodelingprocesssimple,theelectrostaticpressureis averagedusing
equation(3.14)andthemembranebendingshapesgivenin equation(3.9)and(3.12).The
resultingaveragedelectrostaticpressurenow addsto theappliedhydrostaticpressure.

As describedabove, underthe conditionof a controlleddeflectionvolumethe bending
shapeof themembranecansnapfrom oneinto anotherstate.An analyticaldescriptionof
themembranebehavior undersuchconditionswouldbeextremelydifficult to develop.In
orderto still accuratelycapturethecorrectsnapconditions,fit parametersareintroduced
in the model, which can be determinedby meansof parameterextraction from FEM-
simulateddata.Theachievedaccuracy is illustratedin Fig. 4.9.
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Fig. 3.34: Symbolof themembraneCM, asit couldbeusedin aschematiceditor.

In contrastto thefit-parametersintroducedbefore,the latteronesarenot well basedon
a solid physicalanalysis,but usecoarse,qualitative approximations,only basedon an
empiricalinsight into theshape-snappingeffect, asit couldbegainedfrom investigating
theresultsof theFEM-analysis.Thisstill doesnotharmtheoverallqualityof theresulting
model, becauseonly a separatedphysicaleffect is involved, which occursonly under
certainoperationconditions.

The membranebendingshapeis finally usedto calculatethe displacedvolume. This
resultsin a compactmodel for the electrostaticallyactuatedmembranewhich hastwo
internalstatevariables�º�¹¶·¶ and ������� and four terminals. Two terminalsbelongto the
electricaldomainandtheremainingtwo have a fluidic nature,with pressureandvolume
flow rateastheassignedquantities(Fig. 3.34).

The CM wascodedin SpectreHDL,thusallowing the simulationon systemlevel in an
analogcircuit simulator. Themodelsourcecodeis shown in appendixB.

3.4.4 Extrapolation capability of the compactmodel

To testtheextrapolationcapabilitiesof thedevelopedmembranemodel,a designparam-
eter– namelythegapwidth betweenmembraneandcounter-electrode– wasvariedfrom
3 to 5à m. Usingthesamephysicalmodelparametersetfor themodifieddevice onestill
finds the modelto be very accurate(Fig. 3.35),corroboratingtheaforementionedstate-
mentthataphysicallybasedmodelingstrategy is bestsuitedfor designstudies.It is worth
to mentionherethat thegapwidth hasa highly nonlinearimpacton thebehavior of the
membrane,which causesa simplelinearextrapolationof certaindevice propertiesto be
insufficient.

It shouldbe mentionedhere,that the accuracy of the model is reasonablygood, even
if all fit-parametersaresetto unity, which means,thatno parameter-extractionhasbeen
performedyet. Thatallowsqualitativeanalysissuchastheverificationof systemconcepts
to beperformedevenif nodevicemeasurementdatais availableyet.

Both theoptimized3à m gapmodelandtheextrapolated5à m gapmodelhavebeenused
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to simulatethefrequency-dependentpumprateof anelectrostaticallydrivenmicropump
asreportedin [60]. It shows that both modelsaccuratelydescribethe device operation
(seesection5.4).
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Fig. 3.35: Simulatedstaticcharacteristics(hydrostaticpressurevs. displacedvolume)of
anelectrostaticallydeflectedmembrane.Dotted/dashedlines: CM, solid lines:
FEM. A voltageof 150V is appliedto themembrane,causingthewell known
snapeffect. The fitting parametersof the device modelareextractedfrom a
membranewith 3à m gapwidth (top), thenappliedto a membranewith 5à m
gap width (bottom). The achieved accuracy for the 5à m device shows the
extrapolationcapabilitiesof theunderlyingdevicemodel.



3.5. Summary 73

3.5 Summary

Threedifferent methodsof developing device modelsfor system-level modelinghave
beenpresented.Thedemonstratedexampleof modelingtheself-testof theASISacceler-
ationsensordemonstratesthecapabilitiesof a hybrid modelingapproach,mixing FNMs
andCMs to build a systemmacro-model.The simulationefficiency is high, compared
to FEM-basedapproaches,andall relevantcouplingeffectsaretreatedin a simultaneous
manner. Thus,theusualconvergenceproblems,relatedto successivecouplingapproaches
in thecaseof strongcouplingeffects,canbeavoided.

Oncethe requiredinterfacesoftwarebetweenCAD-tool andanalognetwork simulator
is available,the simulationmodelcanbe setup easilyandquickly. The advancedtime
integrationalgorithmsimplementedin circuit simulationtools areavailable. Addition-
ally, all kind of numericalanalysis(OP, DC, AC, transient,noise,sensitivity etc.) which
areimplementedin suchtools,canbeperformed,evenif differentphysicaldomainsare
coupled.Thisgivesmoreflexibility andnumericalefficiency thanis typically availablein
FEM tools,while maintainingthesamelevel of accuracy astheFEM analysis.

Theexperiencegainedfrom thepresentedexampleshows that it is worthwhileto extend
theFN modelingto othersthanthethermaldomain.It seemspossibleto usethisapproach
as an very flexible, userprogrammabletool to simulatesystemsthat coupledifferent
physicaldomains. The finite elementwhich expressesthe coupling betweendifferent
physicaldomains,canbe written in VHDL-AMS, whereasthe discretizationgrid is set
up in a CAD-tool. An specialsoftwaretool, asa generalizedversionof ANTOS, then
compilesthenetlistfor thecircuit simulator, representingthesystemof ODEsthatneeds
to besolved.

Two drawbacksof this approachshouldyet be mentionedhere: First, the simulation
time is still quite long comparedto simulationsbasedon CMs, becausethe numberof
equationsthat needto be solved is very high. Second,this methodis inflexible with
respectto variationsof geometryand other parameters,becausethe full procedureof
modelgenerationmustbere-runwith eachvariation,startingfrom thesolid modelin the
CAD-tool.

To summarize,TheFN modelingapproachprovidesa flexible, user-programmablecou-
pledFEM plusCM simulationtool.

A PCA of a database,which wascreatedfrom a setof FEM-simulations,canbeusedto
generatea quasi-staticCM of a deviceandyieldsverygoodresults,aslongasthedevice
characteristicsarecontinuousandthedatarangeusedto generatethedatabaseis not left.
If someknowledgeaboutthedevicephysicsis incorporatedby transformingparameters,
limited extrapolationcapabilitiescanbeaddedto theCM. Thecompletemodelgeneration
procedurecanbe automated,thusrequiringnearlyno userinteraction,but – dueto the
FEM-simulations– a lot of computerresources.

Sincethedependenciesonthedevicegeometry, processparametersetc.arenotexplicitly
expressedin the CM, the completemodelgenerationmustbe rerunfor eachdesignor
processmodification,startingfrom anupdatedFEM model.

PCA-basedCMs canbe usedto modelthe dynamicbehavior of systems.Comparedto
FEM- or FN-models,thenumericalefficiency is muchbetter, while still thesamelevel of
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accuracy canbemaintained.Thesetupof thedynamicequationsfor theresultingfactors
of the PCA respectively their dominantparametersis a complicatedtaskandcannotbe
automated.Additionally, all thedraw-backsof quasi-staticPCA-basedCMshold true.

Analytical, physicallybasedmodelscanbe usedto efficiently simulatedevices,which
exhibit very complex behavior, includinghysteresiseffectsandmultiple discontinuities.
A quasi-staticexamplewaspresentedin section3.4.A dynamicexamplewill begivenin
section5.2.

Thismodelingmethodcanbeusedfor statisticalmodeling,yield/failureanalysisetc.,be-
causeall modelparametersallow for a physicalinterpretation,thusmakingit possibleto
establishandsubsequentlyto interpretecorrelationsbetweenvariationsof processparam-
eters,designparameters,materialparameterson theonehand,andtheresultingchanges
in deviceandevensystemperformanceon theotherhand.

The remainingfit parametersare closely relatedto certainphysicaleffects, which are
approximatedby thedevice modelequations.It will beshown in section4.2, thata very
efficient localparameterextractionstrategy for thoseparameterscanbeestablished.

It couldbedemonstrated,thattheresultingCM hasgoodextrapolationcapabilities,thus
makingpredictivesimulationspossiblenot only on device level, but alsoon systemlevel
(shown below in section5.4).

The disadvantageof this very powerful modelingmethodis that building suchmodels
requiresa profoundunderstandingof the physicsof the device operation. Analytical
modelingis avery involvedtaskandrequiresa lot of engineeringtime. It is notseenhow
thismodelgenerationmethodcouldbeautomated.

Sofinally thedecisionfor oneof thepresentedmodelingmethodsdependsontherequests,
which theresultingmodelmustfulfill, requiringacarefulevaluationof theprosandcons
of eachapproachin light of the given circumstanceslike engineeringresources,time
constraints,hardwareresources.



4. Parameter extraction

Modeldevelopmentcannotbeconsideredindependentlyof modelvalidationandparame-
terextraction.Eachmodelingapproachrequiresanappropriateextractiontechniqueand,
in return,thelimitationsof differentextractionmethodsmayinfluencethedecisionfor a
specificmodelingstrategy.

Of specialimportanceis thecaseof parameterizationof analytical,physicallybasedcom-
pactmodels.Giventhatthemodelis constructedin sucha way, thatphysicalparameters
andfit-parameterscanclearly be distinguishedfrom eachother, an efficient parameter
extractionstrategy canbesetup. Theresultingmodel(includingtheextractedparameter
set)canserve for importantpurposessuchasdesignstudiesor statisticalprocesscontrol,
e.g.,thusjustifying theusuallylargeeffort for themodeldevelopment.

4.1 Parameter extraction methods

4.1.1 Fit-basedmodels

In caseof amodelingstrategypurelybasedondatafitting, themodelverificationis simply
a testif thesimulateddatareproducestheinput datafrom measurementor CFM simula-
tion within therequiredaccuracy. Theappropriateextractiontechniquewouldbeaglobal
optimizationalgorithm.Theadvantageis avery fastsetupof theextraction,but onepays
with typically lengthyoptimizationruns.

Additionally, onefacesall thewell-known problemsof globaloptimizationschemes.The
optimizationcanbetrappedin a local minimum. Theresultof anoptimizationtherefore
candependon the initial guessof theparameters,andit may be very sensitive to small
fluctuationsin the targetdata,dueto measurementnoise,e.g. Theextractedparameters
canhardlybeusedfor statisticalprocessmonitoringandaphysicalinterpretationis quite
oftenimpossible.

4.1.2 Finite network models

Assumingthatall informationto build theFNM (geometrydataandmaterialparameters,
e.g.) wasreadily available,no parameterextraction is necessary. Sincea modification
of any parametersin FNMs is difficult, and the simulationis not very efficient due to
the large numberof internalvariables(grid nodes)of the FNM, a usageof FNMs to fit
insufficiently well known parameterscannotberecommended.

Themodelverificationis still animportantstepthough.Thecritical pointswhichmustbe
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checkedcarefullyarethemeshquality andtheinterfacesto theouterpartsof thesystem,
wherethe interactionis lumpedinto a singleexternalnode(asdescribedin section3.2).
Suchadvancedtoolslikeerrorestimatorsfor themeshqualityarenotavailablefor FNMs.
Therefore,the test for the meshquality mustbe performedby optical inspectionby an
advancedengineer, or aFEM tool mustbeusedfor this purpose.

4.1.3 Basis-functionmodels

The PCA is basically a methodbasedon data fitting. Therefore,hereno additional
parameter-extraction is required. If however ODEs are usedto describethe dynamic
behavior of the device (as in section3.3.1), then the parametersof theseODEscanbe
determinedusingparameter-extractionmethods.Thetargetdatafor theparameterextrac-
tion cancomefrom measurementsor FEM simulations.Sincethedeviation of theODEs
is basedonaphysicalanalysisof thedeviceoperation,thesameapproachesto theextrac-
tion of their parameterscanbeusedasasto analytical,physicallybasedmodels,which
will bedescribedin thefollowing section.

4.1.4 Analytical, physically basedmodels

If thedevelopedmodelis basedon thephysicalanalysisof thedevice,aglobaloptimiza-
tion schemecouldeasilyerodethephysicalcontentof themodelparameters.Therefore,
anextractionschemeutilizing directextractionstepsandcarefully tunedlocal optimiza-
tion needsto beemployed[67]. Model validationbecomesa very challengingtasksince
it mustbeverified,if themodelreproducesall relevantphysicaleffectstogetherwith their
processandgeometrydependence.In thatcase,bothsteps,modelvalidationandextrac-
tion setup,arevery time consuming,but the resultingmodelparameterscanbeusedfor
physicalinterpretation,yield analysis,processmonitoring,etc. Thetime requiredfor an
actualparameterextractionrun is typically short,thusallowing theprocessingof a large
amountof dataasit is requiredfor statisticalanalysis[68].

The parameterswith a physicalmeaningare(moreor less)independentfrom an actual
device structure,thusallowing to measurethemusingdedicatedteststructures.A pa-
rameterdatabasemaybeestablished,makingsimulationsin anearlydevelopmentstage
possible,beforerealdevicesexist yet.

At thebeginningof a parameter-extraction,a decisionhasto bemadewhich parameters
to extract.As mentionedbefore,normallythematerialparameters,devicegeometriesand
processparametersareknown. Only thefit parametersmustbeextractedto improve the
accuracy of themodel(seeFig. 4.1 for a schematicpicture). If howeversomeof thejust
mentionedsocalledphysicalparametersarenot available,or if their measurementis as-
sumedto betoo inaccurate,they canbeextractedusingmeasureddevice characteristics.
Anotherreasonfor extractingphysicaldeviceparametersis, thatthey canexhibit fluctua-
tionsfrom device to device. A measurementof thosefluctuationsandtheir correlationto
known processfluctuationsandto observedvariationsin systemperformancecanbeused
for statisticalmodeling,for building yield models,for designcenteringetc.

Oncethesetof parametersthatneedsto beextractedhasbeenset,asequenceof extraction
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Fig. 4.1: Parameterextractionprocedurefor physicallybasedcompactmodels:with the
physicalparametersas input, the extractionsequencefor the fit-parametersis
iterated,until thedevice characteristicsarematched.Theresultingmodel(incl.
theparameterset)allows for extrapolations.

stepsmustbefound.It is importantto startwith thebasicparameters,which impactmost
operatingregionsof the device. Parameters,which impactonly very limited operating
regions,canbeextractedlaterin theextractioncourse.Ideally, only oneparametershould
beextractedat once.

For eachparameter, theoperatingregionmustbedetermined,whereinthisparameterhas
the strongestimpact on the device behavior. If all other parametershave significantly
lessimpact in this region, thenthe parametercanbe determined,no matterif the other
parametersarenotaccuratelydeterminedyet.

Now theparameterunderconsiderationcanbeextracteddirectly. Thatmeans,thatmea-
sureddatapointsaresubstitutingnodalvariablesin themodelequations,andtheresult-
ing equationsystemis solvedfor thedesiredparameter. All otherparametersappearing
in thoseequationshave either their default valuesor their previously extractedvalues
if available. Here it becomesobviously that the parameterextractionsequenceusually
mustbeiterated(assketchedin Fig. 4.1): theextractedparametervalueis – althoughnot
strongly– still dependentonotherparameters,whicharenotextractedaccuratelyenough
yet. Given that this dependenceis really not strong,very few parameterextractioncy-
cles(typically notmorethanthree)yield astable,accuratemodelparameterset.Another
point is importantwith directextractions:sinceonly very few datapointsarenecessary,
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the measurementsof the device datacanbe performedvery efficiently (example: if the
principalshapeof a curve is well known, theslopecanbedeterminedby measuringonly
two datapoints). Making point measurementsis much fasterthansweepingoperation
conditions. That makesdirect extractionapplicablefor routinely measurementsin pro-
duction(for statisticalprocesscontrol(SPC),e.g.).

