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Abstract

Descriptions of CMOS circuits at the switch
level (transistor level) are suggested in the form of
predicate sets which make it possible to perform
their asynchronous simulation (i.e. simulation with
regard to propagation delays of transistors) using
logical inference realized in logic programming.
Examples of representation of proposed
descriptions of switching CMOS circuits are given
in programming language PROLOG.

1. Introduction

By now various methods and algorithms for
logic simulation of discrete devices represented
both at the functional element level and at the
switch level (transistor level) were suggested [1-5].
The main feature of CMOS circuits is that some
faults of CMOS circuits (for example faults of
transistor disconnection or shortcircuiting) cannot
be described efficiently using the stuck-at fault
model in a circuit represented at the functional
element level. Also, the layout of CMOS circuits
often includes both logical elements and transistor
fragments. Sometimes such fragments cannot be
presented in the form of functionally equivalent
circuit consisting of logical elements. That was
leading to intensive development of logic
simulation methods for CMOS circuits at the
switch level. At the same time continuous
development of simulation methods of discrete
devices requires to refine program tools for logic
simulation. But it is difficult to do if various
models of functional elements are used in the same
simulation system. Logic programming permits
frequently to overcome these problems because it
makes possible to describe different models
(Boolean functions given in the form of truth
tables, sets of cubes or analytical form; finite state
machines both abstract and structural;, graph-
schemes of algorithms, etc.) using the same formal
language (predicate calculus). Moreover, logical
inference is realized in logic programming systems
that makes it possible to avoid difficult
programming procedure of modified methods and
algorithms. However, in this case the formal

description problem of object being investigated
and task being solved in the predicate form is
arisen. In the papers [6-8] this problem are solved
for combinational circuits and sequential circuits
which are described by the synchronous and
asynchronous models. In the present paper we
propose the predicate description of CMOS circuits
at the switch level permitting to perform
asynchronous simulation with regard to single
delays of transistors, i.e. on the base of the simple
iterations method [1].

2. Setting aProblem

Let the wvariables xi,...,x,, describe signal
values at primary inputs of a circuit and the
variables yi,...,ym describe signal values in other
nodes of a circuit (by nodes of a circuit are meant
equipotential surfaces, i.e. sets of lines which are
directly connected among themselves). Modeling
will be carried out in the alphabet
F={0,1,m,0",1»}, where u is an indefinite
value of signal; O, I', n are the capacitance
signals 0, 1 and the indefinite value (unlike the
signals 0, 1 and un which are fixed by the signal
sources); z is the high impedance state appearing
when the node during a sufficiently long time
interval is isolated from the signal sources. The
alphabet V7 makes it possible to take into account
capacitance properties of CMOS structures and to
raise the accuracy of modeling.

The basic elements of the CMOS structure
represented at the switch level are the n andp channel
transistors being the switches with direct and inverse
control, and also the connection of several conductors
[3]. As models of the above listed elements we use
the functions given by tabl. 1-3. Tabl. 1 and 2
describe n and p channel transistor functions,
respectively, and tabl. 3 describes connection
function (for the case of two conductors). Here the
variables g and s describe signals in nodes directly
connected with a gate and a source of a transistor,
respectively; wd is auxiliaiy variable which describes
new signal value at a drain of a transistor as a result
of functioning the transistor (it is necessary to note
that a source and a drain of a transistor may be
changed places that makes it possible to use the same
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tables to find the new signal value vs at the other
informational terminal of a transistor using the signal
values at a gate (g) and in a node connected with
informational terminal of a transistor which now is a

following process of computation of signal values
in nodes of a circuit,

Table 1-3. Model

source (d); the variables v, and v2describe signals in ~ s i N i ~
Im_es formlng a.cor?ne(':tlo.n (for the case o,ftwo Ilpes), , ~7_ 1 y fD"" 7""6f ----- T A m
y is resultmg signal value m the node. If the signal j q p p @ e
values vi,...,vn arrive to the node then the resulting - ~ -~ q ~ - ~ o~ —
signal value y may be represented as sequential — “ q r-~" & 7z
connection of two signals: yt=v,#v2 y2=yi#v3..., ~ g q n i 5 -~
y=yn=#vn. The symbol denotes the operation ~H N A n p p | A
realized by the connection. In fig. 1the example of ~ ‘o= G ~ -~ j J =
switching CMOS structure which we use at a later “ o +# H (I I
time for illustration is shown. — ¢~ i "o J =
0]j 0" a z 1" a z 0 1 u
zZ a z z a z 0 1 0
. m_O 1 m_ N\ 0. 0.0
P m 0 wu " ron o 0 O
IL B mw un u " nw o u 0 wn 0
V6 w o unown " nou ' 0 O
2 mw' 0 u w1 vV 0
Ir < u o U w1 U T 11
iL"» o un' nou r r 1t
v8 ( noonon nooomntoun run u
Xi A b a \ z a 0 z 0 1 1
Il a z z a zZ Z ot 1
v, IL*~ t5 a [z a 0 z 0" 0 O
Ir* . y*© ., ¥
n ' v, 0o un
V2 Ir n' 1 1
*2 ¥ IL*~ %= nw O O
Ir 2 K/ o1 T '
IT~ h 0" m
v v | nw o nu
aevVv?
® To determine the signal values Yu=(yi'J,...,ymlJ) in

