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Abstract

BRASIL consists of a timing simulator for digital MOS
circuits coupled with an algorithm for circuit simulation.
The timing simulation is based upon a fast macromodelling
approach and the calculation of time-variant RC networks.
The circuit simulator takes advantage out of structuring the
system of nodal equations. WithBRASIL a fast simulation
of large circuits, with special regards to systems with the
need of higher accuracy, is possible.

1. Introduction

In the field of simulation of integrated circuits the timing
simulation became essential for the verification of digital
systems on the transistor level. A major drawback of most
algorithms is that they are restricted to circuits with driver
load structure. For circuits or subsystems which can not
suitably be modelled on the timing level like analog sub-
circuits, a second simulator is needed, which is in the most
cases a SPICE-like circuit simulator. To calculate the whole
system in one environment, a coupling of these simulators
is necessary. The external coupling of a timing simulator
with a circuit simulator seems not to be very effective be-
cause timing algorithms control the simulation flow with an
event scheduler, whereas circuit simulators use time step
mechanisms. The BRAunschweig-SImuLator BRASIL is
based upon the internal coupling of a switch level timing
algorithm with a circuit simulator. For the calculation of
delay-times of logic gates, a fast macromodelling approach
can be used. For more detailed information or more flexible
circuit configurations, a second timing-mode builds a net-
work of capacitances and time-variant conductances. The
resulting system of differential equations is solved with nu-
merical integration. To obtain a higher flexibility a circuit
simulator is implemented in BRASIL, which directly inter-
acts with the timing simulation modes. In this paper we
present a survey of the simulation modes and the concept
behind the coupling of the algorithms in BRASIL. Typical

results are shown to demonstrate the capability of calculat-
ing large circuits.

2. Timing simulation with BRASIL
The timing algorithms in BRASIL are suited for the cal-
culation of digital MOS circuits. In a presimulation phase
a switch-level-simulator similar to MOSSIM II by R. E.
Bryant [1] determines the steady state of the circuit. With
the knowledge of the logical states of eachnode in the net-
work all transistors in the circuit are set to their correspond-
ing states. With this information, a dynamic partitioning
breaks down the circuit into a number of small networks
or stages, bounded by gate terminals of further transistors,
voltage sources and drain-source-channels of transistors in
the cut-off region.

For the application of the macromodelling approach a
stage has to consist of a pull-up and a pull-down network.
A number of modelling parameters have to be extracted and
the delay-time of the stage can be approximated. With the
logical trigger voltageVtr, the rise timetin of the input-
signal, the load capacitanceCL, the pull-up resistorRL and
the pull-down resistorRD of the stage, the delay-timetd
can be normalized by [4]:
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using the empirical exponentsexxd. The rise time of the
input-signaltin has to be normalized as well:
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The result of this normalization is the transformation of the
wide range of possible delay-times into a narrow band. Fig-
ure 1 shows as an example the delay-time plotted against
the rise time of a single inverter, with the load capacitance
as a parameter. In figure 2 the effect of the normalization is
shown, that is that the curves are shrunk in a bounded range,
for which a mean value can be stored as reference curve.
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Figure 1. Delay-time for different capacitive
loads
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Figure 2. Normalized Delay-time

As soon as the empirical exponentsexx[d;in] for a spe-
cific technology are evaluated, the macromodelling ap-
proach can be applied to digital MOS circuits. BRASIL
examines the class of the circuit, NMOS or CMOS, checks
the assumptions for the macromodelling and determines the
modelling parameters. With a valid reference curve and a
denormalization oft0d an approximation of the delay-time is
obtained.