If direct extractionis not possible,becauseof transcendentmodelequations,e.g.,local
optimizationcanbeused.Local optimizationusesa very small subsetof all parameters
to matcha very narrow, carefullyselectedrangeof themeasureddevice data.To reduce
themeasurementeffort, alreadytherangeof measureddevice datacanbe limited to the
regionswheretheparametersto beextractedhave their strongestimpact.

The parameterswith a physicalmeaningare(moreor less)independentfrom an actual
device structure,thus allowing to extract them by measuringdedicatedtest structures.
A parameterdatabasemay be established,that makessimulationspossiblein an early
developmentstage,beforerealdevicesexist.

Powerful softwaretool areavailablefor the parameterextraction. To make thosetools
availablefor MEMS device CMs, somework is required,though. First, the interfaceto
analognetwork simulatorsmust be extendedin sucha way, that VHDL-AMS models
canbesimulated.Second,specialextractionroutinesmustbecreated,whichperformthe
parameterextractionstepsrequiredfor all devicesunderconsideration.

In this work, a softwareinterfacehasbeencreatedbetweenUtmostandSpectre,which
allows to run SpectreHDLmodels.Utmost-routineshave beencreated,which allow the
extractionof parametersfor non-electricalfour-terminaldevicesin a quasistaticaswell
asin transientoperationmode.

4.2 Quasi-staticexample:electrostatically actuated
membrane

The quasi-staticCM of an electrostaticallyactuatedmembranewas presentedin sec-
tion 3.4.2. Now the parameterextractionsequencefor this CM will be explained. The
sevenfit-parametersof this modelwill beextracted,whereastheothermodelparameters
(the physicalones)arekept constant.They areassumedto be known from othermea-
surements.Insteadof really measureddata,FEM-simulateddatais usedto performthe
extractions.

Thebasic-mostparameterof themodelis theone,whichfits thestiffnessof themembrane
for smalldeflections.Many effectscanbehiddenby this parameter:inaccuratematerial
parameterslike elasticitymodule,inaccurategeometryvalueslike membranediameter,
inaccurateprocessparameterslike membranethickness.Theparametercanbeextracted
by local optimization,usingthedatarangein therectangularbox,shown in Fig. 4.2. All
otherparametersarestill at their default values.

Alternatively, a directextractioncanbeapplied.Two datapointsin themarkedregion in
Fig.4.2areusedto determinetheslopeof thecurve. Fromthisslope,thefit parametercan
be directly calculated,usingthe modelequationfor small deflections,correspondingto
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Fig. 4.2: First step:membranestiffnessto befitted in thebox region.

formula3.9.Thatillustrates,thatfor adirectextractiononly few datapointsarenecessary
insteadof asweep,thussignificantlyreducingthemeasurementeffort.

The resultingsimulatedcurve is comparedto measureddatain Fig. 4.3, showing a per-
fect fit for small deflections.The nonlineareffects for large deflectionsarefitted next,
optimizingthecorrespondingparameteron thedatarangein thebox in Fig. 4.3.

In the next step, the parametersfor cornerand edgefilling are optimizedin the box,
shown in Fig. 4.4. Becausetheseparametershave someweakimpacton otheroperating
regions as well, namelyfor large negative pressure,the accuracy of the model in this
region is slightly reduced,as can be seenin Fig. 4.5. Re-adjustingthe parameterfor
nonlineareffect in caseof largedeflectionsleadsto high accuracy in this region aswell
(Fig.4.6).Thisconfirmstheabovestatement,thattheparameterextractionsequencemust
beiterated,but very few iterationsaresufficientusually(only two cyclesin thepresented
case).

Finally, the parametersfor voltage-causedpull in and shapesnappingare extracted
(Fig. 4.7 to Fig. 4.9). The resulting model reproducesthe device behavior accu-
rately andcanbe usedto extrapolatefor modifieddesignparameters,asshown in sec-
tions3.4.4and5.4.4.
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Fig. 4.3: Secondstep:nonlinearityof membranestiffnessfor largedeflectionsto befitted
in thebox region.

4.3 Transient example: flap valve

Theconstructionandoperatingprincipleof aflapvalveaswell asits compactmodelwill
bedescribedin section5.2. Themechanicalpartof themodelbasicallyis a mechanical
oscillatorwith strongdamping.The compactmodelof thevalve flap wasimplemented
into a systemsimulator[24], usingVHDL-AMS. Thesystemsimulatorwascalledfrom
a parameterextractionsoftwarepackage[69], thusallowing the optimizationof the pa-
rametersof the compactmodel to matchthe measuredor FEM-simulateddata. Most
parametersof themodelcanbeextractedon dataof quasi-staticdevice operation(some
resultsin Fig. 5.12). Theparametersto fit thesizeof themoving massandthedamping
parametersrequireto usedataof thedynamicbehavior of theflap. Thetransientresponse
of the valve flap to anstep-like increaseof pressurewasusedto this end. The required
extractionroutinewasimplementedin Utmost. An intermediateresultof theparameter
extractionis shown in Fig. 5.16. To extract the parameters,a sequenceof optimization
stepswasapplied,whereeachstepusesasmallpartof themeasureddata.

Theextractionof modelparametersdescribingthedynamicbehavior of devicesis quite
importantfor PCA-generatedcompactmodels,becausetheODEsdescribingthedynam-
ics of thefactorsarebasedon analyticalmodels,containingapproximationsandthecor-
respondingfit-parameters.
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Fig. 4.4: Third step: membranestiffnessat edgesandcornersto befitted in the box re-
gion.

4.4 Summary

It couldbedemonstratedthatthemethodsfor parameterextractionandthecorresponding
softwaretools,whichareusedin microelectronicsfor devicemodelparameterextraction,
cansuccessfullybeadoptedto MEMS device compactmodeling.It showedthatparam-
etersetsfor analyticallyderived,physicallybasedcompactmodels,which containonly
few, well understoodfit parameters,canbe extractedvery efficiently. Sinceno global
optimizationstepsare involved, the resultingparametersetscanbe usedfor statistical
modeling.
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Fig. 4.5: Fourthstep,re-iteratingsteptwo: nonlinearityof membranestiffnessto befitted
in thebox region.
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Fig. 4.6: Final resultof the first partof theparameterextractionsequence,dealingwith
themechanicalpropertiesonly.
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Fig. 4.7: Final resultsof a parameterextraction for the pressure-controlledquasi-static
membranecharacteristics.Theappliedelectricvoltagecausesa hysteresis.
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Fig. 4.8: Volume-controlledquasi-staticmembranecharacteristics.Fit-parametersfor the
shapesnapeffecthave to beextractedon this data.
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5. Examples

In this chapter, fiveexamplesarepresented,which illustratevariousapplicationsof com-
pactmodelingfor microsystems.Thefirst exampledemonstratesthe integrationof me-
chanicalelementsin anelectricalcircuit andthegoodperformanceof thechosensimula-
tion approachin thiscaseof strong,nonlinearcouplingbetweenmechanicalandelectrical
behavior.

Thesecondexampleis theanalyticalmodelof a flap valve. Combiningit with thefinite
network modelof tubes,presentedasexamplethree,andwith thephysicallybasedmodel
of anelectricallyactuatedmembrane,which wasalreadydevelopedin chapter3.4.2,the
macro-modelof a micropumpcan be compiled. This is shown in detail in the fourth
example.

Thelastexampleshows how to useanalytical,physicallybasedmodelsto studythe im-
pactof processfluctuationsontheperformanceof acomplex, electro-mechanicalsystem.

5.1 Electro-mechanicalsystem:oscillator

5.1.1 Intr oduction

Therearetwo reasonswhy themicro-electro-mechanicalflip-flop structurewasselected
for presentationin thefollowingsection.First,in themembranecapacitoroccursastrong,
highly non-linearcouplingbetweenmechanicalandelectricalphenomena.This requires
anefficient simultaneoussimulationof both partsof theproblem,ruling out mostother
simulationapproachesbesidesa commonsimulationof both problemsin an electrical
network simulator, includingthemechanicalpartby especiallyderivedcompactmodels.
Second,thereexistsapotentialpracticalapplicationof thepresentedstructure.

The idea behindthe presentedmicrosystemdesignis to extract the mechanicaleigen-
frequency of a membraneby analyzingthe electricaloutputsignalof the circuit. That
couldbeaninterestingalternative to opticalandothermeasurements[70], especiallyfor
routinelymeasurementsin aproductionenvironment[71, 72]. Thiseasyto measuretest-
structurewe suggestfor theextractionof mechanicalparametersof thin layers[73]. An
applicationto theextractionof dampingpropertiesseemspossibleaswell.

5.1.2 Description of the teststructure

Thestructureunderconsiderationis anelectro-mechanicaloscillator, realizedasaflipflop
with the capacitorsC1 andC2 in the feedbackloops (Fig. 5.1). The resistivity of the
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transistorsMr11 to Mr22 canbevariedin a very wide rangeby thecontrolvoltagesä<å¡æ
and ä<å¹ç , thusallowing for a flexible controlof thecharge/uncharge time constantof the
capacitors.Theresultingoscillationfrequency of theflipflop rangesfrom severalkHz up
to some10MHz.

Theabove capacitorsarepolysiliconmembraneswith an areaof èêéRë�ì x í�èêéRë�ì , sep-
aratedfrom a silicon substrateby a é,îÈèêë�ì wide air gap. Togetherwith the nï –doped
substrateascounter-electrodethey form the two feedbackcapacitorsof the flipflop cir-
cuit. Themembranestructureallowsfor mechanicaloscillations,excitedby theelectrical
voltageacrossthe capacitor. The capacitancevariesdue to the changein the distance
betweenmembraneand counter-electrodeand, therefore,is responsiblefor the strong
feedbackbetweenthemechanicalandtheelectricalpartof thesystem.

Suchmembranesareusedin pressuresensors,microphonesetc. andcanbeproducedin
astandardCMOSprocesswith additionalfacilitiesfor surfacemicromachining[74].

5.1.3 The simulation model

As mentionedabove,asimulationapproachwhichis well applicablefor thegivenflipflop
structure,is theanalognetwork simulation.Thereforeacompactmodelof themembrane
capacitorhadto bedeveloped.A FEM analysisof themechanicalmembraneproperties
resultedin theoscillationmodesandtheir eigenfrequencies.Sinceanelectrostaticactua-
tion preferablystimulatesthebasicoscillationmode,thehighermodescouldbeneglected
in the compactmodel. Themechanicalstatusof themembraneis describedby a single
parameter, thecenterdeflection.

Subsequently, themembranecouldbemodeledasa simpledampedoscillator. Theelec-
trostaticattractionof themembranetowardsthecounterelectrodedueto theappliedvolt-
ageactson theoscillatorasanexternalforce,dependingon theappliedvoltageandthe
actualgapbetweenmembraneandcounterelectrode.Thisgapvariesdueto themembrane
deflection.

The coupling betweenthe electricaland mechanicalsubsystemsappearsin two ways:
First, the attractingforce dependson the distanceð betweenmembraneand counter-
electrodeandon theappliedvoltage. Second,theelectriccapacitanceof themembrane
capacitordependson ð also, thus impactingthe electriccircuit behavior. Especiallyif
themechanicaldeflectionof themembraneis large,a significantchangein theelectrical
capacitanceof themembranesis expected,leadingto a strong,non-linearbi-directional
couplingbetweenthe mechanicalandelectricalbehavior of the system. In sucha situ-
ation, an efficient, simultaneoussolutionof both sub-problemsis required. Successive
iterationalgorithmswoulddefinitelyfail.

The resultingcompactmodelof the membraneswas implementedin HDL-A [26] and
lateron in VHDL-AMS.
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Fig. 5.1: Schematicview of theflipflop oscillator. C1 andC2 aremembranecapacitors,
allowing for mechanicaloscillations.
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Fig. 5.2: Transientbehavior of the flipflop oscillator: deflectionrelative to the gapdis-
tance(membrane1: dx1, membrane2: dx2) andoutputvoltage. The flipflop
oscillationfrequency is below themechanicalresonancefrequency.

5.1.4 Simulation results

An analysisof the transientbehavior of the flipflop structure(Fig. 5.1) wasperformed
usingtheanalognetwork simulatorSpectre.

First,thecontrolvoltagesäAå¹ç and äAå¡æ areadjustedto suchvaluesthattheflipflop oscillates
well below themechanicalresonancefrequency of themembrane.During operation,the
membranesareexposedto steplike voltagechangesfrom near0V to approximatelythe
supplyvoltage ä<ñ�ñ andvice versa.Theattractingforcedueto theappliedvoltagebends
themdown, leadingto amembraneoscillation(Fig. 5.2).

If now the control voltagesäAå¹ç and äAå¡æ areadjustedto suchvaluesthat the flipflop os-
cillation frequency matchesthe mechanicalresonancefrequency of themembranes,the
amplitudesð�ò�ó and ð�ò·ô of themembraneoscillationsenlargesignificantly(Fig. 5.3). The
oscillatingmembranemodulatestheir capacitance,which resultsin a modulationof the
flipflop oscillation frequency, which, in return, leadsto a modulatedmembraneexcita-
tion. This effect becomesespeciallypronouncedif theflipflop initially oscillatesabove
the mechanicalresonancefrequency of the membrane,ascanbeeseenin Fig. 5.4. An
oscillationof themembranesincreasesits averagecapacitance,therebyreducingtheos-
cillation frequency of theflipflop, shiftingit closerto themechanicalresonancefrequency.
This againincreasestheexcitationefficiency andthereforetheoscillationamplitudesof
themembranes,therebyfurtherincreasingthemembranecapacitances.Thisgoesonuntil
theflipflop oscillatesat themechanicalresonancefrequency of themembranes.

Thus,by analyzingtheoutputsignalof theflipflop, it is possibleto determinemechanical
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Fig. 5.3: Transientbehavior of theflipflop oscillator:membranedeflectionrelative to the
gapdistance,andoutputvoltage.Theflipflop oscillationfrequency is veryclose
to themechanicalresonancefrequency.

propertiesof membranes.

If theoscillationfrequency of theflipflop is further increased,no significantmechanical
oscillationcanbeexcited(Fig. 5.5). A reductionof thedamping,which canbeachieved
by reducingthe air pressure,increasesthe oscillationamplitude. This makes it possi-
ble, that againa reductionof the flipflop frequency togetherwith the resultingincrease
in mechanicaloscillationamplitudecanoccur, until the systemlocks into the mechani-
cal resonancefrequency (Fig. 5.6). This effect couldeventuallybeexploredto measure
dampingpropertiesof microstructures.In thecaseof low damping,thesystemappearsto
bevery instable,leadingto a behavior thatlooks”chaotic” (Fig. 5.7).

All simulationspresentedhererunveryefficiently, takingno longerthan15secondsona
HP9000/785.

5.1.5 Conclusion

A flipflop circuit with two integratedmembranesasa teststructurewaspresented,which
exhibits strongcoupling betweenthe mechanicaland electricaldomains. We demon-
stratedthatcompactmodelingis a powerful approachto themodelingof microsystems,
especiallyin the caseof sucha strongcoupling. We do not seeany other simulation
approach,whichwouldallow for acompleteanalysisof thetransientsystembehavior.

