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Abstract

A CAD-tool for the automated generation of
behavioral modelsin HDL-A is presented. This CAD-
tool has been implemented in the frame of a project
for automatical modeling of microsystem components
for the co-simulation with VHDL- or Spice-Models.
Sarting from the Finite-Element-description of a
microcomponent a nonlinear behavioral HDL-A-
model is generated by successively adding or deleting
effects to the HDL-A-model according to the
observed differences between the two models. Using
the example of a micromembrane the practicability of
this approach will be demonstrated. This CAD-tool
provides a method for decoupling the generation of
behavioral models from the Finite-Element-simulation
process.

1 Introduction

Simulation of heterogeneous systems on the system
level implies the simulation of the whole system and
that of particular devices with a special emphasis on
points of interest like functional behavior, timing,
power consumption and so on. Simulation is very
closely connected to modeling because only the
system- or device-behavior can be simulated that has
been taken into account while developing the models.
Functiona  simulation of microsystems and
microcomponents can be done efficiently by using a
single system description language suitable for asingle
simulator. The advent of analog HDLs like HDL-A by
Anacad, MAST by Analogy and the future standard
VHDL-AMS offer the possibility to create behavioral
models of electrical and non-electrical devices without

heterogeneous systems (see [MOS95],
[ARB91], [SEI95], [SAX95]).

[ELT93],

The creation of behavioral models for microsystem
components causes several problems:

 The engineer responsible for creating the
behavioral models needs excellent theoretical
knowledge about the component as well as
excellent know-how about the simulation tools.

* No verification of the behavioral models with
regard to the 2D/3D FEM-models is done.

* There is no quantitative number for the accuracy of
the behavioral model for other waveforms than the
one used during the creation.

 The behavioral models have to obey certain
standards concerning system-interfaces, generics
etc.. : difficult to manage from the FEM-designers
view.

Some of the problems mentioned above need to be
explained: The main problem for the global functional
simulation of microsystems is to create accurate
models of micromechanical and microoptical devices
in the transient domain. Due to the fact that most
system-engineers are not familiar with micromechanics
and Finite-element-(FE) modeling and technology-
experts do only scarcely know the needs for system-
modeling on all levels of interest, in general a simple
linear parameter extraction is performed to create a
simple behavioral model of that device. With the
miniaturization of mechanical and optical devices this
will not be sufficient for an accurate simulation of
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These problems can be overcome by the CAD-tool
discussed here for supporting the automated creation of
behavioral models. This CAD-tool will provide the
following features:

» Fixed interface for checking in Finite-Element-models
ina CAD-library

» Checkout of the FEM-models, ateration of the input
stimuli and output-format according to the CAD-tools
necessities, simulation of the FEM-models

» Support of reuse of already created behavioral models
in the library, using the best-suited behavioral model
as a start model

e Parameter optimization of the behavioral model

» Differential adaptation of the behavioral model effects
by comparing the waveforms of the FEM- and the
behavioral model and concluding the insertion and
deletion of certain (nonlinear) effects

e Support of model verification by using up to 10
different input stimuli

» Checkin of the behavioral model in a format suitable
to restart the model-creation-process

e Creation of a single HDL-A ARCHITECTURE/-
ENTITY-pair that is optimized with regard to the
number of internal states needed for representing the
specific model, and therefore optimized with regard to
simulation speed.

A side effect of the tool is that a well-defined interface for
exchanging models from the 2/3D-structural to the
behavioral model domain is provided for microsystem
components.

In the following sections we will present and discuss the
features mentioned above. Section 2 will present the
work-flow implemented in the CAD-tool, section 3 will
provide the agorithms implemented for model
optimization in a very brief way, since this has been
discussed in previous papers. In section 4 we will discuss
the application of this CAD-tool to the Finite-Element-
description of a micromembrane and we will present the
created HDL-A-model in detail. Section 5 will contain an
extensive discussion.

This CAD-tool has been created in the frame of the
Esprit-Basic-Research Project 8173 BARMINT (Basic
Research for Microsystems Integration).

2 Work flow within the CAD-tool

One of the key features of this CAD-toal is the decoupling
of the FEM-simulation-process from the creation of the
behavioral model. Therefore a global interface for storing
and retrieving the FEM-model in a library format must be
defined. For this CAD-tool the engineer responsible for

FEM-model creation and simulation has to provide only

the following 4 files: the database-file (.db), the ASCII-

file describing the transient simulation plus the
loadstepfiles describing a 0" resp. a "1". These 4 files
(plus a file containing information about the model) are
archived, compressed, uuencoded and stored in the
Cadence-library format. It must be pointed out that
providing these 4 files is the only action required by the
engineer responsible for FEM-simulation. It is this
engineers responsibility to provide a batchfile that ensures
a stable, convergent and appropriate simulation of the
component. This clearly defined interface is described in
Fig. 1 as step 1. Step 2 (as well as the following steps
except step 7) can be done by an engineer who need not to
be an expert in FEM-simulation.