For circuits which don’t match the assumptions for this
macromodelling procedure, BRASIL applies a more flexi-
ble approach to the timing analysis [5]. For this algorithm
BRASIL replaces the drain-source-channel of every single
transistor in the subcircuit by a time-variant conductance. It
uses the equation for the drain current for a transistor in the
linear region of the SPICE-level 1-model [3], to write the
conductance of the channel as:

G(vgs; vds) = K
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in terms of the gate-source-voltagevgs, the drain-source-
voltagevds, the threshold-voltageVt and a transconduc-
tance parameterK. With the assumption, that all input sig-
nals of the stage are known the gradients ofG(vgs; vds) are
evaluated. All input voltages are approximated by ramps,

for which the starting-points, the end-points and the slopes
are calculated. With these values the conductances of the
drain-source-channels in the stage are modeled by time-
variant conductancesG(t):

G(t) = K
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If the subcircuit contains any transistors with unknown
gate-voltages, for example depletion-type transistors whose
gates are shorted to their sources, the conductance of the
drain-source-channel has to be adjusted during the simula-
tion.

In figure 3 this approach is compared with the real wave-
form calculated by SPICE. The upper diagram shows the
shape of the gate-voltage of an NMOS-transistor. The ramp
fits the curve wherevg = 0:4 VDD andvg = 0:6 VDD and
determines the starting-pointtr0;[f;r] and the ending-point
tr1;[f;r]. The ramp for the conductanceG(t) is assumed to
start simultaneously if the voltage is decreasing. The end
of the ramptg1;f is calculated with the aid of the known
voltages at the end of the transition and the duration of the
voltage ramp. For a rising voltage, the edge of the ramp for
G(t) ends at the same timetr1;r = tg1;r and the starting
point tg0;r is calculated backwards.
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Figure 3. Scope of gate-voltage and drain-
source-conductance of a NMOS-FET

This approach of modelling the drain-source-channel of
switching transistors with time-variable conductances leads
to a linear time-variant GC-network. The capacitances are



the sums of the parasitic capacitances of the transistors and
all capacitances tied to a node. Figure 4 shows a typical
cut-out for one single nodei.
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Figure 4. Vicinity of node i in the GC-network

Since the dynamic partitioning of BRASIL builds small
subcircuits of conducting drain-source-channels, the capac-
itancesCig provide coupling to external nodes. These nodes
are assumed to be already simulated, therefore they are sub-
situted by voltage sources. Performing a nodal analysis on
the whole network results in a linear time-variant system of
differential equations:
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for i 2 1; 2; :::; g. BRASIL solves this system of differential
equations by numerical integration.

With the combination of the macromodelling and the
timing-analysis, BRASIL is about 2 orders of magnitude
faster than SPICE, with the ability of simulating circuits
with more than 100 000 MOS-transistors. The timing-error
is typically less than 15 %, compared to SPICE.

3. Circuit simulation in BRASIL
For the simulation of mixed digital-analog systems or cir-
cuits with bipolar transistors, BRASIL disposes of an in-
ternal circuit simulator. While the timing algorithms are
intended for very large circuits, the circuit simulator is de-
signed for the calculation of circuits and subsystems of
medium size. A particular scheme is recognized regard-
ing the pattern of a transistor in the matrix of a nodal anal-
ysis. The stamp for the Ebers-Moll-model with parasitic
series resistances is shown in figure 5 a). The inner nodes
B0, C0 andE0 have to be added for every transistor with

finite conductance of its base-, collector- or emitter-region
respectively. The tight coupling between these nodes via the
inner transistor leads to a completely filled3� 3 block and
the connection to their corresponding outer nodes results in
three3� 3 diagonal-matrices.
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Figure 5. Matrix stamps for a) bipolar transis-
tors and b) MOS transistors

For MOS transistors the structure of the matrix entries is
similar. Because of the infinite input resistance of a MOS
transistor, there is no inner node for the gate terminal, but
for drain and source two additional nodes appear. Simi-
larly the bulk region has no parasitic resistance, since it is
connected by reverse-biased diodes. In figure 5 b) there is
once again a completely filled2�2 block, derived from the
entries of the inner nodes. Their connection to their corre-
sponding outer nodes, to the gate and the bulk leads to the
two 2� 4 blocks. The remaining4� 4 block doesn’t show
a diagonal form, because of capacitive coupling of gate and
bulk, resulting in two entries.