By meansof systemsimulationit waspossibleto model the behavior of the above mi-
crosystem.Thestrongelectromechanicalcouplingleadsto thepeculiareffectsof modu-
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Fig. 5.4: Transientbehavior of theflipflop oscillator:membranedeflectionrelative to the
gapdistance,andoutputvoltage.Theflipflop oscillationfrequency is above the
mechanicalresonancefrequency.

latedoscillationsin theoutputsignalandto thelock-in of theflipflop into themechanical
resonancefrequency, which shouldenableto determinethe mechanicalresonancefre-
quency of themembraneby apurelyelectricalmeasurement.Thereforethismicrosystem
is proposedasa teststructurefor a micro-electromechanicaltest-chip,allowing to extract
themechanicalpropertiesof thin layers.
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Fig. 5.5: Transientbehavior of theflipflop oscillator:membranedeflectionrelative to the
gapdistance,andoutputvoltage.Theflipflop oscillationfrequency is far above
themechanicalresonancefrequency.

-0.4
-0.2
0.0
0.2
0.4

re
l. 

di
sp

l.

dx1

-0.4
-0.2
0.0
0.2
0.4

re
l. 

di
sp

l.

dx2

  0  20  40  60  80 100

time (us)

0

2

4

6

ou
tp

ut
 (

V
)

Out1

Fig. 5.6: Transientbehavior of theflipflop oscillator:membranedeflectionrelative to the
gapdistance,andoutputvoltage.Theflipflop oscillationfrequency is far above
themechanicalresonancefrequency. Thedampingis reducedby afactorof five.
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Fig. 5.7: Transientbehavior of theflipflop oscillator:membranedeflectionrelative to the
gapdistance,andoutputvoltage.Theflipflop oscillationfrequency is far above
themechanicalresonancefrequency. Thedampingis reducedby afactorof five.
Detailedview.
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5.2 A microfluidic flap valvemodel

5.2.1 Intr oduction

Active and passive check valves are an essentialpart in fluidic systemsto control a
fluid flow [75, 76]. In combinationwith an actuationunit they can be usedto build
pumps[60, 77]. Comparedto dynamicnozzlevalves,flap valveshave the advantageof
negligible leakageflow andthereforea high directionvalue[78, 79]. Disadvantagesare,
however, the complicatedmanufacturingprocess,andthe sensitivity to particles,espe-
cially of the reverseleakageflow. The transientbehavior of the valve flaps in the sur-
roundingliquid canstronglydeterminethe behavior of fluidic systems,leadingto such
peculiarphenomenaasreversepumping[4].

Theflap valve modeledherewasdevelopedby R. Zengerleandis describedin [60, 80].
It is madefrom threewafers(seeFig. 5.8)by meansof selective,anisotropicwet etching
of crystallinesilicon andsubsequentwafer-bonding.Thebottomwafercontainstheinlet
openingandthevalveseat,themiddlewaferestablishesa partof thepumpchamberand
is usedto build thevalveflap,whereasthetopwafercapsthepumpchamber, connectsto
theoutlet,andmayalsobeusedto build a pumpmembrane.

top
wafer

middle
wafer

bottom
wafer

pump chamber

valve flap

outlet

inlet

Fig. 5.8: Schematicview of a flap valve, madefrom threesilicon wafersby anisotropic
wet etching.

5.2.2 The compactmodel

Sincethesystembehavior of theentiremicropumpis very sensitive to thepropertiesof
the valves[4], specialattentionhadto be paid to the developmentof an accuratevalve
compactmodel. To this end,quasi-staticandtransientcoupledFEM simulationsusing
ANSYS andFLOTRAN [81] wereperformedby G. Schrag[36, 82, 83] to analyzein
detail the interactionof the valve flap with the fluid flowing aroundit. The coupling
betweenthe structuralanalysistool and the hydrodynamicsimulatorwasrealizedin a
similarwayasdescribedin [50] and[4].

The desiredresult of a CM developmentfor the flap valve is an analyticalexpression
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p outlet

inletp

Fig. 5.9: Simulatedquasi-staticpressuredistribution (left) andfluid flow velocity distri-
bution(right) in aflapvalve,whenthevalveis operatedin forwarddirection,i.e.
anappliedpressuredrop õ÷öùø�öAúÈç�ûýü�þDÿ ö ��� þvûýü�þ � é opensthevalveflap. It shows
thatthepressurein thepumpchamberis nearlyconstant,keepingthefluid flow
velocity low there.

describingthe transientrelation betweenpressuredrop acrossthe valve and flow rate
throughit.

At first, the displacementof the valve flap due to an appliedpressureis modeled. A
FEM analysisof this problemhasshown that thepressureactson theflap mostly in the
region directly above the valve openingand,therefore,canbe lumpedto a force at the
flapmid point. Theresultingbendingof theflapcanbeapproximatedreasonablywell by
ananalyticalformulafor beambendingfrom [48]:

��� ú ñ ø õ�ö	��
 ��� ú ñ��� (5.1)� ø
� ��ð  � û��
æ
í�������í°ÿ���� î (5.2)

Here, 
 standsfor the crosssectionalareaof the valve, and ��� ú ñ and
� � ú ñ arethe flap

displacementat thecenterof 
 andtheflap lengthmeasuredfrom theflap suspensionto
thecenterof 
 , whereas

�
and � aremodulusof elasticityandPoissonratio of theflap

material,respectively. Therefore,thestateof theflap canbedescribedapproximatelyby
asingleparameter, namelytheflapdisplacement��� ú ñ . In thisway, ��� ú ñ . enterstheCM as
aninternalstatevariable.When õ�ö changesfrom positive(valveopen)to negativevalues
(valve closed),the membranehits the valve seat,andthe stiffnessof the flap increases
significantly. This causesa discontinuityin the derivative of the function � ø � ��õ�ö �
(seeFig. 5.13). It shouldbe notedherethateven in reversedirectiontheflap canbend,
i.e. negative displacementvaluesarepossible.This is an importantfactorfor themodel
stability, becausethebendingin reversedirectionallows to storeenergy (kinetic energy
of theliquid is storedaspotentialenergy of thedeformedflap).

To getan analyticalexpressionfor thequasi-staticflow ratethroughthe valve, only the
region is consideredto be of importancewheremost of the pressuredrop occurs(see
Fig. 5.11). Becauseit would be difficult to describethe fairly complex behavior of the
fluid in this region, anapproximationfor thequasistaticfluid flow !#"%$ througha rectan-
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Fig. 5.10: Simulatedquasi-staticpressuredistribution (left) andfluid flow velocity dis-
tribution (right) in a flap valve, detailedview. It canbeseenthat thepressure
dropsmostlyin theproximity of thevalveseat.

Fig. 5.11: Simulatedquasi-staticpressuredistribution(left) andfluid flow velocitydistri-
bution (right) in theproximity of the valve seatof a flap valve. The pressure
dropoccursin thevicinity of thevalveseat.

gularslit is used[84]: !#"%$¸ø � æ·ü
å¹ú � � ��� ú ñ&� ����õ�ö' ��( û )+*-,�.�)ôêû )+/0,214365 íRî è�� (5.3)( ø 7�8�9;:=< (5.4):=< ø >?��� ��� ú ñ@9���î (5.5)

Here � is thekinematicviscosityof thefluid,
� æ·ü
å¹ú � standsfor theperimeterlengthof the

valve seat,and
� æ·ñ å � æ is thewidth of therangewhereinmostof thepressuredropoccurs.

The latter is assumedto beequalto ��� ú ñ timesa fit parameter. This valueis usedin the
CM againto modify theareaatwhichthepressureappliesto thevalveflap. Thecomplete
compactmodelcodecanbefoundin appendixA.

The involved modelparameterscanbe obtainedfrom a comparisonto FEM simulated
data(Fig. 5.12). A comparisonof thecompactmodelwith measurementsfrom [80] and
with FEM resultsis presentedin Fig. 5.13anddemonstratesthevalidity of thisapproach.

A transientFEM analysisof the valve flap behavior shows that the flap can perform
dampedoscillationsin the fluid. Themechanicalrestrictiondueto the valve seatis ne-
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Fig. 5.12: Quasi-staticflow ratevs. pressurecharacteristicsof a flap valve. A parameter
extractionfor thecompactmodelwasperformedusingFEM simulationresults
astargetdata.
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Fig. 5.13: Staticcharacteristicsof a valve (flap displacement,massflow andfluidic ca-
pacitancevs. pressure).Thesimulationresultsof thecompactmodelarerep-
resentedby solid lines.

glectedin thissimulation.Theoscillationfrequency in wateris by afactorof 6 lowerthan
in vacuum,andstrongdampingis observed(Fig. 5.14).An inspectionof thevelocitydis-
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Fig. 5.14: FEM simulationof anoscillatingflap(valveseatignored)without (dottedline)
andwith (solid line) dampingdueto surroundingliquid. The flap is initially
displacedby èRéRë�ì andthenreleasedto oscillation.In thepresenceof a liquid
the oscillationfrequency is decreasedby a factorof 6 andstrongdampingis
observed.

1

Fig. 5.15: TransientFEM simulationof the fluid velocity in a valve chamberdue to a
closingvalve flap. The flap is initially displacedby èRéRë�ì andthenreleased
to closethevalve. Thefluid velocity causedby themoving flap rangesfrom 0
to 1m/s.Theverticaldimensionsof thevalvearestretchedby a factorof 2 for
bettervisibility.

tribution arounda moving flap asshown in Fig. 5.15revealsthata significantamountof
liquid is draggedby themoving flap, thusaddingto theinertial massanddecreasingthe
resonancefrequency. Additionally onefinds that themoving flap causesa displacement
flow throughthevalve,andthataswirl occursat thetip (i.e. edgesin a three-dimensional
consideration)of theflap.
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To incorporateall theseobservedphenomenain the CM, in a first stepan inertial force
wasaddedto theforcebalancebetweenappliedpressureandmechanicalrestoringforce
of thebentflap. It is assumedto actonthesamepointof themembraneasthehydrostatic
pressureloaddoes,namelyatthecenterof thearea
 . Theinertialmassusedin theCM is
themassof theflapplusa layerof liquid aboveandbeneaththeflap,which is draggedby
themoving flap. Althoughthereexist proposalshow to analyticallymodeltheaddedmass
over a moving plate[85], we decidedto usethethicknessof this layerasa fit-parameter
in the compactmodel,which is determinedby comparisonto FEM simulateddata(see
section4.3),suchthattheresonancefrequency of 1.2k̇Hz (in water)is matched.It shows
thatthethicknessof this layer is approximatelytentimestheflap thickness,which looks
reasonablewhenanalyzingthe FEM simulationresultsin Fig. 5.15, andappearsmore
likely thanvaluesof 1020- 2360asgivenin [4].

Next, thedisplacementflow !�ñ dueto themoving flapis calculatedand,togehterwith the
quasi-staticflow rate(eqn.5.3),contributesto thetotal flow rate ! throughtheflap:!�ñ ø 
B��ð ��� ú ñC9Rð�D (5.6)! ø !#"%$ 5 !�ñ°î (5.7)

Thecorresponding“fluidic capacitance”E � ø@ðJä&9Rð ��õ�ö � (5.8)

with ä beingthevolumedisplacedby themoving flap membraneis shown in Fig. 5.13.
Pleasenotethediscontinuityat õ�öùø é , whentheflap touchesthevalveseat.

Finally, thedampingwasmodeledby a forcetermproportionalto thevelocityof theflap
andby asecondtermproportionalto thesquareof theflapvelocity. Thelatteris motivated
becauseof theswirl at theflap’s edges.Both dampingtermsaddto theforcebalanceof
the valve flap. The dampingcoefficientscould be extractedfrom FEM simulateddata
(Fig. 5.16).

5.2.3 Simulation results

When the valve switchesfrom reverseto forward flow under the action of a steplike
pressurechange,theflapstartsoscillatingin thefluid (Fig. 5.17,left). On theotherhand,
whena steplike pressurechangeforcesthe valve from forward to reversedirection,the
valve flap hits the valve seat,bendsdown a only little bit due to the largely increased
stiffnessin reversemode,andthengetsbouncedback,leadingto a chattermotion. This
typeof adampedoscillationis highly inharmonic(Fig. 5.17,right), makingit impossible
to assigndiscreteresonancefrequenciesto it. A detailedanalysisof this effect basedon
FEM appearsto be very involveddueto the numericalcomplexity andwasbeyond the
scopeof this work.

A small signalanalysisof the valve behavior in caseof a sinusoidalpressurestimulus
showstheexpected,typicalpictureof adampedsecondordersystemfor theflapdisplace-
ment(Fig. 5.18,top). Theflow ratehastwo contributions.Thedisplacementflow, caused
by the moving flap, is in phasewith the flap motion. It dominatesabove the resonance
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Fig. 5.16: Transientresponseof aflap valve to asteplikepressurestimulus.A parameter
extraction for the compactmodelmustbe performedusingFEM simulation
resultsas target data,to determineparametersresponsiblefor the resonance
frequency andthedamping.

frequency. Theothercontribution is drivenby thepressureanddependson thepressure
andon theflapdisplacement(eqn.5.3). It dominatesbelow theresonancefrequency.

Thecompactmodelof theflap valvecontributesto a macro-modelof anelectrostatically
driven micropump(seechapter5.4 for details). It shows that the dynamicbehavior of
the flap valve, namelythe phaseshift betweenpressureandflap displacementat drive
frequenciesabovetheresonancefrequency is responsiblefor thepeculiareffectof reverse
pumping[62, 60]. A variationof thesquaredampingparameterof theflapCM showsit’ s
strongimpactonthesystembehavior, especiallyin theregimeof highdriving frequencies
(Fig. 5.19).
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Fig. 5.17: Simulatedflow rateandflap displacementof a valve ascausedby a steplike
pressurechangefrom reverseto forward direction(left) andfrom forward to
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5.3 A micro-fluidic tube model

5.3.1 Intr oduction

Connectingtubesarean essentialpart of mostfluidic systems.In variousengineering
disciplinesandevenin medicine,effort hasbeenspentto investigatestaticanddynamic
fluid flow phenomenain tubes[86, 87, 88, 89]. Of specialinterestareresultsfrom re-
searchfor the medicine,becausethe fluid flow andpressurepulsepropagationin tubes
with compliantwalls is investigated[90, 91, 72, 92, 93]. In mircrofluidic systems,the
elasticityof theconnectingtubesmustalsobeconsidered.

In the recentyears, investigationsof fluidic flow through capillaries[94] and micro-
channels[95, 96, 97] have beenpublished.They dealwith staticflow phenomena.Tran-
sienteffectsin tubes,however, cansignificantlyimpactthesystemperformance.Accu-
rate,yet simpletubemodelsfor systemlevel simulationarethereforerequired.

