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Abstract The other method - simulator coupling - uses special

The microsystem design process is characterized by inter—S'mUIat'on tools for each kind of microsystem compo-

L ; . nents. So the electronic system part can be simulated with
disciplinary approaches and close interactions between

. . . . a circuit simulator. A mechanical sensor or thermal effects
different domains. A methodology for simulating the per- . -
. . : can be analysed by employing a finite element program.
formance of complex microsystems using simulator cou-

pling is presented. The technique is based on the couplingSyStem simulation is processed by the coupling of differ-

of the FEM program ANSYS with the circuit and system ent simulation tools. Normally the modelling process is

simulator SABER. In difference to other known simulator well supported bL.Jt the coupling mechanism with data
) ) : : transfer, synchronization, and convergence control has to
couplings a time step algorithm is employed. Its metho-

dology is reported and the implementation into simulation be implemented. The advantage of coupling is the oppor-

tools is explained. The system simulations of an accelera—.tumty to model special components very exactly, to

. . : include special effects into system simulation, and to use
tion sensor system as well as the simulation of thermal ; . , :

. . N . o the most suitable simulator for the different kinds of sub-
interactions in integrated circuits prove the suitability of

the coupling. Finally, simulation results are discussed and systems.

advantages of the implemented coupling are concluded. ~_ The paper focuses on the simulator coupling method.
Some approaches to system simulation using single simu-

lation tools are discussed in [1], [2]. The methodology of
1 Introduction the simulator coupling and its mathematical background is
reported in section 2. Section 3 discusses the implementa-
tion of the coupling in the FEM program ANSYS [3] and
the circuit and system simulator SABER [4]. The realiza-
tion of the coupled simulation is shown at the example of

tem analyses during the whole design process. Increasinin acceleration sensor system and thermal interactions in

interactions between the components due to higher inte- n operational amplifier circuit in Section 4. Section 5

gration rates have to be considered. System simulation toconcludes the resuilts and points out some advantages and

perform system analyses support the microsystem desigrfj"':’advantages of the realized coupled simulation.

rocess from the early stage of the specification to the first . .
Erototype_ Y589 P 2 Methodology of simulator coupling

The current trend in microsystem design towards the
integration of electronic, mechanical, thermal and other
components on chip or on small dimensions requires sys

There are two approaches to simulate the behaviour of

microsystems - the modelling and simulation with a single : .
. g ; . , meet some typical requirements [5]. The tools should have
simulation tool and the simulator coupling. The first o . . b o
. . . . a time incremental simulation principle. The repetition of
method is based on the modelling of electronic, mechani- .
calculated time steps should be supported. Moreover, the

cal, thermal and other components for a single simulation imulators should have the properties to receive from and
tool. The behaviour of the components can be described® prop

with an analog behavioural language like VHDL-AMS or to send calculated values to another simulator. The FEM
can be modelled by circuits (e.g. macromodels described
by netlists). The simulation can be processed by circuit
and system simulators like Spectre, ELDO, or SABER.
Due to the required abstraction from partial differential
equations to ordinary differential equations this approach
includes often a complicated modelling process.

The simulators employed for simulator coupling should

program ANSYS and the circuit and system simulator
SABER can be used to realize coupled simulation since
they meet these requirements. Time domain simulation is
supported and behavioural languages and interfaces to lan
guages like C or FORTRAN are offered. Thus user‘'s own
communication interfaces can be implemented. The repe-
tition of a calculated time step is available in both simula-
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tors. However, in SABER a restart of the simulator cannot vergence parameter. The values of these parameters
be initiated from a model. depend on the simulated system and have to be chosen by

In difference to other known simulator couplings [6], [7] the user.

the method employed here is based on an automatic time The heuristic procedure of stepsize control may be inter-
step algorithm. It works with a variable size of the time preted as relaxation method [8] performing only one itera-
steps which depends on the convergence of the systention. Therefore it is related to the simple noniterative tim-
equations. Roughly spoken small changes of the solutioning analysis [9]. The arising disadvantages [10] will be
values result in large time steps and large changes lead taompensated by the automatigtll time window control.
small time steps. The majority of circuit simulators uses a The characteristics of the procedure following below have
similar method efficiently. been determined by numeric test calculations:

The implemented algorithm is sketched out in figure 1. |
Assumed that the results are processed ynti/>ty may

be chosen. Six steps are required to calculate the next time Knowing the consistent initial values is a fundamental

interval: ”» .
) o precondition for good convergence behaviour.
(D Extrapolation of the SABER results in interval . The convergence behaviour may be positively

Convergence should not be expected if carrying out
the iterations with constant stepsize diverged.

