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Abstract: Electrical circuit simulation was one of the first CAD tools developed for IC design. The
conventional circuit simulators like SPICE and ASTAP were designed initially for the cost effective analysis
of circuits containing a few hundred transistors or less. A number of approaches have been used to improve the
performances of congenital circuit simulators for the analysis of large circuits. Thereafter relaxation methods
was proposed to provide more accurate waveforms than standard circuit simulators with up to two orders of
magnitude speed improvement for large circuits. In this paper we have tried to highlights recently used
waveform and point relaxation techniques for simulation of VLSI circuits. We also propose a simple
parallelization technique and experimentally demonstrate that we can solve digital circuits with tens of million
transistors in a few hours.
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INTRODUCTION

The WR Circuit simulator will run in all interactive
mode. The main routine will act as an interface between
the user and processors i.e. subroutines. It interprets the
input commands and activates the corresponding the
internal processors implemented by subroutines calls.

The circuit similar can use the Shichman-Hodges
model for the MOS device. All the computation will be
perform in double precision and the results are also stored
in double precision. As such the simulator will require
large amount of storage especially when large circuits are
analyzed e.g. for a MOS circuit containing 1000 nodes
with 100 analysis time points per node (Saviz and Wing,
1993). The waveform storage is required to store
approximately 3*1000*1000 floating point numbers. To
cope up with this phenomenon a simplified storage
buffering scheme can be implemented. In this scheme, the
amount of primary storage location for the waveform is
limited when this storage is not enough to store all the
waveform, (Mokari and Smart, 1995) a secondary storage
such as a disk is used to supply the additional storage
needed.

Other extensions to the WR method, which can be
incorporated in the circuit simulator (Raghuram, 1991),
involve the approximate solution of the sub circuit
equation. Another approach to simplifying the calculation
is to allow the integration algorithm (Green Baum, 1997),
which is used to solve the node waveforms of the
decomposed  circuits  to   use  a  large  truncation  error.

MATHEMATICAL FORMULATION
OF WR ALGORITHM

Two WR algorithms are proposed for analyzing an
important kind of dynamical system. One is Gauss Siedel
(GS)  and the other is Gauss Jacobi (GJ) relaxation but the
GS relaxation is preferred since it requires only one copy
of the iterated solution as opposed to two copies require
by the GJ relaxation.

Consider the first order two dimensional differential
equations in X (t) i R on t i {O, T}:

X1 = f1 (x1.x2.t). X1(0) = X10 (1a)

and X2 = f2 (x1.x2.t). X2(0) = X20 (1b)

The basic idea of the “Gauss-Seidel” waveform
relaxation algorithm is to fix the waveform X2: [o, T]-R
and solve the Eq. (1a) as a one dimensional differential
equation in X1(.). The solution thus obtained for X1 can be
substituted in the next equation which will then reduce to
another first order differential equation in one variable X2.
Equation (1b) is then resolved using the new solution for
X2 (t) and then the procedure is repeated.

In this manner an iterative algorithm has been
constructed. It replaces the problem of a differential
equation in two variables by one of solving a sequence of
differential equations in one variable. The unknown is the
waveform rather than real variables. This algorithm is a
technique for time domain decoupling of differential
equations.
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Point relaxation: Point Relaxation has some clear
advantages over Waveform relaxation but no serious
disadvantages. Firstly a digital circuit may have feedback
loops which lead to slow convergence in waveform
relaxation. During point relaxation this loop would not
affect  convergence  seriously since the feedback can be

thought of as coming from the previous time instant.
During waveform relaxation the time step for a node can
be chosen appropriate to action at the node. But this can
be effectively achieved in point relaxation also by
essentially not solving for a node at a time point if action
is very slow there.

The ordering of the nodes in the Gauss Seidel
iteration is determined by first converting the given digital
circuit into a direct graph, converting the latter into an
acyclic graph and linear ordering the nodes in a manner
consistent with the partial order of the acyclic directed
graph. The gauss seidel iteration is performed according
to this linear order. While parallelizing, subsequences of
this node sequence are assigned to different processors.

Relaxation algorithm: Simulation of a circuit can be
thought of as solving a system of coupled nonlinear
differential equations. We do this in the following way:

C The circuits in question permit the conversion of
Krichoff’s current equation involving node potentials
using device characteristics. Perform this conversion
at each node.