5.3.2 The analytical model

TheNavier-Stokesequationfor incompressiblefluids,usingthenotationin [98], readsasFHG>F D 5 � G>JIK� G>aø ÿ í'ML�NPO;Q ö 5 �Lõ G> (5.9)

For systemsexhibiting a cylindrical symmetryequation(5.9)canberewritten asF >�åF D 5 >�å F >�åFSR 5 >�ò F >�åF�T ø ÿ í' F öFUR 5 �WV F ô >�åFSR ô 5 F ô >�åF�T ô 5 íR F >�åFUR ÿ >�åR ôYX (5.10)F >�òF D 5 >�å F >�òFUR 5 >�ò F >�òF�T ø ÿ í' F öF�T 5 �WV F ô >�òFUR ô 5 F ô >�òF�T ô 5 íR F >�òFUR X (5.11)

Now we considera tube with an inner diameter :[Z . A cylindrical coordinatesystem
is definedin sucha way, that the

T
-axis is also the lengthaxis of the tube,whereas

R
describesthedistancefrom the

T
-axis(fig. 5.20).Thetubeis extensible,sothatapressure

changeö ø�ö�Z 5 õ�ö causesachangeof thetuberadius: ø\:]Z 5_^ andthelumen(inner
crosssectionalarea) `@øa`bZ 5 ��cd:[Z ^ . For the latter the relation ^fe :[Z wasused.A
linearrelationbetweenpressureandradiuschangeis assumedwith aconstantg describing
thetubeelasticity:

öh� Tdi :[ZC�Öø�ö�Z�� Tdi :]ZC� 5 õ�öh� Tdi :[ZC� ø&öUZ�� Tdi :[ZC� 5�^ � T � ' ��g (5.12)

We investigatethepropagationof pressurewavesinsidethetube.Thedeviation is based
on a few approximationsand follows mainly the deviation of the equationfor surface
gravity wavesin liquids [98]. Especiallyit wasusedthat (kj :]Z and

FHG>�9 F D#j � G>�IK� G> .
The latter means(as shown in [98]) that the wavelength ( of all pressureoscillations
in the tubeis large comparedto the amplitudeof thecorrespondingliquid motion. The
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Fig. 5.20: Tubewith innerdiameter:[Z andasliceof thetubewith thethicknessõ T .

assumptionthat (lj :]Z implies thatall radialderivatives
F 9 FUR canbeneglected.Then

equation(5.10)canbedroppedandequation(5.11)simplifiestoF >F D ø ÿnm' F öF�T 5 � F ô >F�T ô (5.13)

Usingequation(5.12)to substituteö in equation(5.13)yieldsF >F D ø ÿ[g F ^F�T 5 � F ô >F�T ô (5.14)

Themassconservationlaw canbeexpressedasFpoF D ø ÿlq�r G> Qts GR (5.15)

If thevolumeunderconsiderationisasliceof thetubewith thelengthõ T , thenthevolume
is `Öõ T . Theflow into thevolumecanonly occurfrom thecircularsides,but not from the
periphery, andthesurfaceintegral canbewritten as >p� T �P`u� T � ÿv>p� T 5 õ T �w`x� T 5 õ T � .
Thenequation(5.15)canbe transformedin the following way, performing y{z}|�õ Tf~ �
in thesecondstepandusing ` ø�`bZ 5 ��cd�[Z ^ in thethird step.F �-`Öõ T �F D ø >p� T �w`u� T ��ÿ�>p� T 5 õ T �P`u� T 5 õ T ��	� F `F D ø ÿ

F ��`�>J�F�T�	� ��cd�[Z F ^F D ø ÿ
FF�T V cM�[Z s > 5 ��cd�[Z ^ > X�K� F ^F D ø ÿ
FF�T V �]Z� > 5�^ > X (5.16)

Becausê�e �]Z , equation(5.16)canbesimplifiedtoF ^F DK��� �]Z� F >FUT (5.17)

A partial differentiationof equation(5.17)versus
T

and D resultsin the following equa-
tions: ����[Z F s ^F D F�T � F s >FUT s (5.18)

� ��[Z F s ^F D s � F s >FUT F D (5.19)
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Substitutingequation(5.18)into equation(5.14)gives�U���� ���[� ������ ��� ��]� � s ��U� ��� (5.20)

Partial differentiationof equation(5.20) versus
�

andsub-sequentialusageof equation
(5.19)to eliminate

�
in theresultingequationyields� s ���� s � �[� ��

� s ���� s=� � �U����U����� s�K� � s ���� s � � s��� s�� �[� �� � � � ������U� (5.21)

By usingequation(5.12),thefollowing expressionfor thepressurepropagationin a tube
canbederived � s+���� s � � s�U� s�� �[� �� � � � � ����S� (5.22)

Theequationdescribesthepropagationof a dampedpressurewave alongthe tube. The
dispersionrelationreadsas �

� ��� � ��n�p 
¡ �]� �� � � s � s¢ (5.23)

It is worthwhileto notethatboththepropagationvelocityandthedampingdependonthe
tubeelasticityandthatthey area functionof thewavelength

�
.

5.3.3 The numerical model

We will show now that the problemof the propagationof a voltagewave in the circuit
givenbelow is equivalentto thefluidic problemdescribedin section5.3.2above. Each
elementarycell is a representationof asliceof thetubewith a thickness£ � . Theresistor�¥¤ representsthe staticflow resistanceof sucha slice, ¦ accountsfor the inertiaof the
fluid, whereas§ modelstheelasticityof the tubeandpossiblyalsothe local compress-
ibility of thefluid. � s modelslocal dampingeffectsdueto thefluid viscosityandavoids
non-physicallocal oscillationsin the model. This resultingmodelof a tubeactually is

... x times ...

R1 R1

R2R2

C

L L

C

Fig. 5.21: Equivalentcircuit model(or finite network model)of a tube.Each �¥¤w¦�§¥� s -
elementrepresentsasliceof thetubewith acertainthickness£ � .

a one-dimensionalfinite network model,comparableto othersuchmodelsdescribedin
chapter3.2.
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Accordingto [99], anequivaqlentnumericalrepresentationof theabovemodelof a tube
slicecouldbeexpressedasfollows:

delayR1

Whetheror not thissecondrealizationis moreefficient for numericalsimulation,depends
sensitively on theactualimplementationin theusedsimulationtool.

Thefollowing equationsfor thevoltageandcurrentin anelementarycell of thepresented
circuit canbegatheredfrom theKirchhoffiannetwork rules.¨ª© �p« � ¨¬© � � £ �p« �  © �p« �[® � ¦ �  © �p«��� (5.24)

 © �p« �l © � � £ �p« � § ���� � ¨¬© � � £ �p« � �°¯  © �p« �l © � � £ �p«w± � (5.25)

Thetransformation£ �°~ �
allows to writey{z}|²b³C´ � ¨¬© �p« � ¨¬© � � £ �p«£ � ~ � ¨¬© �p«���

y{z}|²b³C´ �  © �p« �l © � � £ �p«£ � ~ �  © �p«���
andequation(5.24)and(5.25)canberewrittenas

� � ¨¬© �p«��� �  © �p«¶µ ® �¸· �  © �p«��� (5.28)

� �  © �p«��� � ¹ � ¨ª© �p«�U� � µ ¹ � s  © �p«�U����� (5.29)

The terms ��®�º;£ �d» �=£ �d» ¦Hº;£ � and §=º;£ � arereplacedby thecorrespondingdensitiesµ ® , µ¼» · and ¹ , respectively. If the frequency

�
is high enough,then ��®¾½ ¦ � , and

thereforethetermin (5.28)which contains��® , canbedropped.Partially differentiating
(5.28)versus

�
and(5.29)versus

�
, andeliminating © �p« in bothequationsyields� s ¨��� s � � s�U� s � m· ¹ ¨ �

µ
·
� ¨���p� (5.30)

A comparisonto equation(5.22)shows,thatthetwo problemsareequivalentandthatthe
following correspondenceshold true ¨ ~ � ~ ¿m¹ · ~ �]� ��µ

· ~ �
Thereforethegivenelectricalcircuit canbeusedto modelthefluidic problem. Theap-
proximationusedabove, that ��®K½ ¦ � , is goodfor themicro-fluidic caseof very small
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tuberadii, because��® , representingthestaticlaminarflow resistance,is proportionalto
thetuberadius �]� , but ·ÁÀ m º;� s� , andsubsequently��®K½ ¦ � for very low frequencies
already. Theparametersfor theelectricalanalogoncanberelatedto fluidic parametersin
thefollowing way

¹ À � �[��µ À �· À m� s�
Thepresentedcircuit is very similar to anelectricaltransmissionline modelandcanbe
implementedin an analognetwork simulator, using numericallyefficient ways aspre-
sentedin [99], e.g.

Thenumericalimplementationof tubemodelsinto ananalognetwork simulatorcanal-
ternatively be performedusingVHDL-AMS. This has,besideothers,the advantageof
describingthetubein termsof purelyfluidic variables,thusavoiding thetranslationfrom
fluidic into electricalvariablesandvice versa. All the otherfluidic systemcomponents
canbedescribedin asimilarway, asdescribedin [100], thusyieldingaconsistentmacro-
modelfor theentiresystem.

5.3.4 Simulation results

If a step-like increasein pressureis appliedto onesideof a tubewith compliantwalls,
the pressurewave travels throughthe tubewith a velocity, which is muchsmallerthan
thespeedof acousticwaves(Fig. 5.22).Thesameholdstruefor a pressurepulse.At the
openendof thetube(constantpressurereservoir) thepulseis beingreflectedwith aphase
shift of m�Â �;Ã (Fig. 5.22).

The performedAC analysisof the tube responseto an harmonicpressurestimulus is
shown in Fig.5.23. Theappearanceof standingwavesaswell asthe increaseddamping
with higherfrequenciesis clearlyvisible.

The impactof transienteffectsin tubeson thebehavior of a micropumpaspresentedin
[100] is shown in Fig.5.25. Somefluctuationsof the pumpratewith increasingdrive
frequency canbeexplainedby standingwaveeffectsin thetubes.It shouldbenotedhere,
thatnot only thetotal lengthof inlet andoutlet tubes,but alsotherelationbetweenboth
valuesis important.A possibleexplanationwill begivenin section5.4.4.

5.3.5 Conclusions

A modelfor tubeswith compliantwalls couldbederived,which is simple,intuitive and
a naturalextensionof thefamiliar RLC-model.Thestructureof this modelis quitesim-
ilar to a modelof lossytransmissionlines, thusmakingadvancednumericalalgorithms
employable,which have beendevelopedfor VLSI-interconnects[99]. It simulatesvery
efficiently, thusallowing to modellargefluidic systems.
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illustratingthepropagationof thepressurechange.
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5.4 A micro-fluidic systemmodel

5.4.1 Intr oduction

Micro-fluidic systemshave variousapplications,e.g. in medicine[101], in biology and
chemistryaspartof microanalysissystemsetc. [102,77, 103, 104, 105]. Variousactua-
tion prinziplesareknown: piezoelectric[106], thermo-pneumatic[107], electromagnetic
andothers.At theFraunhoferInstituteof Solid StateTechnology(IFT) therewasdevel-
opedan electrostaticallyactuatedmicropump[80]. For an analysisof the systemoper-
ationandin orderto performdesignoptimization,andedicatedsoftwaretool PUSIwas
developedat the IFT [108]. It will be shown herethat the modelingof the micropump
usingcompactmodelsfor its constituentpartsyieldsthesameresultsbut is not restricted
to thegivenmicropumpanddoesnot requiretheeffort of maintaininga specialpurpose
simulator.

After explaining the operationalprinciple of the micropump,the compactmodelsof its
partswill bedescribed,andfinally theresultsof thesystemsimulationwill bepresented.

5.4.2 Construction and operational principle

The micropumpdescribedin [60] consistsof a pumpchamberwith an electrostatically
displacedmembraneasdriving element,an inlet andanoutlet passive checkvalve, and
externally attachedconnectingtubes(Fig. 5.26). The membraneis separatedfrom a
solid counter-electrodeby an air-gapand an isolating oxide, which preventselectrical
shortcircuiting whenthe membranetouchesthe counter-electrode.Construction,oper-
atingprincipleandcompactmodelof anelectrostaticallyactuatedmembranehave been
describedin section3.4.2

p, w(t)

U(t)

membrane

valves

inlet and outlet tubes

membrane                    counterelectrode

f l u i d

a i r g a p

tu
be

1

tu
be

2

valve1 valve2

p, w(t)

Fig. 5.26: Schematicview of themicropump(left) andits macro-model(right), consist-
ing of anelectrostaticallyactuatedmembraneandthevoltagesupplycircuitry,
thevalvesandtheconnectingtubes.Thedottedline indicatestheinterfacesbe-
tweenthevalve compactmodelregion, pumpchamberandconnectingtubes,
respectively.
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During operation,a voltageis appliedbetweenmembraneandcounter-electrode. The
resultingattractive force betweenthe two electrodescausesunder-pressurein the pump
chamber, thus forcing the inlet valve to open. Whenthe voltageis switchedoff again,
the membranegetsreleasedfrom the counter-electrode,causinga pressureincreasein
the chamberandforcing the outlet valve to openandthe inlet valve to close. In order
to obtain a large membranedeflectionand, consequently, a large pumpedvolume, the
appliedvoltagemustbehighenoughto make themembranetouchthecounter-electrode.

To drive the pump, a squarewave voltageis appliedbetweenmembraneandcounter-
electrode.The pumpratecanbe controlledby the frequency of the input voltage. An
applicationof micro-pumpsin micro-dosingsystemsrequiresa precisecontrol of the
pumpedvolume. Therefore,to designsuchsystems,an accuratedynamicmodelof the
pumpoperationis required.

5.4.3 Compact modelsof the micropump elements

For theanalysisof thesystemoperation,an appropriatesetof dynamicvariableshasto
bedetermined,andtheentiresystemhasto bedecomposedinto elementaryparts,which
thenwill bedescribedby compactmodels.Thenaturalsetof conjugatevariablesfor the
merelyfluidic systemcomponentsconsistsof pressureandmassflow rate. For the ap-
plicationconsidered,thefluid canbeassumedto be incompressible.Thereforewe may
usethevolumeflow rateinsteadof themassflow rate.Thesystemis partitionedinto the
following parts: tubes,valves,andpumpchamberwith membranedrive. The interfaces
which separatethevalvesfrom themembraneareshown in Fig. 5.26. Theassumptions
underlyingthisselectionof theinterfacesare,correspondingto theconsiderationsin sec-
tion 2.3.1,asfollows: Thepressuredistributionin thepumpchamberis spatiallyuniform,
and the flow ratesthroughthe interfaces(i.e. the surfaceintegralsof the flow density
alongtheinterfaces)areadequateto describetheoperationof thesystemparts.This im-
pliesthatall local fluid redistributionsinsidethepumpchamberoccur”instantaneously”
on the time scaleof interest(i.e., quasi-statically),so that the uniform pressurecondi-
tion is maintainedall the time. Fig. 5.26 displaysthe resultingequivalentgeneralized
Kirchhoffiannetwork.

5.4.4 Simulation of the micropump operation

The responseof the pump to a single 200V voltagepulseis shown in the left part of
Fig. 5.27. The resultsarein goodagreementwith the measureddatagiven in [80]. In
particular, we find evidencefor pressureoscillationsarisingfrom the inertiaof thefluid
in thetubes.It is importantto notethatthesystembehavior is stronglyinfluencedor even
dominatedby the ”parasitics”, i.e. the inertia of the fluid andthe elasticityof the tube
walls.