Ordering the system of nodal equations following these
patterns leads to a bordered block-diagonal matrix. The LU-
factorization of such a partitioned system of equations can
be done by solving four partial matrices [2]:

A =

�
A11 A12
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�
; (6)

withA11 as block-diagonal-matrix andA12, A21 andA22

as corresponding parts of the border. The LU-factorization
now solves the particular blocks:
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with L11 and L22 in lower, U11 and U22 in upper
triangular-form. The decomposition can be done by a
LU-factorization ofA11, two forward substitutions to ob-
tainU12 andL21 and another LU-factorization ofA22 �

L21U12. In addition, the matrixA11 is of blockdiagonal
form, with block-sizes of2 � 2 and3 � 3, so this trans-
formation can also be done in several independent LU-
factorizations, which were fixed implemented due to the
known size of the blocks.



This formulation and solving procedure for a sys-
tem of equations in blockdiagonal form has advantages
over sparse-matrix-algorithms calculating circuits up to 50
MOS-transistors or 100 transistors in BiCMOS-technology
respectively. So it is well suited for the fast simulation of
subnetworks in a mixed-mode-simulator like BRASIL.

Nonlinear circuit elements are iteratively linearized by
the well known Newton-Raphson method, which can show
convergence problems. The simulation of small typical ex-
amples has shown, that in practical circuits the strong non-
linear equations of a bipolar transistor speed up the pro-
cess of convergence, whereas CMOS inverters with their
quadratic characteristic need more iterations. For that rea-
son, BRASIL uses the NR method together with a damping
scheme. The common definition of the (n+1)-th iteration
of the NR-algorithm for a systems of nonlinear equations
f (x) = 0 is:

J
(n)
x
(n+1) = �f (x(n)) + J(n)x(n); (8)

with x(n+1) = x
(n) + �x

(n+1) and J as the Jacobian
matrix of f (x). An approach for controlling the size of
�x is the multiplication with a diagonal matrixD with
damping or accelerating factors for the components ofx:
x
(n+1) = x

(n) + D�x
(n+1). Thus the iterative equation

has to be written as
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The coefficientsd(n)k are evaluated empirically for every
node connected to a MOS or bipolar transistor. They grad-
ually approach 1 in the iteration progress. Experiments
showed that for the exponential characteristics of bipolar
transistors damping is not necessary. For circuits in CMOS
technology however damping factors greater than 1 speed
up convergence. It should be mentioned, that with this mod-
ified NR-algorithm the stamps for linear network elements
must also be rewritten.

4. Coupling of the simulation algorithms
For the coupling of the different algorithms in BRASIL
an effective interaction of the event-driven timing simula-
tor and the circuit simulator with its time step controlling
scheme is essential. In the pre-simulation phase it must be
determined which parts of the circuit require calculation to
a higher accuracy. Since BRASIL dispose of an interface
for netlists in SPICE-language [3], the user specifies the
nodes or the subcircuit he whishes to simulate with the cir-
cuit simulator within the circuit description. Furthermore
a rule-based investigation of the transistor functions sepa-
rates logic gates, transfergates and analog blocks. The ana-
log blocks and subcircuits with bipolar transistors are au-
tomatically labeled for the circuit simulator. A partitioning

is also applied, which uses well defined borders to prevent
these parts from spreading over the entire network. The tim-
ing simulator performs a dynamic partitioning during the
simulation. Boundaries of a subcircuit are defined by in-
put nodes, gate terminals of MOS transistors and drain- and
source-terminals of transistors in the ”OFF”-region with
vgs < Vt. It is reasonable to adopt this procedure for the
static partitioning at the beginning of the simulation. Be-
cause this distribution is valid throughout the whole simula-
tion, drain-source-channels are rejected as borders between
the simulation-levels.