Figure L An example of the switching CMOS
structure (an inverter with three states of the
output)

Let us given the initial states of primary inputs

Xi=(xxj) and internal nodes of a circuit
Y'=(y!,...,yJj. If these states are unknown, then
x—4, i=~n and y/=u\ |j =1m.  Let

X H X_2...,.XI be some input pattern. The problem

is to find final state Y,=fy,2...ynQ after applying

tHe fnput pattern
The formulated problem can be solved by

means of logic simulation of a circuit on the given

input pattern. By asynchronous simulation with
regard to single delays of logic gates is meant

all nodes of a circuit, the signal values at outputs of
functional elements are calculated using inputs from
vectors X2 and Yj and functions realized by elements
(this process is known as iteration). Next, the vectors
Y/ and Yi: are compared. If Yt=Yu then the process is
finished and Y2=Y,j. Otherwise, the process is
continued and the vectors X2 and Yu are used as
previous state. The process is finished as well if two
neighboring iterations for which Y,AYh+, are not
~curred but it is achieved[some giver, integer K which

Imitf m™ al ™ 2berf ‘terat,0"s-Tn 0115 caseas, Y*
is taken YiIK which is determined in proggss ot last

iteration. But components of the vector ‘wh.ch are
"ot edual t0 corresponding components of the vector

are rePlaced b= IL f It « necessaT~to simulate
another input pattern X,, then the vectors Z; and Y2are
used as initial state and the computing process is

repeated.
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3. Predicate Description of

Asynchronous Simulation at the

Switch Level

By the finite predicate P(xi,...,xn) is meant a
function with the range {1,0} (or «true» and
«false», respectively) and domains of arguments

are the finite sets Xj,...  where Xj,exh i =1, n.

Let us consider predicate description of the
switching CMOS structure which may be used to
realize asynchronous simulation with regard to
single delays of transistors. To describe
functioning the n channel transistor, we use
following predicate

I Vd=f\(g>s)> vs=f\(g>d)>
0, otherwise

Herefj(g,s) is a function realized by the n channel
transistor (it is given by tabl. 1), i. Q.fj(g,s) describes
the new signal value vd at the informational terminal
of a transistor if signal values in the nodes connected
with the gate (the variable g) and the other
informational terminal of a transistor (the variable s5)
are known. In view of the fact that a source and a
drain of a transistor may be changed places
depending on signal values which arrive to
informational terminals of a transistor, the same
function fi{g,s) is used to find new signal values at
both informational terminals of a transistor.

Analogously, the p channel transistor can be
described by the predicate

> if vd =f2(g,s),
0, otherwise

llerefXg-s) is a function realized by the p channel
transistor (see tabl. 2).

To describe the function (the connection
function) realized in the node in which signals
described by the variables v; and v2arrive, we use
the predicate

=f2(g,d);
P2(g,s,d,vs,vd) = vs (9.d);

I if y=h(v\.v2),

P3A>V2>Y) =-1  otherwise.

Here/i(vbv2) is the connection function given
by tabl. 3. If signals which are described by the
variables vi,...,v,, arrive to the node then, as
mentioned above, the resulting signal value y
may be represented as sequential connection of
two signals. Corresponding predicate
P'3(¥1,....Y,,,Y) is connected with the predicate P3
in the following way

(P3(ybV2,yi)&P3(yi,v3yd &...
&P3(Yn-3, Vin-l,yn-2)8c

&P3(Yn-2\hy))*>P'3(vi, ...,\hy)=1

Hereyh...,y,2 are auxiliary variables.
To describe a single iteration in asynchronous
simulation process, we use the following predicate

Pa(xil..;xn,y{,....ymy{A...,y1) =

b if vd=f*r(gr:Sr)> vs=f.(gr,dr), r-\w
YL 1=f3(v/,.,v/.,yJde), j =1m;
0, otherwise.