C Transform nonlinear differential equations at each
node into nonlinear difference equations by a
discretization procedure such as the Backward Euler
method. This will result in a set of nonlinear
equations with each equation being assigned to a
particular node.

C Order the nodes according to signal flow using an
appropriate scheme.

C Solve the equations at each node treating that node
potential as unknown and all others to be known
(using Gauss Seidel or Gauss Jacobi)

In Gauss Jacobi method, the unknown variables with
the previous iteration values, whereas most recent values
are used to solve the same in Gauss Seidel Method
Raghuram (1991).

Implementation: There are two levels of convergence,
namely Gauss Seidel convergence and Newton-Raphson
(NR) convergence. Inside each Gauss Seidel iteration, for
solving the node potential of a node, we linearize the
nonlinear elements corresponding to the concerned node,
if any and repeat it until we reach NR convergence.

Kirchhoff’s current equation at a node would have
the form:

i1 + i2 + …………..+ in = 0 (1)

where ij are the current through the devices.
For a typical device ij (n+1) = mjvj(n+1) –hj inside the

NR-loop. So the Eq. (1) translates in terms of node
potentials to:

c1 p1 (n+1) + ………….+ ck pk (n+1) = h1+ ………….hn

During Gauss Seidel iteration we will rewrite this as: 

c1p1 (n+1) = - c2p2(n+1) - ……….- ckpk (n+1)+ h1+….+ hn

with the right side written with updated values and
therefore to be treated as known. We will call the right
side as fix f1 and c1 as coefficient corresponding to that
node.

We present the algorithm for transient analysis in the
following steps:

C Guess the node potentials at a time step for all the
nodes using past values

C Solve the node potentials of all the nodes. For solving
corresponding to node n do this in the following way:

B Find all branches connected to n
B Calculate coefficient and fix apart for those branches
B Add up the contributions for finding the required

coefficient and fix for n
B Divide fix by coefficient to get node potential of n.
B Check the difference with that in last Newton

Raphson iteration
B Repeat until this difference becomes less than some

specified tolerance value (nrConv Error)

C Once node potentials of all the nodes are obtained,
take the maximum difference of the calculated node
potentials at that Gauss Seidel iteration with those at
previous Gauss Seidel iteration (infinity norm is
used).

C Repeat the above procedure until this norm is less
than some specified value, say Conv Error

The initial guess plays an important role in the
convergence. During DC analysis, we predict the node
potential at node n for mth iteration as:

p (n, m) = 2p (n, m – 1) – p (n, m!2) (2)

The motivation behind the above guess is the Taylor
series approximation up to first derivative. For transient
analysis we keep the history of the node potentials for last
3  time  steps  and  predict  for   the   next   time  step  as
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P (n, k) = (2p (n, k–1) – p (n, k!2))+ (p (n, k!3)
 – p(n, k!2)) (3)

Here p (n, k) represents the node potential at node n
in kth time step. We have implemented resistance,
capacitor,  inductor,  independent   current   and  voltage
source and MOS in our simulator. The essential step in
each case is to calculate the coefficient and fix for the
branches. We have described below how we can do this
for capacitor and nmos.

RESULTS

In this section, we present the results of Bremics-2
and compare the timing with a commercial simulator. All
the timings are specified in seconds. The memory usage
is specified in MB. For experimentation with SPICE, we
have divided the relevant interval into 300 (uniform) time
steps during these preliminary experiments.

RC circuits: First we generate random circuits using
LEDA library routines. The circuit contains resistances,
capacitances, grounded voltage sources and current
sources. As the circuit is random, there are certain nodes
which do not have a direct DC path to the ground. SPICE
can handle those circuits and the solutions change only
within a tolerance level. The results are shown in Table 1.

Next, we add capacitances from the nodes to the
ground for the same circuits and we can see as in Table 2,
the timing performance of Bremics-2 improves
significantly. This is expected, as when we solve the set
of linear equations, the diagonals in the coefficient matrix
dominate over the non diagonal entries and the over
relaxation method converges very fast.

From Table 1 and 2 it is clear that as the node size
increases, the spice timing increases almost quadratically,
i.e., the order of growth is O(n2), whereas for Bremics-2
the time complexity is somewhat better than quadratic
behavior. In the modified circuit, the time complexity is
almost O(n).

