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Abstract

The problem of high operational reliability is
closely related with testability and self-testing
as well as with fault detection test generation
and test completeness examination for VLSI
and electronics made on such a basis. General-
ization of effective bipolar gate structure fanlt
simulation methods is presented, and CMOS
fault simulation problems are discussed for an
extended class of faults. The class includes
stuck-at, transistor stuck-ON and stuck-OFF,
breakage, and shortage faults. A through CMOS
fault detection method has been proposed for
faults to be detected on the input set given.
The method differs from concurrent-deductive
simulation being familiar in literature, by ap-
plication of a switch model of a structure ana-
lyzed, that does not fit the classic switch sim-
ulation theory conceptions.
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1 Introduction

Fault simulation is known to be used to ex-
amine test quality when designing the test by
means of random search method. Bipolar struc-
ture fault simulation problem is given much at-
tention in literature. Methods based on deduc-
tive simulation ideclogy [1], [2], are the most
effective between well-known ones as applied
to gate structures. The deductive simulation
method is developed enough to simulate stuck-
at faults at the gate representation level [2]-[13]

for circuits using Prograinmable Arrays [14], [15].
However, practically all available simulation
methods had become invalid when CMOS tech-
nology began to use. It concerns, primarily, to
the fault simulation methods based on the gate
cirenit representation and classic switeh simu-
Jation theory. To simulate correctly the real
CMOS structure faults at logical level, it is re-
quired to represent a circuit at so-called switch
{transistor) level, because number of effects ap-
peared in these structures can’t be specified
satisfactory at the gate level of device repre-
sentation [16], [17]. So in ref. [16] it has been
shown that to simulate a break fault F ap-
peared at one input of a NOR. element one can
specify this case by stuck-at-0 fault model (= 0)
and detect it on the input set {01}, what is
impossible if the given element is produced us-
ing CMOS technology. In this case the above-
mentioned fauli transforms the gate element
to a memory element, and to detect the fault
one should use fanlt detection test with length
equalled 2. Therefore, the following sequences
of sets: {10-00}, {01-00}, or {11-00}, may be
used to detect this fault. Hence, the fault sim-
ulation at the gate level is physically impracti-
cable. An extensive literature devoted to
MOS/CMOS test diagnosis and simulation is
presented in ref. [17]. There are gate struc-
ture synthesis methods that make it possible to
implement device operation modes with pres-
ence of certain classes’ faults. However, similar
methods are not formalized satisfactorily, and
practical implementation of them appears to be
inexpedient due to both complication of infor-
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Figure 1: The digital structure CIR: 1,...,%p,-
structure inputs;  2p,..., Zm,-structure out-
puts; ®-one of the function-block struc-
ture; 2y, ..., L,-external inputs of the block
D5 it 1y 0er Tnsk-block internal-state variables;
Ziy ey 2~ Dlock  outputs;  Aj, ..., Apgp-set of
faults to be detected at the correspondent in-
puts of @.

mal synthesis and excessive growth of complex-
ity of a structure simulated.

The adequate CMOS-structure simulation prob-
lem may be solved satisfactorily at the switch
level, where operation of a separate transistor is
described by alogical model. Nevertheless, this
representation level does not make it possible
to solve effectively the fault simulation prob-
lem for 1Cs of modern sizes. Therefore, while
solving this problem it is expedient to repre-
sent the examined structure at the hierarchical
function-switch level with blocks, combined in
the framework of the single model, which are
represented both at the function-logical level
and at the transistor one.

There is a number of papers describing MOS-
structure logic simulation at the switch level [16]-
|24], nevertheless, fault simulation on this level
has received little attention. Something of prac-
tical results of parallel fault simulation at Lhe
switch level is presented in ref, [24]. Yet known
features of gate-structure parallel fault-simula-
tion connected with low efficiency of event sim-
ulation process orgamnization are dramatized on

the switch simulation level and require of a
great gnantity of sequential caleulations when
simulating faulty modifications.