[tpty] affected by the choice of the following timestep
(2 ANSYS calculation with the extrapolated SABER  [tpt], which should not be much larger than the last
values (interval [§.t,]) one.

(® Processing of SABER using the results of the A i advantage of the algorithm is that no iterations
ANSYS simulation (interval jitd) until 4. /i 5re necessary. A disadvantage is the lack in error control.
active A, is not always a sufficient error measure. Anyway, for

@ During simulation the difference between the well-posed problems and carefully chosen stepsizes t
extrapolated and the calculated SABER value is there may be obtained acceptable results, as shown in the
measured. If it is greater than error criteripnthe enclosed examples. Another simulator coupling method

end of the time interval is defined (interval{f]). using both time step control and iteration is under investi-
ation.
(5) ANSYS uses the SABER results to calculate inter- g
val [tp.te] again, which leads 3 Implementation of the simulator coupling

(&) The calculation of the time intervapft] is com-
pleted. The new time interval is chosen. To implement the time step control algorithm several
The implemented algorithm of time step control was a@PProaches are feasible. The control algorithm could be

not initiate the repetition of a calculated time step in implemented in one of the simulation tools. Due to the

SABER. Thus only one repetition in ANSYS and one @availability of programming languages in SABER and
SABER calculation per intervaljtg] are performed. The ~ANSYS the second approach was chosen. The simulator
error criterion is defined by a relative and an absolute con-C0Upling pointed out in this paper is based on SABER as
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Fig. 1. Algorithm of automatic time step control



the master. This means the control routine is implemented

. . *DECK,USER04 USER PARALLEL SASI
in a SABER model and SABER controls the coupled si- FUNCTION USERO4 (INTIN,DPIN,CH4IN,CH8IN)
mulation, defines the time steps, and processes the conver implicit none
. . . EXTERNAL WRINQR
gence test. A realization by employing ANSYS as master INTEGER WRINOR
was also implemented. It is described in [11]_ include '/home/sim/kosim/pvm3/include/fpvm3.h'
INTEGER USERO04,INTIN(12), IOTT
template ansys5 el e2 e3 e4 DOUBLE PRECISION DPIN(12)
thermal el,‘82,93,e4 . . CHARACTER*4 CH4IN(12)
{#Declaration of numbers, values, states, variables, foreigns CHARACTER*8 CH8IN(12)
when(dc_init) { C
# receive ANSYS data} C INTIN(2) switch FILE-(=0)/PVM(=1)-coupling
when(tr_start) { C INTIN(3) number of values to send (ANSYS -> SABER)
# receive ANSYS data} c INTIN(4) number of values to receive (SABER -> ANSYS)
) ) ) ) C DPIN(i) data to send/receive
when(event_on(tick)&(time<=tend)&(time_domain) ) { c Declaration of parameters, variables, ..
# receive ANSYS data}
# calculate time step C FILE-coupling
if(INTIN(2) .eq. 0) then
when(threshold(Difference,CC_abs+CC_rel*max,before,after)){ C write data to file
# finish current time intervall C create ready signal
# send data to ANSYS} c waiting for data from SABER
} c read SABER data
parameters {
# Declaration of parameters} C PVM-coupling
} else if (INTIN(2) .eq. 1) then
values { ] if (begin) then
# Reading of across values C create connection to pvm-daemon
# Calculation of time dependent temperatur source C send data to SABER
1 c receive data from SABER
equations { _ if (finish) then
) # Calculation of through values  } C delete connection to pvm_daemon
- C write received values to ANSYS
Fig. 2. Structure of the MAST model RETURN
END
The control routine which includes the time step control

algorithm was implemented by using the analog beha- Fig. 3. Structure of the ANSYS user comand
vioural language MAST from SABER. In MAST an ana-
log-digital interface is available which allows the combi-
nation of time domain analog models with event driven
digital models. As mentioned in section 2 the current time
interval is finished if the difference between the extrapo-
lated and the calculated SABER value climbes over error
criterion/;. This is realized by creating a digital event at
this time. The whole control routine is included into a net-
work model, which is called in the SABER netlist. The ~ The simulator coupling was employed to analyse the
behaviour of this model is represented by the ANSYS sim- System behaviour of an acceleration sensor system as well
ulation. A routine written in APDL (ANSYS Parametric @S self-heating effects in an operational amplifier circuit.
Design Language) controls the simulation and the dataBOth Systems are characterized by a close interaction
transfer in ANSYS. Figure 2 shows a simplified structure Petween different physical domains.

of the MAST model.