Step 7 requires the creation of a rulebase for a certain
class of microcomponent. This is a step that requires deep
knowledge of the (nonlinear) effects that may be
necessary for describing the behavior of the
microcomponent, but also theoretical based solutions for
simpler, but related 2/3D structures may be included. The
rulebase is constructed as a fuzzy-rulebase, whereby its
operators are traditional identification techniques (simple
parameter-estimation) and observational operators (like
"Slewrate too low" or "Behavioral model has no
oscillations"). These operators may be connected by
Fuzzy-operators to weighted rules. It must be stressed that
the creation of such a database is a work necessary only
once for a certain type of component. Internal studies at
Darmstadt University show that rule-databases may be
created which can be used for component-classes such as
membranes, operational amplifiers and acceleration
sensors. Furthermore it should be pointed out that these
rule-databases are almost independent of the geometry of
the 2/3D-component, but of course certain expert
knowledge is necessary for creating them. Step 8
describes the choice of the parameter optimization
techniques that may be used for finding the parameters.
Simple gradient techniques are in general not sufficient
since nonlinear effects may cause the existence of several
local optima. The selections required are easy to perform
and are supported by the GUI. After the completion of the
global optimization process the user has to decide if the
generated model meets the required accuracy. If
necessary, the translation has to be repeated, otherwise the
new behavioral model may be checked in the Cadence-
library being accessible for future runs. The compiled
object as well as the ASCII-version of the HDL-A-model

is available and may be used for further simulations.



3 Brief Description of the CAD-tool for
automatical modeling of  microsystem
components based on Finite-Element-(FE)-
models

In this section a brief overview on the CAD-tool for
automatical modeling of microsystem components based

I Select a startmodel from the database

Select the input bitpattern which yields the worst
costvalue (the worst correspondence between the 2/3D
and the behavioral model)
I11: Optimize the parameters by applying simulation
procedures (back to Il if an internal counter has not
exceeded a certain predefined value).
IV: If the targeted accuracy is not met, identify lacks by

operators and insert or delete a

Action Description User-Input Tool certain effect in the behaviora
1. Perform the FE-Simulation o dlnt / Simple transient simulation with a step  FE-Database Ansys mOdeI . (bmk tO I | Until an internal
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Integral outpus must be defined +a  Simulation counter for the number of allowed
.log-File written .. .
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Cadence v al Ue)
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automatic adaption of bitlength Mcs- (= bitlength in order to get 15-20% change translator,
@ of the output-variable Cadence
4. Simulation of bitpatterns Creation of the loadsteps, FE-simulation Bitpattern FEM->HDL-A- Flg 2 glves an overview abOUt the
A 01101... 5
nsys (01101..) tansiaor, functional blocks of the CAD-tool.
5. Restriction of the search-space Decide, which model-categories may Selection of FEM->HDL-A- 1 i
mlhln the behavioral model serve as a basis for the translation Model-categories  translator Startl ng from the beﬂ HDL'A'IIke
ibrary — 2 . .
= model which can be found in a
6. Library Search + Checkout 7| MCS- The Cadence-library is searched for the Negligible FEM->HDL-A- H HE
gry/ best-matching behavioral model. Best translator, Ilbrary and the initial pararnder
selection can be checked out. Cadence . . H
7 chai o of raleh values, a variety of optimization
. Choice or creation of rulebase The structural evolution of the behavioral Rules FEM->HDL-A- .
IF ..
THEN model depends on the programmed translator methOdS (gra;h ent methOdS,
database. o
heuristical methods such as
_ o _ simulated annealing) are used to
8. Choice of parameter optimization opt The tool offers different parameter Setup of FEM->HDL-A- . .
techniques : optimization techniques within a parameter translator find the model-parameters in such
roundrobin-scheduler optimization .
techniques a way that the output-functions of
9. Perform the translation £ “AlParameter and structural optimization  Negligible FEM->HDL-A- th | I m m
== fthe behavioral model translator, e behavioral odel are almost

10. Accept or reject the new model HDL-A[~
) store the new model in the library) or
: reject it (start the translation again using
different optimization parameters or
starting models)

11. Store the new model in the
library e—) vcs. | Model must be stored in the library if it
Library should serve as a possible new starting

model
Fig. 1 Workflow inside the CAD-tool (users view)

on FE-models is given. A more detailed description can
be found in [HOF95], a description of the CAD-
framework suitable for integrated microsystems in
[POP95g]. Due to the fact that realistic microsystem
components can only be described by inclusion of
nonlinear effects, whereby the kind and impact of such
effects varies very much, standard system identification
(asin [ISE88]) cannot be used efficiently. The CAD-tool
discussed here uses a global optimization scheme, which
can be subdivided in parameter and structural
optimization. The lacks in the "structure" of the
behavioral model are identified by operators, which are
the arguments in a fuzzy-rule based environment for the
representation of the knowledge concerning the used
component. The basic algorithm isthe following:

After a successful translation, accept (i.e. Negligible

e The internal format of the new behavioral Negligible

Eldo identical to the one of the FE-
model. Very often it is the case that

FEM->HDL-A-

translator the considered effects in the
behavioral model are not sufficient
to meet the desired accuracy. In

FEMHDL-A this case the module for structurél

Cadence

optimization analyses and alters
the behavioral model in such away
that effects which are not effective
for the conformity of both models
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Fig. 2 Function blocks of the FEM->HDL-A
translator
are deleted and other effects that may improve the
accuracy are inserted. A traditional expert-system

approach based on observational operators is used, the
values of the operators are connected by fuzzy-operators

Parameter optimization




such as AND, OR, NOT in fuzzy-rules. These rules
represent the knowledge of the component-specialists
concerning the effects which must be considered while
modeling the device, so that different rule-databases are
provided for different devices.