In this paper we represent a generalized concur-
rent-deductive method of gate-structure fault
simulation and propose main formulae for
through caleulation of extended-class fanlts for
transistor representation of MOS structures. We
use a healthy-structure logical model based on
representation of the structure simulated by an
otiented graph of Petri’s network and dynamic
increment caleulation methods under conditions
of dynamical change of the graph structure,

2 Features of Deductive Fault
Simulation at the Gate Level

Among gate-level fanli-simulation methods
known in literature the methods based on the
deductive simulation ideology are the most ef-
fective ones [1]-[15]. These methods are based
on estimation of the given class of faults which
are detected in test points of the device imme-
diately at the stage of healthy circuit simula-
tion. In general case the task to calculate the
faults specified above reduces to the problem of
calculation of fault sets to be detected at the
output of some function block of the structure
analyzed.

Let us consider the circuit ClR that contaius
ny inputs and mmq outputs and sorme test points
(Fig.1). Consider generally the estimation me-
thod to detect faults by an example of one of
the function blocks (the @ block) of the given
circuit. The bloek is considered to be a finite
automaton. Let us denote external inpuls of
the @ block possessed by the CIR structure an-
alyzed, by @1, 23, ..., ,, the block’s outputs by
2, 29: vory Zm, and variables, determining the in-
ternal state of block with memory (a nontrivial
automaton ), by Zni1, gy oo Engk. By the in-
puts of the sequential-type function block are
meant 1,2, .y Fus Tadls Enty oo Tk whe-

reas the inputs, corresponding to the external
input variables, let be 2y, 23, ...,2,, and vari-



ables of the internal state let be T,p1, Zug2, o
Tt

Let us suppose that with applying some input
set X; of the analyzed test X = Xy, X5, ..., X,
at the mputs of the function block at time ;.
a signal has appeared that is described by the
correspondent multivector of length n+ k. The
vector’s components correspond to the original
variable alphabet, that is accepted to describe
a discrete signal in the frame of the model used.
Let the original alphabet of variables be U7 =
{1, 2, g}, Assume that fault sets A;, Ay,
Anyt to be detected at the correspondent in-
puts of the block @ with the given input set
X; of the cirenit CIR are associated with the
inputs 24,42, .oy k. The sets Ayiq, ey Antp
include the faunlts which had been detected be-
fore the moment the input vector under consid-
eration appeared at the external inputs of the
block @ due to fault storage phenomenon, The
deductive simulation idea is in following:

1. The cutput state vector By, = (by,ba, .0y bin),
brobo-by € U is determined for a faultless-
cireuit funetion block @ that at the instant #; ol
time accepis the input action described by the
input vector Ay pp = (@1, a2, usflns ah 115 G043

w69 1) The block ® was in some initial state

10 . 0 {1} 0 0 0
AR = (@415 Grggs o Gy )y Tngts Bngas s

., € [, The external action described by
the vector A, = {@1y B2y ey Bn)y G212 figy ey By €
U7 comes to the external inputs zy, #q, ..., Ty.

Denote the vector of a new internal state of the
block by Ap= (arﬂ-l-] 38044 ﬂ'!l-l-k)-s Qrd1g ey Ak
€ UU. The block response vector is Byip =
(b1 ooy bpgr ). It specifies a signals state at
the block outputs as well as new values of the
block’s internal state variables.

2. Using the block transition /output table, the
vector subset Wi, (p = 1,...,p) is determined
from the vector set of output states for the
given element type. The states should satisfy
the following condition: every vector of the
subset W, should differ from the vector B,, by
at least one component having definite value
inversed as compared with By,.
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3. The input state vector .ﬁiﬂ+k is determined
for every vector wy € W,. Af this state the
signals specified by w; are generated.

4. The fault set I" to be found on the given test
of length s af the block’s outputs is calculated
as follows:

F= U (U (N UaUe) @

f=1.5 p=1,5 €1 ieQo

where )y is the set of the block’s inputs, which,
being in healthy state, accept signals’ logic val-
nes inversed as compared with correspondent
items of the vector A, qp; Qo the set of mputs,
having the same logic values; e” an internal
block fault. FEg. (1) represents an universal
model to calculate faults to be detected at the
outputs of the function block represented as a
digital automaton.