In the right part of Fig. 5.27, the flow rate and the pumpedvolume (time integral of
flow rate)areshown, with thepumpoperatedat200Vand500Hz.It takesapproximately
50msfor the pumpto reachthe full pumprate. The reasonis as follows: During the
first phaseof a pumpcycle, only a limited amountof liquid canbedrawn into thepump
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Fig. 5.27: Transientpulseresponseof the pump. The pressureat the inlet, at the outlet
andin thepumpchambernearthemembraneis shown in the left figure,with
a singlepulseof 200V appliedfrom 0 to 60ms. The flow rateandpumped
volumearedisplayedat theright, with thepumppulsedat 200Vand500Hz.

chamber. Theinlet valve andtheinlet tubelimit theflow rate. If thefrequency is higher
thanacertainvalue(approx.100Hzin theconsideredcase),theliquid changein thepump
chamberis toosmallto allow themembraneto touchthecounter-electrode.In thesecond
phaseof a pumpcycle, thelimited flow throughoutletvalve andtubedoesnot allow the
membraneto reachits equilibriumposition.Whatfinally happensis anoscillationof the
membranearoundanmedianposition.It takesacoupleof pumpcyclesfor themembrane
to reachthis medianposition. Thevalueof this medianpositionsensitively dependson
the ratio of inlet to outlet flow resistance.Becausetheelectrostaticforce,andtherefore
the generatedpressurein the pumpchamber, stronglydependson the distancebetween
membraneandcounter-electrode,thepumprateitself is very sensitive to changesin the
connectingtubes.

The pumpratewasinvestigatedasa function of the driving frequency. The increaseof
the pumpratewith increasingfrequency is muchweaker thanthe theoreticallinear de-
pendence(Fig. 5.28).Themainreasonis thereducedpumpstrokefor higherfrequencies,
asdescribedabove.

Theeffectof reversepumping,reportedin [60], couldbecorrectlyreproduced(Fig. 5.28).
It turnedout to becausedby thephaseshift betweenthepressurein thepumpchamber
due to the appliedvoltageandflap displacement.That is illustratedin Fig. 5.29. At
a frequency below theresonanceof thevalve flap, pressureandflap displacementarein
phaseand,therefore,alsotheresultingflow is in phaseto thepressure.At afrequency well
above the resonanceof the flap, the phaseshift betweenpressureandflap displacement
increases(seeFig. 5.18).
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Fig. 5.28: Frequency-dependentpumprateof a micropumpwith a 3É m (left) resp.5É m
gapwidth (right) of thedrive membrane.In bothcasesthesamesetof fitting
parametersfor themembranemodelwasused.
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Fig. 5.29: Transientsimulatedflap displacementandflow rateat inlet andoutlet valve
andmeanpressurein thepumpchamber. Thepumpis operatednearthefun-
damentalresonancefrequency of the valve flap (left) or above the resonance
frequency (right). A singlepumpcycle is shown in bothcases.

Also the flow rate exhibits a large phaseshift comparedto the appliedpressure.The
resultingnetflow becomesnegative,i.e. thepumpworksin reversedirection.
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5.4.5 Conclusions

We have demonstratedthatall constituentpartsof a micropumpcanbemodeledon the
baseof a descriptionin VHDL-AMS. Therefore,the resultingmacro-modelof the en-
tire microsystemcaneasily be passedto any conventionalelectroniccircuit simulator,
yieldingquickandaccuratecalculationsof thepumpoperation.

All thetypical effects,which werefoundin measuredcharacteristicsandpreviouslyana-
lyzedusinga specialtool exclusively dedicatedto micro-pumps[80], couldbeobtained
hereaswell in amuchmoregeneralcontext andapproach[109].

Following our methodologyof describingand implementingmodelson the baseof
VHDL-AMS [100] makes it possibleto simulateany micro-fluidic componentby the
useof any systemsimulatorwhich is capableof understandingVHDL-AMS.

As aconsequenceandfutureperspective,thenon-electricalpartsaswell astheelectronic
circuitry in a microsystemmaybesimultaneouslysimulatedusinga uniform andconsis-
tent descriptionlanguageandCAD environment,thusallowing us the easydesignand
optimizationof evencomplex microsystems[110].
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5.5 Electro-mechanicalsystemmodel of a gyroscope

5.5.1 Intr oduction

Micromachinedgyroscopesarevery attractive: due to their small dimensionsand low
weight,dueto thepossiblecloseintegrationwith controlelectronics,formingacomplete
systemonachip,anddueto theirpotentialof cheapmassproduction.Thedraw-backsare
thedimensionalinaccuracy dueto productiontolerancesandthesmallnoisemargin dueto
thesmallseismicmass[111]. Especiallythecloseintegrationwith thecontrolelectronics
createsa strongneedto simulatemechanicaland electronicalpartssimultaneouslyon
system-level [112], includingprocessfluctuationsandnoise.

Now, themacro-modelof agyroscopewill bepresented.Thegyroscopewasdevelopedat
InfineonTechnologiesAG andat theUniversityPaderborn[113]. It servesasa testcase
to demonstrateaconsequentlyphysicallybased,analyticalmodelingapproach.

Thederivedcompactmodels,whichestablishthegyroscopemacro-model,havephysical,
geometricalandtechnologicalinputparameters.Veryfew fit parametersareintroducedto
improvethemodelaccuracy, wheretoocrudeapproximationsin theanalyticaldescription
hadto bemade.Still, thesefit parametersarecloselyrelatedto thephysicaleffect,which
approximationthey have to improve. Thatmadeit straight-forwardto extract themfrom
databasedon FEM-simulations.

It will be shown that the resultingmacro-modelcan be usedto analyzethe impact of
technologicalvariationson systemproperties,making it possibleto usethis modeling
approachfor yield/failureanalysis,statisticalmodelingetc.

Thecompactmodelswerecodedin VHDL-AMS andsimulatedin Spectreandin TITAN.
It will be shown, how the gyroscopemacro-modelworks togetherwith a real electric
circuitry, namelythecontrolcircuit for theelectrostaticcombdrive.

5.5.2 Construction and operational principle

Whena rigid body is moving in a rotating(non-inertial)system,it experiencesinertial
forces,alsoknown asCoriolis-force:ÊË¬ÌªÍ�ÎÐÏ Ê�	Ñ Ê�

(5.31)

Thiseffect canbeusedto detectandmeasurerotationalmotions.

In thepresentedcaseof a surface-micro-machinedrealizationof a gyroscope,a polysili-
conlayer is deposited,structuredandthenreleased.It is attachedto thesilicon bulk due
to two springs(Fig. 5.35) in sucha way, that it canbe tilted aroundthe

�
and Ò axes.

Rotationaroundthe Ó -axis,aswell asany translatorymotion is unwantedandshouldbe
suppressedby choosinga correspondingaspectratio of thesuspensionsprings. It turns
out that this is not possible,but during normaloperationof the gyroscopeonly the two
motionsmentionedfirst arestimulated.Therefore,only thoseareconsideredin thecom-
pactmodel.

The movablepartsare coveredby a polysilicon cap. Inside this encapsulationthe air
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Fig. 5.30: Layout of a gyroscopewith an electrostaticcombdrive andcapacitive signal
readout.

pressureis reducedto minimizeair dampingeffects.A high Ô -factoris neededto achieve
sufficient sensitivity of the gyroscope.The polysilicon capaswell as the bulk silicon
underneaththe senseelectrodesare structuredin sucha way, that they form a set of
electricalplatecapacitorswith thesenseelectrodes.

The polysilicon structure,acting as proof mass,is driven into a rotationaloscillation
aroundthe

�
-axis by the forcescreatedin electrostaticcomb drives. If the systemis

rotatingaroundthe Ó -axis,theresultinginertial forcescausea torsionaroundthe
�
-axis,

which thenis detectedcapacitively. Fig. 5.30showsthelayoutanda sketchof theopera-
tionalprinciple.

To achieve a large sensitivity while still maintainingCMOS-compatibledrive voltages,
theincreasein theoscillationamplitudedueto mechanicalresonanceeffectsis exploited.
Therefore,the frequenciesof drive andsenseoscillationsneedto be controlledduring
thedeviceoperation.This leadsto manifoldinteractionsbetweencontrolelectronicsand
sensingelement,thuscreatinga strongneedfor coupledsimulationson systemlevel.

5.5.3 The compactmodels

Thedevelopmentof physicallybasedcompactmodelsis stronglymotivated,becausethe
resultingmacro-modelof thegyroscopemustreflectall relevantphysicaleffects,includ-
ing thedependencefrom someimportantprocessvariationsaspolysiliconlayerthickness,
e.g.



5.5. Electro-mechanicalsystemmodelof a gyroscope 117

Fig. 5.31: Modal analysisof the gyroscope:The first eigenmodeis an in-planerotation
aroundthez-axisandis usedasdrivemode.

a) Springsand seismicmasses

Themechanicalpropertiesof thespringsaremodeledusingthewell known formulaefor
the bendingand torsion of beams. Specialcareneedsto be taken becausethe pivotal
point for thedrivemotion is differentfrom theclampingpoint. All theotherpartsof the
gyroscopeareassumedto be rigid. So they act asseismicmassonly. A modalFEM-
basedanalysisjustifiesthis approximation:thefive lowestnaturalfrequenciesstemfrom
bendingandtorsionof thesprings,with neglectabledeformationsof theotherpartsof the
gyroscope.Sinceduring normaloperationof the gyroscopeonly the lowesttwo eigen-
modesareexcited,which area in-planerotationaloscillation(drivemode,Fig. 5.31)and
a rotationaloscillationalongthe

�
-axis (sensemode,Fig. 5.32),only thosetwo modes

areconsideredin the compactmodel. The highermodesarenot modeled,becausefor
ideally shapedsuspensionbeamsand fully symmetricalseismicmassesno mechanical
modecouplingoccurs.

Theinput parametersfor theresultingcompactmodelareonly geometricaldatafrom the
layout,materialparametersandtechnologicaldata(layer thickness,e.g.).Thesimulated
device behavior correspondsvery well to resultsfrom FEM-simulations,asshown in a
tableof resonancefrequencies(tab. 5.1). In theFEM-simulations,a modalanalysiswas

FEM FEM CM
2D 3D

drive 7.3kHz 7.0kHz 7.2kHz
sense 8.9kHz 9.2kHz 9.4kHz

Tab. 5.1: Mechanicalresonancefrequency of thegyroscopein driveandsensedirections.
2D-FEMsimulations(shellelements),3D-FEMsimulationsandtheCM results
arecomparedto eachother.
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Fig. 5.32: Modal analysisof the gyroscope:The secondeigenmodeis an out-of-plane
rotationaroundthe

�
-axisandis usedassensemode.

Fig. 5.33: Modalanalysisof thegyroscope:Thethird eigenmodeis anout-of-planerota-
tion aroundthe Ó -axis.

performed,usingeither2D-shell-elementsor 3D-elements.For the compactmodel, a
smallsignalanalysiswasperformed.ThecorrespondencebetweenFEM andCM is very
good,makingtheintroductionof any fit-parameterssuperfluous.

b) Electrostatic combdri ve

Sincethephotolithographictolerancesaremuchsmallerthantheminimumline spacing,
thecombfingerscanbedesignedto havesteps(seeFig. 5.36).Thereducedgapbetween
thecombfingersincreasestheelectrostaticattractingforce. Theresultingnonlinearities
in thedriving forceof thegyroscopeareof no importance,becauseit is operatedin reso-
nanceandis only weaklydamped.

Two effectsof thecombdrivearemodeled:

1. thetorque Õ ©-Ö »@×�« dueto theelectrostaticforcesasa functionof theappliedvolt-
ageandtheangularposition.



5.5. Electro-mechanicalsystemmodelof a gyroscope 119

Fig. 5.34: Modalanalysisof thegyroscope:Thefourtheigenmodeis anin-planetransla-
tion in they-direction.

clamping

drive rotation

pivotal point

Fig. 5.35: Layoutof thespringsandFEM–model.

2. theelectriccapacitance§ ©�Ö « betweenthefingersasa functionof theangularposi-
tion.

Two regionsof operationare considered:the comb fingersare in sucha position that
eitherthe largeor thesmallgapis effective. In eithercasea homogeneouselectricfield
betweenthe fingersis assumed.Strayfields at the edgesareneglectedaswell asfield
inhomogeneitiesin thetransitionregionbetweenlargeandsmallgaps.

Theabruptchangein themodelfor torqueandcapacitanceat theangleÖUØ , whenthecomb
drive is moving from a large gappositioninto a small gapposition,is finally smoothed
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Fig. 5.36: Layoutof anelectrostaticcombdrive.

outby antanh–function:Õ ©�Ö « Í Õ_� � Õ�¤ Ï ��ÙÛÚÝÜ © �SÞ�ß ØP©�Ö	à�ÖSØ «P« (5.32)§ ©�Ö « Í §á� � §]¤ Ï ��ÙYÚÝÜ © �SÞ�ß ØP©�ÖKà¸ÖUØ «P«�â (5.33)

Here,a fit-parameter�UÞãß Ø is introducedinto themodel. It modelshow smooththetransi-
tion is. Thisfit-parametereffectsonly alimited operationregion,is physicallytransparent
andcan,therefore,easilybeextractedfrom acomparisonto measuredor FEM–simulated
data.Fig. 5.37shows theresultof a parameterextractionperformedin theparameterex-
tractiontool UTMOST[69]. Theelectriccapacitanceasafunctionof theangularposition
is presentedin Fig. 5.38.Thecompactmodelcodeis shown in appendixC.

The dampingeffectsof the drive motion aremostly relatedto slip flow [114, 115] and
requirelarge modelingefforts. Becausein the early designphaseno measurementsfor
modelcalibrationhave beenavailableyet, a fairly simplemodel is usedto describethe
damping,adoptedfrom [98].

c) Senseelectrodes

Structuredpolysilicon electrodesunderneaththe senseelectrodes,the senseelectrodes
themselvesandstructuredtop electrodes,additionallyservingassealingcap,form a pair
of differentialcapacitors.

Becauseof the large aspectratio betweenthe lateral dimensionsand the gapdistance
betweenthe senseelectrodeandtop andbottomelectrodes,it is well justified to usea
homogeneousfield approximationto modeltheelectrostaticforcesaswell astheelectric
capacitances.

Whenavoltageis appliedbetweenthesenseelectrodeandthetopandbottomelectrodes,
theresultingelectrostaticforcescanceleachotherout. If however thesenseelectrodeis
tilted by an angle Ö (seeFig. 5.39), then,becauseof the ä�º;åYæ dependenceof the elec-
trostaticforce,theforcesfrom top andbottomelectrodesbecomedifferentandthesense
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Fig. 5.39: Schematicview of the differential capacitorsformed by the movable sense
electrodeandthebottomandtopelectrodes.

electrodeexperiencesa torquewhich hastheoppositedirectionthantherestoringtorque
of themechanicalsprings.This way the effective springconstantandtherebythe reso-
nancefrequency of thesensemotioncanbereducedby applyingavoltage.

The dampingeffectsof the sensemotion aremainly causedby squeezefilm damping.
Becausethesenseelectrodeis perforateddensely, andtheoscillationamplitudeis low, an
additional’air spring’ dueto compression[49, 45,116] canbeneglected.A very simple
dampingtermis used.To improve themodelingof dampingeffects,theincorporationof
advanceddampingmodels[51], which includetheeffectsof etchholesin membranes,is
possible.

5.5.4 The modeledsystembehavior

In this sectionit is demonstrated,thatphysicaleffectswhich arerelevantto theoperation
of thegyroscope,arereproducedby thedevelopedmodel.

Whenthegyroscopeexperiencesasteplikechangein torquein sensedirection,it is mov-
ing into anew equilibriumposition,performingafew dampedoscillations(Fig.5.40).An
voltageappliedto top andbottomelectrodesreducesthe effective springconstant,thus
leadingto anincreaseddeflectiondueto thesametorqueandto a lower frequency of the
oscillations.Both effectscanbefoundin Fig. 5.40.