Different methods for data communication between i i o
ANSYS and SABER were implemented. The simplest one The accele.ratlon sensor system is shown in figure 4: Th.e
is the data transfer via file coupling. This means one simu-Se€nsor consists of two cantilever beams and a seismic
lator writes its results into a file and the other simulator Mass which is the central electrode of a differential capa-
reads this data. A more comfortable and faster solution isCitor- The evaluation circuit - a synchronous rectifier -
the use of PVM (Parallel Virtual Machine) [12]. This pub- extracts the deflection of the mass. The sensor system

lic-domain software supports the data exchange betweer!VOrks in @ closed loop and a PID controller delivers the
different programs on several platforms. Libraries of com- €lectrostatic force to hold the mass in the middle between

mands for initialization, sending, receiving, etc. are avai- € opposite electrodes [13]. Thus the electrostatic force is
lable in C as well as in FORTRAN. The SABER data & measure for the acceleration.

transfer procedure was implemented in C and is included The block diagram of the complex microsystem is
into the MAST model. The data transfer in ANSYS was sketched out in figure 5. To accomplish the system simula-

realized by writing a user command in FORTRAN. The
user command is called by the ANSYS control routine.
The structure of the ANSYS user command is depicted in
figure 3.

4 Test systems and simulation results

4.1 Acceleration sensor system



I Acceleration a = ayay * sin (Wt + @)
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Fig. 4. Acceleration sensor system

tion a system partitioning for the modelling process was model performs the electrostatic force as a function of the
necessary. The mechanical component acceleration sensalectrostatic voltage and the displacement of the seismic
was modelled using ANSYS. However, the behaviour of mass.

all other components was described by the analog beha- The values to be transferred are defined by the partition-

viour language MAST and analysed using SABER. ing of the system. Hence, during the coupled simulation
_______ e SABER gets the displacement of the seismic mass from
r " Acceleration ! ! ANSYS and sends the electrostatic force to the FEM pro-

ANSYS | SABER gram. The system behaviour was tested by applying a

I

! sinusoidal acceleration to the sensor. Figure 6 shows the

| electrostatic force and the oscillation of the seismic mass
Sensor Evaluation| | around zero. The simulation of the acceleration system
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4.2 Thermal interactions in integrated circuits

Control Voltage

e — Deflection Proportional Voltage _____| | Today higher packaging density, higher speed, and
_ _ mixed analog-digital solutions in circuit design process
Fig. 5. Block diagram result in increasing power density which leads to different

The ANSYS sensor model delivers the displacement of analog t_)ehawour and higher f"’.‘"”re _rates. E_xamples of
I L .~ thermal induced performance failures include input offset
the seismic mass which is influenced by the acceleration

. o voltage and offset voltage drift in differential amplifiers,
and electrostatic force. The synchronous rectifier trans- S
: . reference voltage shifts in regulators and data converters,
forms the displacement to a proportional voltage. The

: . ._and nonlinearities in analog multipliers, instrumentation
PID-controller produces the electrostatic voltage which is s . )
. : . .~ amplifiers, and data converters. The implemented simula-
controlling the displacement. Finally, the electrostatic

tor coupling can be employed to analyse such electro-ther-

Sinulation Results SABER - ANSYS Sinul ation Results SABER - ANSYS
8e-05 0.04

'FBY — ‘ergebni s’ —
PF1T -

6e-05 Acceleration Forci 0.03
- / - Displacemen
4e-05 g S

Force

2e-05

EIectro?(. Force
0 e - Y i
-2e-05 7 S \ /

-4e-05

/
Di spl acement / um
° °
o °
2 2
—

Acc. Force & Hl .