4 Generation of the behavioral model of a
micromembrane

In the frame of the Esprit-project BARMINT one of the
existing realistic benchmarks is the 3D-model of a
micromembrane with the pressure as the input and the
membrane position as the output. As the effects of the
starting model for the model generation a single pole, a
positive gain and a positive offset have been selected.
These effects are too simple to describe the realistic
behavior of the structural model, therefore a rulebase
containing 7 rules for the possible insertion of additional
poles and zeros plus nonlinear saturation effects (such as
arctan and slewrate-limitations) has been created. The
main goal set forth at the beginning of the generation
process was to create a model that yields an error of less
than 1% for al 4 chosen bitpatterns. The following
settings have been chosen:

* parameter optimization: three succeeding optimization
dlices (gradient, simulated annealing, gradient)
targeting 1% accuracy

e gradient optimization slice to run on 2 CPUs in
parallel

» four bitpatterns with 76 bits each

» HDL-A-codegeneration enabled

The final result has an accuracy of 2.49%, which is less
accurate than projected, but acceptable for the designers
eye (see Fig. 3). The resulting model is a single HDL-A
ENTITY/ARCHITECTURE model (see Fig4). The
generated code is very dense and hard to read, but optimal
with regard to the minimum of required internal states.

Fig. 3 Output waveforms

5 Final discussion

The described CAD-tool works well within the research
laboratories of Darmstadt University of Technology and
has been tested during the last 6 month (beside artificial

ENTITY ww | S

GENERI C (y2pol el_fpole ,
y5pos_of f _val ue, y4_atan_neg_val ue :
PIN ( in0O, outO :ELECTRICAL );

END ENTI TY ww;

y3gai n_pos_val ue ,
REAL) ;

ARCHI TECTURE behavioral OF ww IS

STATE V_priney2 : ANALOG ;
BEG N
RELATI ON

PROCEDURAL FOR INI T =>
y2pol el_f pol e : = 10000. 0;

y3gai n_pos_val ue : = 10000. 0;
y5pos_of f _val ue : = 1000000. 0;
y4_at an_neg_val ue : = 10.0;

PROCEDURAL FOR DC, AC, TRANSIENT =>
out0.i % out0.v*1000000.0 -
V_pri mey2*6280000. 0*y2pol el_f pol e*y3gai n_pos_val ue -
1000000. 0*y5pos_of f _val ue ;
EQUATION ( V_priney2 ) FOR AC, TRANSIENT =>

- in0.i*9.999999975e- 07 + atan(y4_atan_neg_val ue*i n0.v)
- V_priney2*6.28000021*y2pol el_fpole - ddt(V_priney2) ==
0.0 ;
END RELATI ON ;
END ARCHI TECTURE behavi oral ;

Fig. 4 Generated HDL-A-code

examples) on  various  microelectronical  and
micromechanical components such as operational
amplifiers, microaccelerometers and micromembranes.
The usage of the tool has shown to be adequate even for
nonexpert users due to the GUI.

The experience gained during this period can be
summarized as following:

e The tool works well with a success-rate of more than
75% (generating a usable nonlinear behavioral model
meeting the desired accuracy)

e Thereis no need to use this tool if the 2/3D-model is
known to be linear (in this case parameter
identification techniques are much faster)

* The rule-database has to be consistent in the sense of
not providing two actions for one observation

* Known analytical solutions of simpler, but related
structural objects drastically speed up the generation
of the behavioral model

e The computer resources needed are huge: severd
hours on several computers are needed for the
transient simulation of the FEM-models. The
generation-process occupies a single machine (with up
to 4 CPUs) for approx. 5 CPU-hours.

* The usage of the CAD-tool causes only little problems
even for non-experienced users (e.g. undergrad
students): Enhancement of the HDL-A-core-database
and the rule-database requires only little experience.

» Problems still exist with non-steady nonlinearities such
as deadband-functions or hysteresis effects



e The current version alows only the generation of
components with 1 input and 1 output (but through

and acrossvaues (eg. voltage and current) are

alowed for the pins), providing morethan 1 inputisa [HOF96a]
current research topic.
e The implicit verification (i.e. the usage of different
input-stimuli  during the generation process) yields
much better accuracy even for trapezoidal input
stimuli than the usage of a single input-stimulus.
«  Generation of true HDL-A-code provides a speedup of ~ [HOF96b]
the generation by a factor of 3, but is currently
possible only for alimited set of effects.
Future work will be in the domain of creating consistent
rule-databases for several microcomponents, in the [ISE88]
domain of observational identifiers as the variables of the
rule-database and in the domain of HDL-A- [KAR96]
codegeneration.
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