Thoseeffectscanbeanalyzedmorein detailby performinganAC smallsignalanalysis,
asshown in figures5.41and5.42.Thequadraticdependency of theresonancefrequency
on theappliedvoltagecanclearlybeseen,aswell asthetypical resonancecurvesfor the
magnitudeandphaseangle.

In orderto maximizethesensitivity of thegyroscope,while maintainingtheCMOScom-
patibility of thedrive voltagefor thecombdrive, thedrive frequency is tunedto theme-
chanicalresonancefrequency, thusmaximizingtheoscillationamplitude.Dueto thetol-
erancesof themanufacturingprocesstheresonancefrequency cannotbepredetermined,
but hasto bemeasuredby thecontrolelectronics.Eitherphaseandamplitudeinformation
areavailablefor this purpose.

The resonanceeffect is usedfor thesensemotionalso. Sincethe torquein sensedirec-
tion dueto a Coriolis forcedependson thedrive motion(seeequation(5.31)),thesense
resonancefrequency needsto beshiftedto thedrive frequency. Becauseof technological
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Fig. 5.40: Simulatedstepresponseof the rotor in sensedirection. Shown is the purely
mechanicalspringand the electrostaticallytunedspring. A detailedview is
givenin thelowerpart.
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Fig. 5.41: AC small signal analysisof the sensemotion of the gyroscopefor a given
frequency. Thevoltageon top andbottomelectrodesis variedfrom 0 to 0.8V,
thusmodifying theresonancefrequency of thesensemotion.

tolerancesthis hasto bedoneadaptively by thecontrolelectronics,exploiting theafore-
mentionedeffect of theelectrostaticspringsoftening.Fig. 5.43illustratestheincreasein
amplitudeof thesensemotionif resonanceeffectsareused.

An importantquestionduringa systemdesignis aboutthemanufacturability. Oneissue
hereis how the systemperformancedependson technologicaltolerances.Becausein
the describedcompactmodelsrelevant technologicalandgeometricaldatais explicitly
usedas input, this questioncan be answereddirectly, without rebuilding the compact
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senseoscillation. Thesenseoscillationfrequency is just below or above ( (1)
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modelsfrom newly measuredor FEM-simulateddata. Figures5.44and5.45show the
dependenceof drive andsenseresonancefrequencieson a variationof the thicknessof
thepolysiliconandonavariationof theline width of polysilicon(poly CD).Theresultsof



5.5. Electro-mechanicalsystemmodelof a gyroscope 125

FEM-basedsimulationsaregivenfor comparison,demonstratingthegoodextrapolation
capabilitiesof thecompactmodels.

Theunderstandingof thesimulatedresultscanbesupportedby thefollowing qualitative
considerations:

In drive mode,thestiffnessof thesprings(springconstantç ) canbeapproximatedusing
a formulafor beambending çéèëê]ìí@î+ïñð&òôó í@î+ïñð�õ
Theresonancefrequency canbeestimatedto beö¬÷%ø+ùûú�ü èþý çÿ��
wheretheeffective massis ÿ è ó í@î+ïñð . This yieldsa constantdrive resonancefrequencyöª÷%ø+ù úwü whenthepolysiliconthicknessó í@î+ïñð is varied.Whenthepolysiliconlinewidth ê íCî�ï�ð
is varied,theresultingchangein theeffectivemasscanbeneglected,giving therelationöª÷%ø+ù úwü è ó ì ���í@î+ïñð õ
Thesameconsiderationsasfor thedrivemodehold truefor thefourthmode,which is an
in-planetranslatoryoscillationin y-direction(Fig. 5.34).

In sensemodehowever, thespringstiffnesscanbeapproximatedby a formulafor beam
torsion ç è��ãì ò�� �
where� is theshorterand � thelongeredgeof thebeamcrosssection.For thethin beams
onbothsidesof thespringthis yieldsçéèëê]ìí@î+ïñð òôó í@î+ïñð �
but for thecentral,widepartof thespringonegetsçéè ó ìí@î+ïñðáò ê í@î+ïñðªõ
Sincethestiffnessof thecentral,wide part is muchlargerthanthatof thethinnerbeams,
onefinally observesanonly weakdependency of ö
	 ü��	-ü on thepolysiliconthickness,but
anapproximaterelation ö�	-ü���	-ü è\ê ì ���í@î+ï�ð õ
for it’ sdependency on thepolysiliconwidth.

The third modeis a rotationaroundthe � -axis (Fig. 5.33). The springstiffnesscanbe
approximatedby theformulafor beambendingçéè ó ìí@î+ïñð ò ê í@î+ïñðªõ
This leadsto ö�� î ÷¶ü ì è ó íCî�ï�ð . Dueto its lengththemiddle,wide partof thespringdeter-
minesthe total springstiffness.This resultsin a weakdependency ö�� î ÷�ü ì è�� ê í@î+ïñð of
theresonancefrequency on thepolysiliconwidth.
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Fig. 5.44: The impactof a variationof the polysilicon linewidth andlayer thicknesson
thegyroscope’soscillatorybehavior: Thelowestfour naturalfrequenciesof the
gyroscopeasa resultof a FEM-basedmodalanalysis,andthetwo oscillatory
modesof thecompactmodel.

Finally, themacro-modelof thegyroscopeis usedto verify thefunctionalityof theelec-
trical control circuitry of the electrostaticcombdrive. This circuit wasdesignedat the
Universityof Paderborn[113] andis shown in fig. 5.46. To generatea sufficiently large
force in the combdrive, a voltageof 12V is required,which meansthata charge pump
is needed,becausethe completesystemis supposedto operatewith a bias voltageof
5V. Theshown circuit usesa square-wave input signal(V11) to generatetwo alternating
square-wave signals(in circuit block an3lod0) to drive both statorsof the combdrive.
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Fig. 5.45: Theimpactof avariationof thepolysiliconlinewidthandlayerthicknessonthe
gyroscope’s frequency response:TheAC smallsignalanalysisof thecompact
modelfor driveandsensemotion.Thepolysiliconthicknessis variedby �����
andthepolysiliconlinewidth by � � õ"!$# ÿ .

Therequiredsignallevel of 12V is generatedin thedriverstagean3lobi1.

As mentionedabove, the comb drive control circuit generatestwo alternatingsquare-
wave voltages,which areappliedto the two statorsof thecombdrives,thusdriving the
rotor into oscillation. The voltagesat the two statorsareshown in Fig. 5.47,aswell as
thedeflectionanglein drive directionof thegyroscoperotor. The increasingoscillation
amplitudeis a typical resonanceeffect. Additionally, onenoticesa significantdeviation
of thevoltagewaveformfrom a squareshape.Thereasonis, thatthemoving combdrive
rotor causesa largechangein theelectricalcapacitanceof thecombdrive, thuscausing
large displacementcurrentsto flow. This, in turn, lets the drive voltagesdrop down.
Possiblecausesof an excessive voltagedrop canbe identifiedby the simulation: high
accessresistance,low outputconductanceof the driver stage,too small capacityof the
charge pump. This is a valuableinput to a circuit designer, helpinghim to improve the
circuit design.

5.5.5 Conclusions

Startingfrom a FEM-descriptionof a gyroscope,fully parameterized,physicallybased
analyticalcompactmodelsof its constituentpartshave beendeveloped.Only very few
fit-parameterswerenecessaryto achieve very accuratesimulationresults,comparedto
FEM data. Due to their closerelation to certainphysicaleffects, thosefit-parameters
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Fig. 5.46: Schematicview of the driver circuit for the electrostaticcomb drive of the
gyroscope.The compactmodel of the gyroscopeis connectedto the nodes
Udr1andUdr2.

couldbeeasilyextractedfrom FEM-simulateddevicecharacteristics.

It couldbeshown, thatthedevelopedmacro-modelis bestsuitedto analyzetheimpactof
processmodificationsandtechnologicalvariationson thesystembehavior.

Themechanicalpartandelectricalpartsof thesystemweresimulatedandusefulfeedback
to thecircuit designcouldbederived.

Physicallybased,analyticallyderivedcompactmodelsprovedto bevery useful,power-
ful andefficient, thoughelaborative during modeldevelopment.Thebuilding blocksof
thegyroscope(combdrives,seismicmass,suspensionbeams,platecapacitors)arecom-
monto variousothersystems[117, 118,119, 120]. Thedevelopedcompactmodelscan
thereforeeasilybeadoptedto modelthosesytems.
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Fig. 5.47: Transientsimulationof the driver circuit andthe gyroscope.Top: The gyro-
scopestartsoscillatingin resonance.Middle/bottom:Thedrive voltageat the
combdrive statorsdecreasesduringa drive pulse,becausethechanginginter-
digital capacitanceof the combdrive causesa currentflow, which in return
causesa voltagedrop dueto the output resistanceandconnectingline resis-
tanceof thedriver.
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6. Summary

Thermodynamicsprovidesa unifying phenomenologicaldescriptionto physicaleffects
andprocessesin systemsand is, therefore,well suitedto modelmicrosystems.Some
fundamentalsof thermodynamics,which appearedto be importantin this context, have
beenrecalled.Also thegeneralizationof thewell known conceptof Kirchhoffiannetwork
modelingto non-electricalphysicaldomainswas broughtto the focus. This provided
the basisfor the following developmentof guidelinesfor the partitioning of complex
systemsinto devices.A list of assumptionswhichmustbefulfilled for asuccessfulsystem
partitioningwasestablished.

Thesedevicesarethesubjectof compactmodeling.Startingfrom a thermodynamicde-
scription,a genericstructureof a compactmodelcouldbefound. Two simpleexamples
(electric resistorwith self-heatingeffect and electric capacitor)demonstrated,that the
applicationof this genericmodelfinally leadsto well known compactmodels,but addi-
tionally somerulesfor thedeterminationof themodelparameterscouldbederived.

Next, threedifferentmodelingapproacheshave beencompared,namelyfinite network
modeling,basisfunction modelingandanalytical,physicallybasedmodeling. Someof
their advantagesanddisadvantageshave beenidentified,leadingto the conclusion,that
no generalpreferencecouldbefound,but thebestchoicedependson therequestswhich
mustbe fulfilled. This list of requestshouldnot be limited to technicalproblems,but
commercialaspects(engineeringtime) have to be consideredaswell. Themostpower-
ful, but alsothemostelaborative approachduringmodelsetuphasbeenfound to bethe
analyticalmodeling.Themostimportantaspectsaretheability to supportdesignstudies,
processcontrol tasksandstatisticalmodeling. Examplesfor eachapproachhave been
givenfor illustration.For thefinite network modeling,asoftwaretool for thetransforma-
tion of a CAD model into a finite network modelhadto be developed,whereasfor the
basisfunctionmodelinganinterfaceto acommercialPCA-toolhadto becreated.

Parameterextractionhasbeenidentifiedasanessentialpartof compactmodeldevelop-
ment,especiallyfor analytical,physicallybasedmodels. It could be shown, that well
establishedmethodsof electronicdevice modelinglike direct extractionandlocal opti-
mizationcanbesuccessfullyappliedto microsystemdevices,despitesuchparticularities
of microsystemdevicesasdiscontinuitiesandhysteresiseffects,e.g.. An softwareinter-
facemadea commercialparameterextractiontool for electronicdevicesavailablefor the
parameterizationof compactmodelsof microsystemdevices.

A suiteof examplesfinally illustratedtheaforementionedmethodsof compactmodeling
of mircosystems.It couldbedemonstratedthatimportantquestionsduringsystemdesign,
productdevelopmentandproductionof microsystemdevelopmentcanbe addressedby
meansof analytical,physicallybasedcompactmodeling.

Although(or maybeeven- because)thereremainmany openquestions,it is worthwhile
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to spendmoreeffort in this field in orderto fully integratemicrosystemdevice modeling
in thedesignflow of electronicsystems.A little steptowardsthis aim hasbeendonein
thiswork. A longwayhasto begoneyet.



Appendix





A. Compact modelcodeof the flap valve

A.1 VHDL-AMS model code

--
va

lv
e

M
o

d
e

l
in

cl
.

in
e

rt
ia

(f
o

r
re

ve
rs

e
p

u
m

p
in

g
e

ff
e

ct
s)

lib
ra

ry
ie

e
e

;
u

se
ie

e
e

.m
a

th
_

re
a

l.a
ll;

lib
ra

ry
T

E
M

P
;

u
se

T
E

M
P

.p
vo

.a
ll;

E
N

T
IT

Y
va

lv
e

IS
G

E
N

E
R

IC
(a

1
:

R
E

A
L

:=
1

.7
e

-3
;

--
fla

p
le

n
g

th
a

2
:

R
E

A
L

:=
1

.0
e

-3
;

--
fla

p
w

id
th

d
m

:
R

E
A

L
:=

1
5

.0
e

-6
;

--
fla

p
th

ic
kn

e
ss

a
4

:
R

E
A

L
:=

0
.4

e
-3

;
--

va
lv

e
d

ia
m

e
te

r
a

5
:

R
E

A
L

:=
5

.0
e

-6
;

--
va

lv
e

se
a

t
le

n
g

th
rh

o
S

i
:

R
E

A
L

:=
2

4
0

0
.0

;
e

m
o

d
u

l
:

R
E

A
L

:=
1

.6
e

1
1

;
kr

l
:

R
E

A
L

:=
1

0
.0

;
kr

s
:

R
E

A
L

:=
5

.0
e

6
;

fit
_

st
if

:
R

E
A

L
:=

0
.1

3
;

fit
_

p
d

r
:

R
E

A
L

:=
2

.0
;

fit
_

a
d

h
:

R
E

A
L

:=
1

3
.0

;
p

f
:

R
E

A
L

:=
1

5
0

0
0

.1
;

w
s

:
R

E
A

L
:=

0
.9

e
5

); P
O

R
T

(T
E

R
M

IN
A

L
p

_
in

,
p

_
o

u
t

:
flu

id
ic

);
E

N
D

va
lv

e
;

A
R

C
H

IT
E

C
T

U
R

E
b

a
si

c
O

F
va

lv
e

IS
C

O
N

S
T

A
N

Tm
m

:
R

E
A

L
:=

fit
_

a
d

h
*

a
1

*a
2

*d
m

*r
h

o
S

i;
--

m
a

ss
o

f
fla

p
+

a
d

h
e

s.
flu

id
C

O
N

S
T

A
N

Tf
e

d
e

rk
:

R
E

A
L

:=
e

m
o

d
u

l
*

d
m

*d
m

*d
m

*
a

2
*

fit
_

st
if;

C
O

N
S

T
A

N
Tf

k_
re

v
:

R
E

A
L

:=
e

m
o

d
u

l
*

d
m

*d
m

*d
m

*
6

6
.0

*
fit

_
st

if
/

(a
4

*a
4

);
C

O
N

S
T

A
N

Tl
_

ve
n

t
:

R
E

A
L

:=
a

1
-

0
.5

*(
a

2
-a

4
-a

5
)

-
0

.5
*a

4
;

Q
U

A
N

T
IT

Y
p

p
,

vv
,

yy
,

A
o

,
ls

p
,

ys
:

R
E

A
L

;
--

yy
in

m
,

vv
in

1
e

-4
*m

/s
Q

U
A

N
T

IT
Y

p
A

C
R

O
S

S
w

T
H

R
O

U
G

H
p

_
in

T
O

p
_

o
u

t;



136 A. Compactmodel codeof the flap valve
B

E
G

IN
p

p
=

=
1

.0
e

+
5

*
p

;
--

p
p

in
N

/m
ˆ2

vv
=

=
1

.0
e

-4
*y

y’
d

o
t;

