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ABSTRACT

A program for transient analysis of

large scale digital integrated circuits,
based on a CHARge COntrol approach, is
described. A relatively simple explicit

algorithm has been developed. The proposed
algorithm uses the unbalance of the
conduction currents at each node to compute
the charge stcred on capacitances connected
to that node. The program CHARCO was
originally Gesigned for digital MOS
- circuits and is suitable only for transient
analysis. Circuits ranging from simple
inverters to ring oscillators, transmission
gates, and £lip~flops have been analysed.
For small-complexity- bipolar circuits, the
CPU time " is gimilar to that needed for the
SPICE2 circuiz simulation program. How-
ever, for medium scale MOS circuits the
computing time is 10 to 100 times shorter.
The comparative advantage of
program increases with circuit complexity,
since the CPC time increases linearly with
circuit size.

INTRODUCTION

Increased complexity of integrated
circuits makes ' their analysis more diffi-
cult. To handle that, special purpose
computer programs have to be utilized [1l].

One of the problems arises from the fact

that usually the
faster <than
circuit.

CPU time increases much
) the size of the analysed

In most of the circuit analysis
programs transient circuit - analysis is
performed in such a way that for each time
step multiple circuit 1linearization and
solution of Zinear circuit equations is
carried out Zeading to new values of
voltages for the next linearization

step. Waveform relaxation method developed
at Berkeley [;] is a notable exception to
that rule. The algorithm operates in the

time domain using voltages as function of
time rather than the instantaneous values.
Though the method requires a large computer
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the CHARCO .

memory, it nevertheless allows for nearly
50-fold reduction in the CPU time in
comparison with widely used circuit
analy=is program SPICE2 [3]. The disadvan-
tage >f this algorithm is that the CPU time
is c.z2arly dependent on circuit topology
and its practical application is limited to
digital circuits with low number of
feecback loops. :

In this paper, we describe a simple
explicit method in which the computing time
for MOS medium-size circuits - is on average
10-100 times shorter than that required by
the SPICE2 program, the higher number being
for the default values of optional parame-
ters of SPICE2, which were used to obtain
the reguired accuracy. Explicit integra-
tion method bhas not been widely used
because of convergence problems, requiring
time steps smaller than the smallest time
constants in the «circuit [41[5). It is
true that this can cause problems for
analog circuits. However, this method can
be very attractive for digital IC simulat-
ion. Digital eircuits are designed in such
a way that all sub-circuits have time
constants of the same order and they are
usually constrained by technology limitati-
ons.

The program CHARCO has a similar input
data structure ¢to SPICE2. However, it is
not identical since -it is based on a
different algorithm, is only £for transient
analysis and uses other control parameters.

PRINCIPLE OF THE ALGORITHM

It is assumed that the circuit to be

-analysed has the following properties:

- It contains capacitive elements, the
values of which can be treated as constants
in each time step. These values can be of
course modified .after each time step.

- It contains non-inertial elements
with current(s) that may be non-linear
functions of two or more nodal voltages.

.
0y

CH2255-8/86/0000-0548 $1.00 © 1986 IEEE



In such a circuit, for the i-th node the
algebraic sum of currents 1is zero and the
following relation is fulfilled:

av
-3 =0
dt

N
F(V,V,..., V) + T ¢ (1)
i 1 2

i N i=1 ij

The first
-is the sum of
second is
The number

component in expression (1)
conduction currents and the
the sum of capacitive currents.
of equations is egual to the
number of independent nodes and the nodal
voltages are the unknowns. The standard
approach is to perform the linearization of
such equations and then apply the Newton-
Raphson and sparse matrix techniques.

the
the
the
are
any
the

The proposed algorithm is based on
assumption that for each time step
conduction currents are constant since
changes of voltage after each time step
so small that they do not affect in
significant way . the flow of current in
circuit. In the simplest case the value of
the conduction current
the preceding time step, or it can be the
average value <for this time step estimated
with respect to changes in the preceding
time steps. Even in the most precise case,
the average value can be determined from
one or more.test time steps. It is worth
noting that the values of conduction
currents in (1) are given in explicit form,
and the method for their computations
depends only on the adopted description of
element models.

Since the ' values
currents are known and constant capacitan-
ces are assumed during- a given time step,
the problem simplifies to the solution of
the set of linear eguations. Each node is
described by the expression::

of conduction

N av
L C  --i=g (2)

j=1 ij dt
F; corresponds to the values of the
unbalanced conduction currents AIj; in the
i-th node, and is computed explicitly. The
_resulting set of linear differential
equations is numerically solved by intro-

ducing discrete time steps

At. In the

simplest case the forward Euler method can.

be used, and an algebraic of linear

; set
equations is obtained: - .

ICNN] [AV ] = [At* AT ] =1AQ]) (3)

can be taken from .
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The above relation describes the
capacitive network with forced nodal
charges Q. The solution is the node
voltage increments after each time step.
Of course, one can adopt more precise
methods of solution of the set of differen-
tial equations (2). A possible approach is
to use a higher-order Runge-Ruta method or
one of the implicit solution methods.

A physical interpretation of the
algorithm is that it is based on controlled
charge flow between capacitances of the
circuit. At each time step, because of
conduction currents, charge is distributed
among circuit capacitances. The algorithm
of the program is thus based on the Charge
Control approach, hence the name CHARCO.

network is
dominant main
calculations of
among capacitances can
be performed by using simple iterative
procedures (e.g. Gauss-Seidel). In the
case of integrated circuits, the efficiency
of such algorithms can be very good because
grounded capacitances usually far outnumber
coupling capacitances (except for saturated
bipolar digital circuits), thus the
dominance of the main diagonal is over-
whelming and the convergence is fast. How-
ever, the convergence is slow for circuits
with large coupling capacitances. For that
case a method of rapid convergence was
developed based on the assumption that the
variation of node voltages with time can be
approximated by an exponential function of
time [5]. . : .