The circuit elements at the borders of the partitions have
to be modeled with network elements adapted to both algo-
rithms. For the timing algorithms, the gates of MOS tran-
sistors in the area of the circuit simulation can be treated as
constant capacitors. For the more accurate circuit simula-
tion, this approximation may cause undesirable errors, but
in the decision either to enlarge the domain for the circuit
simulator or to tolerate this loss of exactness, the latter is
preferred.

Since the timing simulator calculates node voltages as
well as logic states, there is no need to transform different
representations of signals. Only a denormalization is nec-
essary, because timing algorithms work with voltages nor-
malized to the supply voltage VDD. In the circuit simula-
tion, these voltages are acting as piecewise-linear voltage
sources. The relationships getting logic states out of node
voltages are straight forward, a simple conversion from
circuit- to logic-timing-level is all that is required.

The controlling of the simulation sequence in BRASIL
is done by an event-driven scheduler, whereas other circuit
simulators work with time-step-controlling mechanisms.
While the timing algorithms remain the main simulators,
the event-driven scheme is preserved. If an event for the
input of a subcircuit has been marked for the circuit sim-
ulator, an operation-point analysis has to be performed. A
second operation-point analysis calculates the steady-state
of the subcircuit. This information is needed, to terminate
the simulation of subcircuits. After all node voltages have
reached their final value, the control of the simulation flow
is given back to the event scheduler. This procedure has the
advantage that phases, in which the network is idle, don’t
have to be calculated.

5. Examples
As an example to show the ability to calculate circuits
with MOS and bipolar transistors, a small logic circuit in
BiCMOS technology is simulated. Figure 6 shows the
schematic containing two NAND gates and two inverters.
One of those (inv1) is realized in BiCMOS technology. In
the prephase of the simulation a subcircuit is build up, con-
taining the bipolar transistors ofinv1 with their surrounding
MOS-transistors. Due to the rules for the partitioning, the
subcircuit matchesinv1. In figure 7 the voltage at the out-



put nodeout1 is printed.=OUT1 is calculated by BRASIL
andV (OUT1) by HSPICE. BRASIL needs 2.4 seconds,
whereas HSPICE takes 5.7 seconds of user-time.
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Figure 6. Logic-circuit with BiCMOS-inverter
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Consider a larger circuit, a 16-bit multiplier in CMOS
technology. It is built of 8 half- and 48 full-adders, with
2464 transistors and 1953 nodes. For BRASIL 20 subcir-
cuits together with 238 transistors are chosen to be simu-
lated with the circuit simulator. In figure 8 a section of the
voltage curve at an output node of the multiplier is shown.
=P10 is calculated by the circuit simulator in BRASIL and
V (P10) results from a simulation by HSPICE. Although
the signals have to pass up to ten gates, before=P10 is gen-
erated, no substantial error is apparent. The hazard, when
the voltage atP10 drops to0V , before it returns to5V , it’s
final value, is detected and a potential source of logical mal-
functions can be removed. On a DECstation 5000/200 un-
der ULTRIX 4.2 HSPICE took 18508.4 seconds user-time
and 7018 kB memory, whereas a timing simulation needs
10.0 seconds and 1557 kB. The mixed-mode-simulation
taking 1937 seconds and 2049 kB occupies the middle po-
sition.

6. Conclusion
Traditional timing simulators are limited to digital circuits
of MOS transistors. This restriction is overcome by the
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Figure 8. Results of a mixed-mode-simulation
by BRASIL

combination of a switch level timing algorithm with a cir-
cuit simulator in BRASIL. The delay times of logic gates
can be estimated with a fast macromodelling approach,
which do not need a library because the model parame-
ters are empirical for every special technology. The tim-
ing behavior of digital MOS circuits can be evaluated with
an algorithm, using time-variant GC-networks. This al-
gorithm accomplishes flexible circuit-designs e.g. circuits
with transfergates or pass-transistors. The timing error is
typically less than 15 % when compared to SPICE, with a
gain in CPU-time of 2 orders of magnitude. With an al-
gorithm for circuit simulation BRASIL has the ability for
calculating subcircuits with higher accuracy.
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