Here y y nl are signal values in nodes of a
circuit before the (z+I)-st iteration; y/H,...,yn4
are signal values after the (/+])-st iteration;
far(gr,sr) is a function realized by the transistor r
(are{ 1,2}); gn sr, dre{y,\ describe signals
found in process of previous iteration in the nodes
connected with terminals of the transistor r; v/, v]j
are auxiliary variables which describe new signal
values at informational terminals of a transistor; w
is a number of transistors in a circuit; vI W are
variables describing signals which arrive to the
node j\ yje is a variable describing a signal
transformed to capacitance form in the node j
before the (/+1)-st iteration.

It is easy to see that the predicate P4{...) can
be represented via predicates which describe the
basic elements of the switching CMOS structure.
For example, in the case of the circuit shown in
fig. 1the following relation is fulfilled

(P2(X2,y/,y3lVi, V) &P] (X2¥3,Y4, Vj,v4 &
P 202>Y1>2 365V | &P2(X1,Y2,Y6, V7,Vg) &
P 1(X],y6,Y5'V9Vio)&PI(y3,Y5,Y4,Vn,VI) &
P3(l,VbV5yileyi, ) & P 3(v6Vv 7y, 2ely 2i+l]) &
P3&2,V3y'3,e,y3#) &P3(0,V4V12yl4.eydH) &
P3(vio, Y1,y 5,eY5+H)&P3(Y8,9,Y 6,e,y))
P4(xi,x2yi, ...,y6,yil+], m~Yol#)= 1.

To describe asynchronous simulation process

for the given input pattern as the whole we use the
predicate

Ps( K, XA,...,.XM,Y °,..y°"m,y X n

1, if there is such minimal k(k<K)

and the sequence of the vectors

(y\.-.yi) that

i =1
or, if there is not such k, then k-K and yk=yf,

if oy tf-1
or yk =u, if yf *yf~

0, otherwise
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Let us given some input sequence Xir Xl4,...,
XP and the initial state -y *"") of all
nodes of a circuit before applying the given
sequence. The problem can be formulated as

rcllows; to find out final state Y, (y/\...\Y,,p) of
all nodes of a circuit after applying the given

input sequence.

Solution of the formulated problem on the
base of asynchronous simulation with regard to
single delays o¥ transistors can be described M
the form of following predicate

P6(1,p,Y\N~X....Y XYY ,...,Ys,) -

1 it f[Pb(Kx{..xeyr\...y-]yl...,ym) =\
53
0, otherwise

4. Realization of Asynchronous
Simulation at the Switch Levelin
Programming Language PROLOG.

Predicate descriptions of asynchronous
simulation of CMOS circuits at the switch level
that were considered above can be directly
realized using programming language PROLOG
[9.10]. To represent variables in predicates let
us use variables of the type INTEGER in
PR ee. to res’t’rl‘f'fc regions oP varfables (for
example, regions ol variables which describe
signals in nodes of a circuit) we shall use the
special predicate region(X). For example, if the
alphabet F7={o,,w,0\\\u ,zZ} is wused to
describe signals in nodes of a circuit then,
beforehand replace the symbols ‘O, ‘T, V,
‘o', ‘r', v,z by 0, 1 2 3, 4, 5 s,

z
respectively, and after that the predicate

region(X) is defined in the following way
region(X):-X=0;X= 1;X=2,X=3,X=4;X=5;X=6.

Here and below we use the notation which is
accepted in programming language PROLOG
[9.10]. In particular, disjunction is denoted by

the symbol  and conjunction is denoted by y .
Let us consider how the predicates mentioned
above can be represented in PROLOG. To
describe the given input sequence we use the
predicate input(N,XI,...,Xn), where N is the time
when an input pattern described by the variables
Xl,...,Xn is applied to a circuit. The predicates
which describe the n and p channel transistors
and the connection can be written in the

following form:

and rujes using tabl.
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n_transistor(G,S,D,Vs,Vd), p_transistor(G,S,D,Vs,Vd),
connector(VI,V2,Y).

These predicates can be defined by sets of facts
1-3. For example, the

predicate n_transistor is defined in the following
manner-

n_transistor(G,S,D,Vs,Vd):-G-T,S-0,D-0,Vd-0,

N
Vd=2,Vs=2,G=|.5=5D=5.Vd=5,Vs=5; etc.