As a rule, practical implementation of the test
completeness analysis computation procedures
process only binary input vectors at the cal-
culation stage. I no convergent branchings
are supposed, the caleulation process may be
simplified significantly with increasing of the
calenlation efficiency. Lig. (1) makes it possi-
ble to refuse to use the idea of function-block
parallel simulation on the number of the input
vectors used usually in practice of concurrent-
dednctive fault simulation, and to replace it
by scanning of transition tables presented in
proper form.

3 Features of the Switch Sim-
ulation Methods

Various transistor-level digital-structure simu-
lation approaches are known in the literature
[16], [18]-[24]. In ref. [18]-[20] the CKA-simula-
tion method is proposed, permitting to repre-
sent any MOS-structure component by a mul-
tiform model and, in a way, to combine these
models according to the structure of the cir-
cuit to be modelled. The signal is represented
by the two-component vector (55,5), where
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Pigure 2: CMOS structure fragments; resis-
tances of the transistors 74,7y, Ts equal 2,
those for the fransistors 14, Ty, T; are 4.

85 is the signal state (S5 € {0,1,2,2}), 5 is
the signal streagth (S = {1,2,..}). The sig-
nificance of the signal representation depends
on dimension of the strength value set and de-
termines, to a certain extent, adequacy of the
maodel obtained. The method to determine a
static switching-structure node stateis proposed
in ref. [21]-[24], that is based on search of the
path having the least resistance between the
node and the source of the fixed signal. How-
ever, the path resistance is supposed o be de-
termined by the greatest transistor resistance
from amongst the transistors located along the
path. So, the resistance of the circuit formed
by transisiors connected in parallel is deter-
mined by the transistor having the least re-
sistance. The resistance of the circuit formed
by sequentially connected transistors is deter-
mined by the transistor having tle largest resis-
tance. This assumption simplifies significantly
the calculation procedures, but it can give er-
roneous results. I transistor resistances of the
cirenit took the values shown in Fig.2, the sig-
nals would be equal 1 at the output 3, and 0
at the ontput yg, but this estimate isn’t consis-
tent with what is observed really. The circuitry
analysis shows that the two outputs have the
intermediate level corresponding to the value
of . This drawback is eliminated in ref. [24]
by searching of the shortest path to the node
using increment graph algorithms.

In vef. [16] the formal digit structure model has
been proposed at the function switch level in
term of Petri’s modified circuit. Use of such a
model makes it possible to reduce the switch

circuit simulation to performing the Petri’s cir-
cuit. The structure-component multiforin mod-
els suggested in ref. [18][20] have been used
here. The purpose of this article is to deter-
mine the approach to simulate a healthy strue-
ture in such a way as to provide the best solu-
tion of fault simulation problem and to develop
effective method te simulate the faults on this
base, rather than to compare the known meth-
ods of swifch-level digital-structure simulation
by function representation adequacy and simu-
lation efficiency. Tnvestigation of this problem
has shown that the simulation methods based
on global graph algorithm application [21]-[24]
are less effective for fault simulation, and, on
the contrary, graph increment algorithms (only
slightly affecting dynamically the base model)

prove to be the most preferable.

4 General Features of the Ob-
ject Simulated

The elements of the switch cirenit are
MOSFETs operating as valtage-controlled re-
sistance switches. They connect two nodes with
low or high resistance in dependence on their
states: "transistor ON” or "transistor OFF”".
In another way, MOSFET behaves as voltage-
controlled nonlinear resistor, in which gate volt-
age controls resistance between the source and
drain nodes. In MOS structure logical func-
tions are made with connectors. Pull-down tran-
sistors work as signal commutators, pull-up ones
as signal sources. Any trausistor is specified by
certain resistance to be dependent on the tran-
sistor’s geometric dimensions and a set of tech-
nological parameters and operation conditions,
Analog resistance parameters of elements are
not taken into account in at explicit form at
the switch simulation level as opposite to the
circuitry one. Some logical resistance value is
assigned ta each transistor, to make it possible
to correlate and to digplay in an indirect way
conductances of signal paths from the fixed-
signal source to the cirenit’s outputs. The more
logical resistance levels are taken.into consider-
ation in simulation, the higher is valence of the



simulation algebra and, respectively, precision
of the models created.