A passive capacitive
described by a matrix with a
diagonal. Therefore,
charge distribution

TEST RURS

To test the algorithm and the program,
circuits ranging £from simple inverters to
ring oscillators, transmission gates and
flip-flops have been analysed. The equiva-
lent circuits £for the bipolar NPN and
N~channel MOS transistors are presented in
Figures 1 and 2, and the functional
dependence of the respective transistor -
models are shown in Tables 1 and 2.

The CPU times for selected circuits
and various computing options are summariz-
ed in Table 3. All computations were
performed on a VAX-11/780 computer. D

The method described is attractive for

circuits. Generally, the CPU time
increased linearly with the number of
circuit elements &and number of nodes.
Since static analysis does not. precede
transient analysis, no problem with
convergence oOCCUIS in regenerative-type
circuits. The program will always give a
solution if a small enough internal time
step is chosen.
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TABLE 1

FUNCTIONAL DEPENDENCE OF THE NPK BIPOLAR
TRANSISTOR MODEL
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Fig.2. Equivalent circuit for the N-chan-

nel MOS transistor model.

TABLE 2

PUNCTIONAL DEPENDENCE OF THE N-CHANNEL MOS
TRANSISTOR MODEL

Ter = Iop [exp(Vgg/ Vo)=1] - (14 Veg/ Ve)
Tcer Ion [exp (Vge/Vo)-1] - 1+ Vgg/ Vi)
To=Ier/Be+ Ier/Br
Ic=Icr-Icr (17V/BR)
T =Ien-Iep- (141/8)
Coe= Caro™(Veg*+ ) ™0°
Cac=Caco (Vea* @)™
Ce=TerTe/Vr
Cr=Ier @/ V1

Igp, Igg~ forward and reverse saturation
currents,
V1~ electrothermal potential,
VF'VR- forwaréd and reverse . EBarly
voltages,
Bg, Br~ forward and reverse current
C CB galnsé‘ depleti i
’ - zero-bias epletion capaci-
BEO~BCO tances of B-E and B-C junc-
tions, .
¢ - built-in potential,
Te.TR™ storage times for B~E and B-C
junctions (forward and reverse

transit times).
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Vi =obs(Vbs)
Vo= Vgpgi if Vpg < Veg then \/2=VDB
Vs=Vgs s if Vgp > Vgs then Va = Vop
Vow Vrno* 7 (8 - V2105 -493]
Va=Va =Vr
Vg=AV-exp [(Vy /avy-1]y
it V4 <AV then Vg=Va,
it V, <V, then Vg=V, )
I =B-(V, ~05Vg)-Vg (14AV )y
if Vg < O then Ipe=Ip
Csp=Csgo" (Vas+ 372 -

Cog=Cpso (VeD* ¢

)05 "

VTHO- zero-bias threshold voltage, -
Y- bulk threshold parameter,

¢~ built-in potential, - G
AV~ subthreshold conduction para-

meter, : ‘

B = device transconduction para-

meter,

)\- channel-length modulation para-
meter, - : :
zero-bias §~B and D-B capaci-
tances.

c
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TABLE 3

RESULTS OF CPU TIMES FOR SELECTED CIRCUITS (IN SEC)

|ANALYSED CIRCUIT | CHARCO | SPICE2G
|
| ] | For default | For given
| | | values of optional | values of optional
| ] | parameters; | parameters;*
!
|4-stage bipolar inverter; | 5.10 | 23.66 |
{10 nodes, 4 transistors, - | ] |
|8 resistors | | |
|
|CMOS inverters | ] MOS model
| | Level 2 Level 1 Level 2 Level 1

|

!4 stages; 6 nodes, 8 transistors | 1.26
{7 stages; 9 nodes, l4 transistors : 1.99
;9 stages; 1l nodes, 18 trénsistors } 2.34
597 stages; 99 nodes, 194 transistors } 23.04

75.78 27.90 20.14 16.25

180.72 54.39 31.04 25.20

264.99 74.29

I
I
|
|
| 37.65 30.39%
[

|

RELTOL = 0.1, ABSTOL = 1 nA, VNTOL = 10 ma,

CONCLUSIONS

The results show, that the described
algorithm is fast. This is specially evi-
dent for MOS «circuits where the coupling
capacitances between nodes are small and
the characteristics of MOS transistors are
less nonlinear than those of bipolar tran-
sistors, where large nonlinear collector-
base capacitances and saturation may be
encountered.

The method we have described for the
transient analysis of nonlinear networks of
resistors, capacitors and sources requires
the CPU time proportional to the circuit
complexity in contrast to other methods,
where the CPU time rapidly increases with
the increase of circuit nodes. The advan-
tage of the proposed program is especially
evident for large circuits. It also has

small memory requirements because of a,

compressed form of data structure.

CPU time for 1large circuits can be
further reduced by taking advantage of
signal latency, that is, by identifying
nodes at which voltages change negligibly
during a time increment.. In such cases, it
is easy to temporarily omit some of the
nodes during the analysis. Such an
approach is rather difficult if standard
matrix technigues are used.

One of the limitations of the algo-
rithm is that the minimum time step has to
be smaller than the smallest time con-
stant. If one needs to perform the
- analysis for . long time periods, than a
simple approach is to artificially increase

CHGTOL = 1lE-12, ITL2 = 20, ITL3 = 2 [4]

the smallest circuit time constants making
the values of these time constants compar-
able to the time step. This guarantees the
convergence of the numerical process, but

does not significantly affect its accuracy.
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