- 6e-05

-8e-05 -0.03
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
tls tls

Fig. 6. Simulation results of the acceleration sensor system



mal interactions in integrated circuits. The suitability of

the technique is reported at the example of electro-thermal

interactions which influences the DC transfer curve of the
classical 741 operational amplifier.

SABER Standard Model Electro-Thermal Model

?C eC
o T
Modelling
oO— —_— o— P\/
B \ B \
°E °E

Fig. 7. Electro-thermal model

Currently there are no commonly used SPICE-based
simulators which have the capability to set individual
junction temperatures during an operating point computa-
tion or alter them as transient thermal effects would dic-

Vec=+15V

é i,=550u é i3=180u

Veg=-15V
——o

Fig. 9. Simplified circuit schematic of op amp 741

at Vy=+Vd/2 and -\g/2 lead to small temperature gra-
dients on chip [16]. Thus the critical transistor paifs,Q

tate. This limitation is caused by standard device modelsQ;_4, and @_g of the input stage experience different tem-
which handle the temperature as a parameter. To overcomgeratures. Assumed a Qkresistor loading the output a

the limitation an electro-thermal model of the bipolar
junction transistor was implemented using the analog
behavioural language MAST. A thermal pin T was added

severe distortion of the transfer characteristic is produced
by electro-thermal interactions. The distortion can be ana-
lysed by processing electro-thermal simulation.

which uses the temperature as across value and the power 14 simuylate the electro-thermal behaviour the die/header

dissipation as through value (figure 7).

devices
isotherms 14 Q20 E
\Q17 £~
QS 6
Q Q3
Q1
die

Fig. 8. Simplified layout of 741

Figure 8 shows the simplified layout of the circuit. The
simulated schematic of the 741 is depicted in figure 9 [14],
[15]. The dissipation characteristic of the class AB-output
stage with zero dissipation aj30 and dissipation peaks
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Fig. 10. Power dissipated in the output stage (left), temperature difference between Q

structure was modelled for thermal analysis with ANSYS.
The three-dimensional FEM model was composed of 5120
thermal finite elements. The circuit simulation of the elec-
tronic part uses a SABER netlist and MAST models for
the transistors, the coupling algorithm and additional com-
ponents. The implementation considers the power of the
output stage and the thermal sensitivity of the transistor
pair Q,_,. During the coupled simulation ANSYS calcu-
lates the temperaturey] and T, of the transistor devices
and sends it to SABER. SABER simulates the circuit
behaviour using the received device temperatures. The
power dissipations of {3 and Qg calculated by SABER
define time dependent loads in ANSYS.
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The coupled simulation was employed to analyse the[2]
thermal influenced DC characteristic of the circuit. A
quasi static transient simulation of the electro-thermal sys-
tem with increasing input voltage was processed. The si-[3]
mulation results in figure 10 show the power of the output
stage transistors. The temperature difference between trani4]
sistor Q and @ is also depicted in figure 10. Furthermore
the DC curve is compared to the DC curve without ther-
mal interactions (figure 11). The simulation results agree [°]
with simulation and measured data published in.[Tfp
coupled simulation takes 6 hours to calculate the behav-
iour of the electro-thermal system. 6]

V) £ va)
v6

V) = W(v.in)(v)
. [7]

v

(8]

o [9]

200u 400u 600u 800u 0001

00
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00u 00 2000 400u 600u 800 0.001
NIn)(V)

Fig. 11. DC transfer characteristic of the 741 op amp [10]

5 Conclusions [11]

The paper introduces a simulator coupling method to
simulate the behaviour of complex microsystems. The
method employs a time step control algorithm. The simu-
lation of typical microsystem problems indicates the suita-
bility of the technique. The method offers the advantage to[12]
combine different types of models (FEM, netlists, beha-
vioural models) into one simulation run. Consequently, it
is a contribution to include special microsystem effects
and typical interactions into system simulation. Finally,
standard simulation tools like the general purpose FEM
program ANSYS and the circuit simulator SABER which [14]
are often integrated in the microsystem design process can
be used to perform simulations in microsystem design.
Moreover SABER can be replaced by other widely used
simulation tools like ELDO or SPECTRE. However, the
disadvantage of the realized simulator coupling is the time
consuming FEM simulation. [16]

(15]
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