--
fa

ct
o

r
1

e
-4

d
u

e
to

a
b

st
o

l-
sc

a
lin

g

IF
(y

y
>

0
.0

)
U

S
E

A
o

=
=

a
4

*(
a

4
-

fit
_

p
d

r*
yy

);
ls

p
=

=
sq

rt
(a

5
*a

5
+

fit
_

p
d

r*
yy

*f
it_

p
d

r*
yy

);
ys

=
=

a
b

s(
yy

+
2

.1
e

-6
);

p
p

*A
o

=
=

fe
d

e
rk

*
yy

/
((

l_
ve

n
t-

yy
*f

it_
p

d
r)

*(
l_

ve
n

t-
yy

*f
i

t_
p

d
r)

*(
l_

v
e

n
t-

y
y*

fit
_

p
d

r)
)

+
m

m
*

1
.0

e
4

*v
v’

d
o

t
--

in
e

rt
ia

+
kr

l
*

vv
--

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
+

kr
s

*
vv

*a
b

s(
vv

);
--

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
ˆ2

w
=

=
sq

rt
(a

b
s(

p
p

))
*

ys
*

a
4

/(
ls

p
+

1
.0

e
-1

2
)

*
w

s
*

p
p

/(
a

b
s(

p
p

)+
p

f)
*

ys
/(

ys
+

4
.0

e
-5

)
+

1
.0

e
6

*6
0

.0
*0

.3
*A

o
*1

.0
e

4
*v

v
--

b
e

n
d

in
g

o
f

fla
p

ca
u

se
s

flo
w

+
1

.0
e

6
*6

0
.0

*0
.6

*A
o

*1
.0

e
4

*v
v;

--
m

o
vi

n
g

fla
p

ca
u

se
s

flo
w



A.1. VHDL-AMS model code 137

E
L

S
E

A
o

=
=

a
4

*a
4

;
ls

p
=

=
a

5
;

ys
=

=
2

.1
e

-6
;

p
p

*A
o

=
=

fe
d

e
rk

*
yy

/
((

l_
ve

n
t-

yy
*f

it_
p

d
r)

*(
l_

ve
n

t-
yy

*f
it_

p
d

r)
*

(l
_

ve
n

t-
yy

*
fit

_
p

d
r)

)

+
m

m
*

1
.0

e
4

*v
v’

d
o

t
--

in
e

rt
ia

+
kr

l
*

vv
--

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
+

kr
s

*
vv

*a
b

s(
vv

)
--

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
ˆ2

+
0

.0
1

*f
k_

re
v

*
yy

--
in

cr
e

a
se

d
fo

rc
e

in
re

ve
rs

e
d

ir
.

+
1

0
.0

*
kr

l
*

vv
--

fr
ic

tio
n

p
ro

p
o

rt
io

n
a

l
to

ve
lo

ci
ty

+
5

0
.0

*
kr

s
*

vv
*a

b
s(

vv
);

--
fr

ic
tio

n
p

ro
p

.
to

ve
lo

ci
ty

ˆ2

w
=

=
sq

rt
(a

b
s(

p
p

))
*

ys
*

a
4

/(
a

5
+

1
.0

e
-1

2
)

*
w

s
*

p
p

/(
a

b
s(

p
p

)+
p

f)
*

ys
/(

ys
+

4
.0

e
-5

)
+

1
.0

e
6

*6
0

.0
*0

.3
*A

o
*1

.0
e

4
*v

v;
--

b
e

n
d

in
g

o
f

fla
p

ca
u

se
s

flo
w

E
N

D
U

S
E

;

E
N

D
b

a
si

c;



138 A. Compactmodel codeof the flap valve

A.2 SpectreHDL modelcode
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ia
m

e
te

r
p

a
ra

m
e

te
r

re
a

l
a

5
=

5
.0

e
-6

;
//

va
lv

e
se

a
t

le
n

g
th

{
re

a
l

p
p

,
p

p
a

,
m

m
,

sp
ri
n

g
k,

fk
_

re
v,

A
o

,
l_

ve
n

t,
le

ff
,

lg
a

p
,

ys
;

//
M

o
d

e
l

p
a

ra
m

e
te

rs
,

to
b

e
se

t
in

a
m

o
d

e
l

fil
e

(o
r

d
u

ri
n

g
in

st
a

n
tia

tio
n

)
p

a
ra

m
e

te
r

re
a

l
rh

o
S

i
=

2
4

0
0

;
//

d
e

n
si

ty
o

f
si

lic
o

n
,

u
n

it:
kg

/m
ˆ3

p
a

ra
m

e
te

r
re

a
l

e
m

o
d

u
l

=
1

.6
e

1
1

;
//

E
-m

o
d

u
le

o
f

si
lic

o
n

,
u

n
it:

P
a

p
a

ra
m

e
te

r
re

a
l

vi
sc

o
s

=
1

.0
e

-3
;

//
vi

sc
o

si
ty

o
f

w
a

te
r,

u
n

it:
P

a
*s

p
a

ra
m

e
te

r
re

a
l

kr
l

=
1

0
.0

;
//

lin
e

a
r

d
a

m
p

in
g

co
e

ff
.

(f
it)

p
a

ra
m

e
te

r
re

a
l

kr
s

=
5

e
6

;
//

q
u

a
d

ra
tic

d
a

m
p

in
g

co
e

ff
.

(f
it)

p
a

ra
m

e
te

r
re

a
l

fit
_

st
if

=
0

.1
3

;
//

fit
s

fla
p

st
iff

n
e

ss
,

in
cl

u
d

e
s

//
m

o
m

e
n

t
o

f
in

e
rt

ia
fo

r
b

e
a

m
p

a
ra

m
e

te
r

re
a

l
fit

_
p

d
r

=
2

.0
;

//
fit

s
th

e
ra

n
g

e
w

h
e

re
in

m
o

st
o

f
th

e
//

p
re

ss
u

re
d

ro
p

o
cc

u
rs

(a
ro

u
n

d
th

e
va

lv
e

se
a

t)
p

a
ra

m
e

te
r

re
a

l
fit

_
a

d
h

=
1

3
;

//
fit

s
th

e
a

m
o

u
n

t
o

f
liq

u
id

th
a

t
is

m
o

ve
d

//
to

g
e

th
e

r
w

ith
th

e
fla

p
to

o
b

ta
in

th
e

co
rr

e
ct

//
re

so
n

a
n

ce
fr

e
q

u
e

n
cy

p
a

ra
m

e
te

r
re

a
l

p
f

=
1

5
0

0
0

.1
;

//
ch

a
n

g
e

fr
o

m
q

u
a

d
ra

tic
to

lin
.

flo
w

ra
te

p
a

ra
m

e
te

r
re

a
l

w
s

=
0

.9
e

2
;

//
fit

s
th

e
flo

w
ra

te

n
o

d
e

[P
o

s,
F

]
yy

,
vv

;
//

fla
p

d
is

p
la

ce
m

e
n

t
a

n
d

ve
lo

ci
ty

//
u

n
its

:
yy

in
m

,
vv

in
1

e
-4

*m
/s
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in
iti

a
l

{
m

m
=

fit
_

a
d

h
*

a
1

*a
2

*d
m

*r
h

o
S

i;
//

m
a

ss
o

f
fla

p
a

n
d

a
d

h
e

s.
flu

id
sp

ri
n

g
k

=
e

m
o

d
u

l
*

d
m

*d
m

*d
m

*
a

2
*

fit
_

st
if;

//
m

e
ch

.
sp

ri
n

g
co

n
st

.
a

cc
o

rd
in

g
to

b
e

a
m

fo
rm

u
la

fk
_

re
v

=
e

m
o

d
u

l
*

d
m

*d
m

*d
m

*
6

6
.0

*
fit

_
st

if
/

(a
4

*a
4

);
//

in
cr

e
a

se
d

st
iff

n
e

ss
in

re
v.

d
ir
.

l_
ve

n
t

=
a

1
-

0
.5

*(
a

2
-a

4
-a

5
)

-
0

.5
*a

4
;

} a
n

a
lo

g
{

p
p

=
P

(p
_

in
,p

_
o

u
t)

*1
.0

e
+

5
;

//
u

n
it:

N
/m

ˆ2
p

p
a

=
a

b
s(

p
p

);

P
o

s(
vv

)
<

-
1

.0
e

-4
*d

o
t(

P
o

s(
yy

))
;

//
fa

ct
o

r
1

e
-4

d
u

e
to

a
b

st
o

l-
sc

a
lin

g

if
(P

o
s(

yy
)

>
0

.0
)

{
//

fo
rw

a
rd

d
ir
e

ct
io

n
A

o
=

a
4

*(
a

4
-

fit
_

p
d

r*
P

o
s(

yy
))

;
//

e
ff
e

ct
iv

e
a

re
a

th
a

t
p

re
ss

u
re

a
ct

s
o

n
ys

=
a

b
s(

P
o

s(
yy

))
+

1
e

-6
;

//
o

p
e

n
in

g
o

f
th

e
fla

p
,

i.e
.

th
e

h
e

ig
h

t
o

f
th

e
re

ct
a

n
g

.
//

ch
a

n
n

e
l,

w
h

ic
h

w
id

th
is

th
e

va
lv

e
se

a
t

p
e

ri
m

e
te

r
}

e
ls

e
{

//
re

ve
rs

e
d

ir
e

ct
io

n
A

o
=

a
4

*a
4

;
ys

=
1

e
-6

;

F
(y

y)
<

-
fk

_
re

v
*

P
o

s(
yy

);
//

in
cr

e
a

se
d

fo
rc

e
in

re
ve

rs
e

d
ir
.

F
(y

y)
<

-
1

0
.0

*
kr

l
*

P
o

s(
vv

);
//

fr
ic

tio
n

p
ro

p
o

rt
io

n
a

l
to

ve
lo

ci
ty

F
(y

y)
<

-
5

0
.0

*
kr

s
*

P
o

s(
vv

)*
a

b
s(

P
o

s(
vv

))
;

//
fr

ic
tio

n
p

ro
p

.
to

ve
lo

ci
ty

ˆ2
}
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lg
a

p
=

a
5

+
fit

_
p

d
r*

ys
;

//
le

n
g

th
o

f
th

e
flo

w
"c

h
a

n
n

e
l"

W
(p

_
in

,p
_

o
u

t)
<

-
p

p
a

/(
p

p
a

+
p

f)
*

ys
*

a
4

/lg
a

p
*

w
s/

vi
sc

o
s

*
p

p
/(

p
p

a
+

p
f)

*
ys

/(
ys

+
4

.0
e

-5
);

//
so

m
e

"i
n

sp
ir
a

tio
n

"
ta

ke
n

fr
o

m
fo

rm
u

la
fo

r
flo

w
//

th
ro

u
g

h
re

ct
a

n
g

u
la

r
ch

a
n

n
e

l
le

ff
=

l_
ve

n
t

-
ys

*f
it_

p
d

r;
//

e
ff
e

ct
iv

e
fla

p
"b

e
a

m
"

le
n

g
th

F
(y

y)
<

-
sp

ri
n

g
k

*
P

o
s(

yy
)

/
(l
e

ff
*l

e
ff
*l

e
ff
);

//
m

e
ch

a
n

ic
a

l
fo

rc
e

d
u

e
to

fla
p

b
e

n
d

in
g

F
(y

y)
<

-
-p

p
*A

o
;

//
fo

rc
e

d
u

e
to

h
yd

ro
st

a
t.

p
re

ss
u

re
d

ro
p

a
cr

o
ss

th
e

va
lv

e

F
(y

y)
<

-
m

m
*

1
.0

e
4

*d
o

t(
P

o
s(

vv
))

;
//

in
e

rt
ia

F
(y

y)
<

-
kr

l
*

P
o

s(
vv

);
//

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
F

(y
y)

<
-

kr
s

*
P

o
s(

vv
)*

a
b

s(
P

o
s(

vv
))

;
//

fr
ic

tio
n

p
ro

p
.

to
ve

lo
ci

ty
ˆ2

W
(p

_
in

,p
_

o
u

t)
<

-
1

.0
e

6
*6

0
.0

*0
.6

*A
o

*1
.0

e
4

*P
o

s(
vv

);
//

m
o

vi
n

g
fla

p
ca

u
se

s
flo

w
}

}
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//
M

e
m

b
ra

n
e

M
o

d
e

l
//

P
.V

o
ig

t
//

a
cc

o
u

n
ts

fo
r:

-
d

e
fle

ct
io

n
d

u
e

to
p

re
ss

u
re

//
-

d
e

fle
ct

io
n

d
u

e
to

a
p

p
lie

d
vo

lta
g

e
//

-
n

o
n

lin
e

a
r

d
e

fle
ct

io
n

(l
a

rg
e

d
is

p
la

ce
m

e
n

t
e

ff
e

ct
)

//
-

sh
a

p
e

sn
a

p
p

in
g

d
u

ri
n

g
to

u
ch

d
o

w
n

(c
ru

d
e

fit
tin

g
o

n
ly

!)

m
o

d
u

le
m

e
m

b
ra

n
(v

_
in

,
v_

g
n

d
,

p
_

in
,

p
_

g
n

d
)

(d
0

,
d

o
x,

d
m

e
m

b
ra

n
,

lm
e

m
b

ra
n

)
n

o
d

e
[V

,I
]

v_
in

,
v_

g
n

d
;

n
o

d
e

[P
,W

]
p

_
in

,
p

_
g

n
d

;
//

u
n

it:
b

a
r,

m
l/m

in
p

a
ra

m
e

te
r

re
a

l
d

0
=

5
.0

e
-6

;
//

m
e

m
b

ra
n

e
th

ic
kn

e
ss

,
u

n
it:

m
p

a
ra

m
e

te
r

re
a

l
d

o
x

=
2

.0
e

-6
;

//
is

o
la

tio
n

o
xi

d
e

th
ic

kn
e

ss
p

a
ra

m
e

te
r

re
a

l
d

m
e

m
b

ra
n

=
4

0
.0

e
-6

;
//

m
e

m
b

ra
n

e
th

ic
kn

e
ss

p
a

ra
m

e
te

r
re

a
l

lm
e

m
b

ra
n

=
5

.0
e

-3
;

//
q

u
a

d
ra

tic
m

e
m

b
ra

n
e

e
d

g
e

le
n

g
th

{
re

a
l

e
p

s0
=

8
.8

5
4

1
9

e
-1

2
;

re
a

l
d

d
x,

d
d

0
,

i_
m

b
r,

lm
b

r,
e

m
d

l,
p

,
p

e
ff
,

p
w

r,
u

,
c,

ff
e

,
ff
2

,
p

p
;

n
o

d
e

[Y
,U

]
y_

m
a

x,
ll;

//
m

e
m

b
ra

n
e

ce
n

te
r

d
e

fle
ct

io
n

,
e

ff
e

ct
iv

e
e

d
g

e
le

n
g

th
//

u
n

it:
m

ic
ro

m
e

te
r

n
o

d
e

[M
,U

]
vo

l;
//

d
is

p
la

ce
d

vo
lu

m
e

,
u

n
it:

n
l

//
M

o
d

e
l

p
a

ra
m

e
te

rs
,

to
b

e
se

t
in

a
m

o
d

e
l

fil
e

(o
r

d
u

ri
n

g
in

st
a

n
tia

tio
n

)
p

a
ra

m
e

te
r

re
a

l
e

m
o

d
u

l
=

1
.4

e
+

1
1

;
p

a
ra

m
e

te
r

re
a

l
e

p
so

x
=

3
.9

;
p

a
ra

m
e

te
r

re
a

l
fit

_
st

if
=

1
0

0
.0

;
//

fit
s

m
e

m
b

r.
st

iff
n

e
ss

(s
m

a
ll

d
e

fl.
)

p
a

ra
m

e
te

r
re

a
l

fit
_

p
n

l
=

0
.3

2
;

//
n

o
n

lin
e

a
ri
ty

a
t

la
rg

e
d

e
fle

ct
io

n
s

p
a

ra
m

e
te

r
re

a
l

f2
=

0
.3

3
3

3
3

;
//

fit
s

vo
lu

m
e

(c
o

rn
e

rs
)

p
a

ra
m

e
te

r
re

a
l

f3
=

1
.0

;
//

fit
s

vo
lu

m
e

(e
d

g
e

s,
w

h
e

n
to

u
ch

e
d

d
o

w
n

)
p

a
ra

m
e

te
r

re
a

l
fit

_
fe

f
=

0
.2

9
;

//
fit

s
sn

a
p

vo
lta

g
e

fo
rw

a
rd

p
a

ra
m

e
te

r
re

a
l

fit
_

fe
r

=
0

.8
;

//
fit

s
sn

a
p

vo
lta

g
e

re
ve

rs
e

p
a

ra
m

e
te

r
re

a
l

fit
_

u
u

=
4

.4
e

-5
;

//
fit

s
sh

a
p

e
sn

a
p

p
o

in
t

a
n

d
vo

lu
m

e
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in
iti

a
l

{
d

d
0

=
1

.0
e

6
*d

0
;

d
d

x
=

d
d

0
+

1
.0

e
6

*d
o

x/
e

p
so

x;
i_

m
b

r
=

d
m

e
m

b
ra

n
*d

m
e

m
b

ra
n

*d
m

e
m

b
ra

n
*f

it_
st

i
f;

lm
b

r
=

1
0

0
0

.0
*l

m
e

m
b

ra
n

;
e

m
d

l
=

1
.0

e
-5

*e
m

o
d

u
l;

p
w

r
=

lm
e

m
b

ra
n

*l
m

e
m

b
ra

n
*l

m
e

m
b

ra
n

*l
m

e
m

b
ra

n
/(

1
.