CMOS inverter: The relaxation technique performs
much better when it is used for simulating digital circuits.
First we simulate a simple CMOS inverter circuit, the
most basic component of any digital circuit.

To get the transfer characteristics, we have varied Vin
from 0 to 1.8V in steps of 0.005V and simulated the
circuit as shown in Table 1. We have verified our result
with SPICE. The transfer characteristic is as shown in the
Table 2.

It is important to note that, the number of Gauss
Seidel iterations for convergence is more (7-8) around
inverter switching threshold voltage, whereas in other
input voltage ranges, the number of iterations is about 2-3.
This is expected, as we are applying iterative methods and

Table 1: Bremics-2 and commercial simulator comparison
Bremics-2 Commercial simulator
------------------------------ --------------------------------------

Nodes Sim.time Memory Sim.time Memory
1 k 5.61 0.643 0.51 1.7
10 k 85.21 6.33 8.79 15.8
50 k 793 27.7 123.46 79.14
100 k 1687.91 53.89 462.80 161.43
1.3 M 55999.4 602.3 69925.95 2185.08

Table 2: Bremics-2 and commercial simulator comparison in modified
circuit
Bremics-2 Commercial simulator
------------------------------- --------------------------------------

Nodes Sim.time Memory Sim.time Memory
1 k 2.03 0.69 0.79 2.13
10 k 47.91 7.16 10.83 19.75
50 k 301.88 34.8 120.2 98.93
100 k 646.19 68.9 507.08 201.78
200 K 1532.75 136 2069.93 402.5
500 k 4361.12 317.6 9682.52 1023.75
1 M 9298.36 642.6 49380.85 2082.3
2 M 19521 1283 - -

Table 3: Randomly generated loop free digital circuit
Nodes MOS transistors Time
25 100 0.03
250 1 k 0.33
2.5 k 10 k 4.58
25 k 100 k 61.1
125 k 500 k 327
250 k 1 M 697
500 k 2 M 1239

Table 4: Performance of bremics-2 using parallelization
Size Simulation time
8*8 0.06
16*16 0.25
32*32 1.78
64*64 5.43
128*128 21.02
256*256 82.34
512*512 326.42

initial guess plays an important role in the convergence.
So the convergence is faster when the transfer curve
changes very slowly and comparatively slower when the
curve is changing rapidly. 

Directed digital circuit: Table 3 shows the results of an
experiment performed on a randomly generated loop free
digital  circuit.  This   was   obtained   by   first  randomly
generating a directed acyclic graph and converting it into
a MOS digital circuit where the tail and head nodes of
each edge of directed graph correspond to input to output
nodes of logic gate. The order of nodes for Gauss Seidel
iteration was consistent with the edge directions in the
directed acyclic graph. It may be noted that the time for
simulation grows linearly with size and further that a 2
million transistor circuit is solved in 1239 sec.

Parallelization: Table 4 shows the Parallelization of
circuit simulation during point  relaxation  is  done very
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simply by breaking the entire node sequence into equal
length subsequences and assigning the subsequences to
different processors. Suppose there are n processors with
subsequence 1 to subsequence n being assigned to them.
If we have used Gauss Seidel iteration the nodes in
subsequence j would precede subsequence j+1 in the
iteration. During parallelization however we will modify
this procedure by allowing processor j to recognize the
updated value of nodes in subsequence I (i<j) only when
the entire iteration is completed. At that time each
processor would come to know of the updated values of
all nodes, adjacent in the circuit to the nodes in the
subsequence assigned to it.

Our experiments show that the number of iterations
in this scheme is on the average less than twice that in the
original Gauss Seidel procedure so that using n-processors
we can acquire a speed up of approximately n/2. This
analysis ignores time for communication between
processors which becomes significant in this scheme
when the number of nodes in the circuit is about 100
million.

CONCLUSION

WR method has proven to be effective decomposition
method  for  analysis  of  large  scale  MOS circuits. It is

based on the relaxation of non-linear algebraic differential
equation describing the system to be analyzed. The design
and organization of a circuit simulator based on the WR
method is presented. The primary aim of the present study
is to demonstrate that using an elementary relaxation
technique and parallelization with networked computers
as available in any design house entire chips of about 100
million transistors can be simulated in reasonable time.
This capability therefore allows the designer to query
successfully the exact potentials of significant regions in
the chip. There is lot of scope for further work with the
coding of each of the modules and their linking up.
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