The predicate P4(xi,...,.xmy/,....,ym\yi"]...,ymn!)
which describes single iteration for asynchronous
simulation is represented in PROLOG as the
predicate  switch_simul_iter(X7,..,.Xn, Yl,..., Ym
YIl,...,Yml). For the switching CMOS structure
shown in fig. 1 this predicate can be defined in the
following manner:

switch_simul_iter(X1,X2,Y1,Y2,Y3,Y4,Y5,Y6,
Y11,Y21,Y31,Y41,Y51,Y61)>
Pjransistor(X2,Yi,Y 3,vi,v2),
n_transistor(X2,Y3,Y4,V3,V4),
p_transistor(X2,Yi,Y2,V5,v6),
p_transistor(X 1,Y2,Y6,V7,V8),
n transistor(XI,Y6,Y5,V9,V10),
n_transistor(Y3,Y5,Y4,VI 1V12),
cormector3(l,VI,V5,YIl),transform(Y2,Y 2e),
connector3(V6,V7,Y2e,Y21) transform(Y3,Y3g),
connector3(V2,V3,Y3e,Y31),

connector3(0,V4,V12,Y41) transform(Y5,Y5e),
connector3(V10,VI I,Y5e,Y51),transform(Y$,
Y6e),connector3(V8,V/9,Y6e,Y61).

Here the predicate connector3 is used to
describe a connection of three signals and it is
defined through the predicate connector in the

following manner:

@nnector3(VI,V2,V3,Y):-connector(VI,V2,Y1),

connector(YL,V},Y).
The predicate transform(Y,Ye) is used to
transform signal value described by the variable Y

to capacitance form (the variable Ye) and it is
defined in the following manner:

V=0 Vp=AIRTOIM{Y, Yel;Y 0. Ye-3Y-| Ye-d;
Y75 Ye-S Y-0 Ye-0'

The predicate Ps(K,xh...jenyio,...,ymoyikK...,
ymR, which defines all iterated process for
asynchronous simulation of the given input
pattern, can be represented in PROLOG by the
predicate switch_simul_pattern(K,XI,...,.Xn.
YI,..,.Ym,YIk,...,Ymk) which is described in
the following manner:

switchjdimuljattem (K, X1,...,Xn,Yl,...,Ym YIk,
<y YMK)>
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switch_simul_iter(XI,...,.Xn,YI,...,.Ym,Ylp,

... Ymp),end_switch_simuljpattern(K,XI,...,Xn,
Yl,...YmYlp,...Ymp,YIK,...,YmK).
Here the predicate end_switch_simul_pattem is
used to complete iterated simulation process and it
is defined in the following manner:

end switch simul pattern(KX1.. Xn)Y 1..,Ym,
Ylp,..., Ymp,Ylk,..., YmK):-Ylp=Yl,...,
Ymp=Ym,YIlk=Ylp,...,Ymk=Ymp,!;
ncomp(Y1,..,Ym,Y Ip,..,Ymp),T=K-1,T=0,

endl(YL,YIp,YIK),...endl Ym,Ymp,YmI8,

ncomp(Y1,...Ym.Yip,...,) mg,z,T:.K-I,T> ,
switch simul_patter (/rx,..., , p,...,\\fmp
Y1K,...TYmK)

Here

ncomp(Yl,...Ym,Ylp,...,Ymp):-
YI<>Yip,k....;Ym<>Ymp.

endl(Y1,Y2,Y3):-YloY2,Y3=5;YI=Y2,Y3=Y2.

The symbol T designates the standard
predicate “cat” which allows to complete
calculating process. Predicates ncomp and endl
are auxiliary and they were being defined above.
To define the predicate switch simul pattern,
recursion is used (it is assumed in PROLOG).

The  predicate
uhich describes asynchronous simulation of the
given input sequence, can be described in
PROLOG in the following manner:

M'tch_simul_sequence(l,P,YI,...,Ym,\qI(Ip,...,
Ymp):-1=P,input(l,XI ,..., Xn),
switch_simul_pattem(K, X 1,...Xn,Y 1,...Ym,
Ylp,...Ymp),!;
i<P,input(l,XI....,.Xn),
svvitch_simul_pattem(K,Xl,..., Xn,YI,...,Ym,

i Ik,...,YmK),R=I+,
>\vitch_simul_sequence(R,P,YIk...., YmK,YIp,
.Ymp).

CONCLUSION

The considered predicate descriptions of
INIOS structures at the switch level make it
r»?ssible  to  perform  their  asynchronous
ijnulation with regard to single propagation
ichavs  of  transistors.  These  predicate
inscriptions were experimentally tested using
ic>eral circuits. Predicate descriptions, which
birr derived for circuits, are comparable to
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complexity with traditional structural
descriptions of circuits in logic simulation
systems. On the other hand, representation of a

circuit in the form of the predicate population
does not require to construct original programs

for logic simulation, but makes it possible to use

logical inference realized in logic programming
systems for finding desired solution.
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