0
e

-6
*e

m
d

l*
i

_
m

b
r)

;
ff
e

=
fit

_
fe

f;
p

e
ff

=
0

.0
;

} a
n

a
lo

g
{

u
=

V
(v

_
in

,
v_

g
n

d
);

p
=

P
(p

_
in

,
p

_
g

n
d

);

if
(Y

(y
_

m
a

x)
>

0
.0

)
{

ff
e

=
fit

_
fe

r
*

(1
.0

-
0

.7
*p

o
w

(Y
(l
l)
/lm

b
r,

2
)

*
p

o
w

(Y
(y

_
m

a
x)

/d
d

0
,8

)
)

+
fit

_
fe

f;
//

fit
s

th
e

e
le

ct
ro

st
a

tic
fo

rc
e

(f
o

r
sh

a
p

e
sn

a
p

)
ff
2

=
f2

-
fit

_
u

u
*u

*u
*

(Y
(y

_
m

a
x)

/d
d

0
)

*
p

o
w

(Y
(l
l)
/lm

b
r,

4
);

//
fit

s
th

e
d

is
p

la
ce

d
vo

lu
m

e
(t

o
m

o
d

e
l

sh
a

p
e

sn
a

p
)

p
p

=
p

;
}

e
ls

e
{

ff
e

=
fit

_
fe

f
+

fit
_

fe
r;

ff
2

=
f2

;
p

p
=

fit
_

p
n

l*
a

si
n

h
(p

/f
it_

p
n

l)
;

//
n

o
n

lin
e

a
ri
ty

fo
r

la
rg

e
d

e
fl.

}
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p
e

ff
=

ff
e

*
1

.0
e

-5
*e

p
s0

*u
*u

*0
.5

/(
d

d
x*

d
d

x*
1

.0
e

-1
2

)
*

d
d

x/
(d

d
x-

Y
(y

_
m

a
x)

);
//

p
re

ss
u

re
d

u
e

to
e

le
ct

ro
st

a
tic

fo
rc

e

Y
(y

_
m

a
x)

<
-

m
in

((
p

p
+

p
e

ff
)*

p
w

r,
d

d
0

);

c
=

e
p

s0
*Y

(l
l)
*Y

(l
l)

/s
q

rt
(d

d
x*

a
b

s(
d

d
x-

Y
(y

_
m

a
x)

))
+

e
p

s0
*2

.0
*(

lm
b

r-
Y

(l
l)
)*

Y
(l
l)

/s
q

rt
(d

d
x*

a
b

s(
d

d
x-

Y
(y

_
m

a
x)

))
+

e
p

s0
*(

lm
b

r-
Y

(l
l)
)*

(l
m

b
r-

Y
(l
l)
)/

a
b

s(
d

d
x-

Y
(y

_
m

a
x)

);
//

co
rn

e
rs

+
e

d
g

e
s

+
to

u
ch

d
o

w
n

a
re

a

if
(Y

(y
_

m
a

x)
>

0
.0

)
{

Y
(l
l)

<
-

m
in

(1
0

0
0

.0
*p

o
w

((
e

m
d

l*
i_

m
b

r*
d

0
/a

b
s(

1
e

-3
+

fi
t_

p
n

l
*a

si
n

h
((

p
p

+
p

e
ff
)

/f
it_

p
n

l)
))

,0
.2

5
),

lm
b

r)
;

//
m

e
m

b
ra

n
e

to
u

ch
e

d
d

o
w

n
,

so
e

ff
e

ct
iv

e
e

d
g

e
le

n
g

th
re

d
u

ce
s

}
e

ls
e

{
Y

(l
l)

<
-

lm
b

r;
} M

(v
o

l)
<

-
Y

(y
_

m
a

x)
*

(
(l
m

b
r-

Y
(l
l)
)*

(l
m

b
r-

Y
(l
l)
)

+
f3

*Y
(l
l)
*(

lm
b

r-
Y

(l
l)
)

+
ff
2

*Y
(l
l)
*Y

(l
l)

);
//

to
u

ch
d

o
w

n
a

re
a

+
e

d
g

e
a

re
a

s
+

co
rn

e
r

a
re

a
s

W
(p

_
in

,
p

_
g

n
d

)
<

-
1

.0
e

-6
*6

0
.0

*d
o

t(
M

(v
o

l)
);

//
u

n
it:

m
l/m

in

I(
v_

in
,

v_
g

n
d

)
<

-
d

o
t(

c*
u

);
}

}
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C. Compact modelcodeof the combdrive

--
co

m
b

d
ri
ve

--
P

u
rp

o
se

:
a

n
a

p
p

lie
d

e
l.

vo
lta

g
e

cr
e

a
te

s
a

n
a

tt
ra

ct
in

g
fo

rc
e

(t
o

rq
u

e
)

--
in

th
e

d
ri
ve

d
ir
e

ct
io

n
a

n
d

in
th

e
se

n
se

d
ir
e

ct
io

n
N

A
T

U
R

E
e

le
ct

ri
ca

l
IS

A
C

R
O

S
S

V
;

T
H

R
O

U
G

HI
;

E
N

D
e

le
ct

ri
ca

l;
N

A
T

U
R

E
ro

ta
tio

n
a

l
IS

A
C

R
O

S
S

P
h

i;
T

H
R

O
U

G
HM

;
E

N
D

ro
ta

tio
n

a
l;

E
N

T
IT

Y
co

m
b

d
ri
ve

is
G

E
N

E
R

IC
(d

_
p

o
ly

:
R

E
A

L
:=

4
.0

e
-6

;
d

_
g

a
p

1
:

R
E

A
L

:=
1

.5
e

-6
;

d
_

g
a

p
2

:
R

E
A

L
:=

0
.5

e
-6

;
d

_
a

n
g

l
:

R
E

A
L

:=
1

.5
e

-6
;

r_
d

ri
ve

:
R

E
A

L
:=

3
0

0
.0

e
-6

;
n

_
fin

g
e

r
:

R
E

A
L

:=
5

.0
;

l_
fin

g
e

r
:

R
E

A
L

:=
8

.0
e

-6
;

fit
_

to
rq

:
R

E
A

L
:=

1
.0

;
--

fit
s

th
e

to
rq

u
e

m
a

g
n

itu
d

e
fit

_
st

e
p

:
R

E
A

L
:=

1
.8

;
--

fit
s

h
o

w
a

b
ru

p
t

th
e

fo
rc

e
ch

a
n

g
e

s
--

la
rg

e
va

lu
e

m
e

a
n

s
a

b
ru

p
t

ch
a

n
g

e
fit

_
a

n
g

l
:

R
E

A
L

:=
-0

.1
e

-6
--

o
ff
se

t
to

th
e

tr
a

n
si

tio
n

a
n

g
le

); P
O

R
T

(v
_

st
1

,
v_

st
2

,
vc

o
m

b
:

e
le

ct
ri
ca

l;
p

_
d

ri
ve

:
ro

ta
tio

n
a

l)
;

E
N

D
co

m
b

d
ri
ve

;
A

R
C

H
IT

E
C

T
U

R
E

b
a

si
c_

co
m

b
d

ri
ve

O
F

co
m

b
d

ri
ve

IS
C

O
N

S
T

A
N

Te
p

s0
:

R
E

A
L

:=
8

.8
5

4
1

9
e

-1
2

;
C

O
N

S
T

A
N

Tc
_

g
a

p
1

:
R

E
A

L
:=

2
.0

*n
_

fin
g

e
r

*
e

p
s0

*
d

_
p

o
ly

/
d

_
g

a
p

1
;

C
O

N
S

T
A

N
Tc

_
g

a
p

2
:

R
E

A
L

:=
2

.0
*n

_
fin

g
e

r
*

e
p

s0
*

d
_

p
o

ly
/

d
_

g
a

p
2

;
C

O
N

S
T

A
N

Tc
0

:
R

E
A

L
:=

c_
g

a
p

1
*

0
.1

*l
_

fin
g

e
r;

C
O

N
S

T
A

N
Tp

h
i_

cr
t

:
R

E
A

L
:=

(f
it_

a
n

g
l

+
d

_
a

n
g

l)
/

r_
d

ri
ve

;
V

A
R

IA
B

L
E

u
1

,
u

2
,

P
d

rv
,

c1
,

c2
,

h
1

,
h

2
:

R
E

A
L

:=
0

.0
;
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B

E
G

IN
R

E
L

A
T

IO
N

B
E

G
IN

u
1

:=
[v

_
st

1
,

vc
o

m
b

].
V

;
u

2
:=

[v
_

st
2

,
vc

o
m

b
].
V

;
P

d
rv

:=
p

_
d

ri
ve

.P
h

i;

h
1

:=
0

.5
*

(1
.0

+
ta

n
h

(f
it_

st
e

p
*(

-P
d

rv
/p

h
i_

cr
t

-
1

.0
))

);
h

2
:=

0
.5

*
(1

.0
+

ta
n

h
(f

it_
st

e
p

*(
P

d
rv

/p
h

i_
cr

t
-

1
.0

))
);

c1
:=

c0
+

c_
g

a
p

1
*

0
.5

*(
(l
_

fin
g

e
r

-
P

d
rv

*r
_

d
ri
ve

)+
a

b
s(

l_
fin

g
e

r
-

P
d

rv
*r

_
d

ri
ve

))
+

c_
g

a
p

2
*

0
.5

*r
_

d
ri
ve

*(
(-

P
d

rv
-

0
.5

*p
h

i_
cr

t)
+

a
b

s(
-P

d
rv

-
0

.5
*p

h
i_

cr
t)

)
*

h
1

;

c2
:=

c0
+

c_
g

a
p

1
*

0
.5

*(
(l
_

fin
g

e
r

+
P

d
rv

*r
_

d
ri
ve

)+
a

b
s(

l_
fin

g
e

r
+

P
d

rv
*r

_
d

ri
ve

))
+

c_
g

a
p

2
*

0
.5

*r
_

d
ri
ve

*(
(

P
d

rv
-

0
.5

*p
h

i_
cr

t)
+

a
b

s(
P

d
rv

-
0

.5
*p

h
i_

cr
t)

)
*

h
2

;

p
_

d
ri
ve

.M
<

=
2

.0
*

fit
_

to
rq

*
n

_
fin

g
e

r
*

(e
p

s0
/

2
.0

)
*

r_
d

ri
ve

*
(u

2
*u

2
-

u
1

*u
1

)
*

d
_

p
o

ly
/

d
_

g
a

p
1

-
h

1
*

2
.0

*
fit

_
to

rq
*

n
_

fin
g

e
r

*
(e

p
s0

/
2

.0
)

*
r_

d
ri
ve

*
u

1
*u

1
*

d
_

p
o

ly
/

d
_

g
a

p
2

+
h

2
*

2
.0

*
fit

_
to

rq
*

n
_

fin
g

e
r

*
(e

p
s0

/
2

.0
)

*
r_

d
ri
ve

*
u

2
*u

2
*

d
_

p
o

ly
/

d
_

g
a

p
2

;

[v
_

st
1

,
vc

o
m

b
].
I

<
=

d
d

t(
u

1
*

c1
);

[v
_

st
2

,
vc

o
m

b
].
I

<
=

d
d

t(
u

2
*

c2
);

E
N

D
R

E
L

A
T

IO
N

;
E

N
D

b
a

si
c_

co
m

b
d

ri
ve

;



D. List of symbols

For betterorientation,the list of symbolsis groupedby chapters. Symbolsare listed
correspondingto thechapterwhereinthey appearfirst.

Chapter 2.2

symbol description

%& area'dù)( elementsof statematrix%*
magneticfield+ ,
specificheatcapacity- ù extensivestatevariable(percontrolvolumed. )%/ ù affinity0 ù intensivestatevariable%1 ù flux quantity2 ù3( Onsagerphenomenologicalcoefficients4 pressure5
heatenergy%6 spacevector7
entropy percontrolvolumed.8 entropy productionrate9
temperatureó time: relaxationtimeconstant;
internalenergy percontrolvolumed.

. volume
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Chapter 2.3

symbol description

<
interfacearea=
generalizedcapacitymatrix> ù averagedinterfaceaffinity? ù averagedinterfacepotential@
interfacebetweenadjacentsub-systemsACBù couplingcoefficientD ù productionrateof quantity

> ù
E ù productionratedensityof quantity

> ù5 ù extensivequantity
> ù containedin systemvolume .F ù)( coefficientsof inverseOnsagermatrixG ù averagedinterfaceflow rate

Chapter 2.3.4

symbol description

<
area+
electriccapacity+IHKJ
heatcapacity%-
electricfield0
electriccurrent%L
electriccurrentdensity2 ü ï electricconductivityM
lengthN
thermalconductivityO
power5PHKJ
heatenergy5
electriccharge8 specificelectricconductivity;
voltage
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Chapter 5.3

symbol description

+
electriccapacityQ
electriccapacityperunit lengthL
electriccurrentç tubeelasticity2
electricinductivityR
electricinductivity perunit lengthN
wavelengthS cinematicviscosity4 pressureF
electricresistanceT
electricresistanceperunit lengthFVU
innertuberadius6 �XWY�[Z cylindercoordinates\ fluid density7 U
fluidic crosssection]
changeof tuberadius^ voltage

. volume%_ velocityê flow rateö circularfrequency
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