A MOS strocture is considered to be a fixed-
signal source commutation system. The struc-
ture elements are sources of fixed and alter-
native signals (power supply sources, grounds,
and input signals of the circuit), dynamical-
signal sources (capacitive sources), transistors
operating in a switch mode, and pull-up tran-
sistors. The MOS structure shown in Fig.3 im-
plements XOR function.

5 Digital Structure Fault Sim-
ulation at the Switch Level

MOS-structure switch-level funetions are formed
with connectors that may be modelled by some
equipotential surface, where the logical func-
tions are implemented by means of wiring. Let
us consider the task to determine the fault set
F: to be detected in some node i of the switch
structure STR, when the input vector X; (Fig.4)
is applied. The faults like breakages, "transis-
tor stuck-OFF”, "nodes stuck-at”, and "tran-
sistor stuck-ON" are considered. The connec-
tor input lines, zy, 3, ..., @), may be associated
at this moment with the fault sets of the given
class, A9, A}, A3, AT, ..., A0, A}, AF, A%, where
the subscripts point at the connector input num-
ber, the superscripts indicate the line logical
state related with emergence of the fault pos-
sessed by the set considered. Thus, for exam-
ple, A is the set of STR-structure faults which
generate the signal, corresponding to the high
impedance, at the given branch of the logical
signal state. In a general way the fault set
A, = {A}, AD, A7, AT} is associated with the
connector’s output. The faults occurred in the
STR circnit set up the correspondent ountput-
line logical state.

It was mentioned above that in MOS-structures
the switch function is made by connectors, which
may be modelled by some equipotential sur-
face or wiring logical element. The connector
is assumed to be in logical "0” ("1”) state,
and the input action specified by the vector
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Figure 3: An example of a CMOS structure

Ep = (e1,€9,..,€4), €1, €9y .05 €5 € I comes to
the connector’s inputs at some instant £ (logical-
signal strength is supposed fo be the same).
Suppose y = ejFtesftey = 0. Tt is required to
determine the fault set F‘!L sefting up the stale
"1 in this node, i.e. the faulis to be detected
here. Purthermore, F¥ and [} are to be de-
tected. Tt is apparent that to defermine £,
F¥ and Fy one may use eq. (1) to describe the
connector as a digital automaton. In this case
A;, Ay are supposed to be a set of faults which
change a line logic state to a new value pos-
sessed by the set U = {1,0,z, 2} rather than a
fault set to be determined at the correspondent,
connector input.

Let us consider in more detail calculation of
the fault set associated with a switch pull-down
transistor output. The switch-type MOSFETSs
are known to be hidirectional. The direction of

Figure 4: A connector as a logical element of
MOS structure,
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Fignre 5; The modified Petri’s network

signal propagation is determined dynamically.
In a general way, it depends on both the tran-
sistor location in the circuit and incoming ex-
ternal signals. For the open transistor the di-
rection of signal propagation is known at ev-
ery instant of time. The signal iz believed to
propagate from the node having greater signal
strength to another one with less strength lavel.

Let us denote transistor’s outputs as follows: g
- gate, 8 - source, d - drain. Every node con-
nected with the transistor is associated with
sets of given class of faulls, changing the state
of the correspondent line at the instant given.
Let the signal {g,s} ={0,0} or {g,s} = {0,1}
comes to n-type transistor inputs. In this case
the transistor will be closed, and to model its
output stale as z seems to be reasonable. De-
note F? the set of faults which can alter the
state of the transistor output d to 0, F} to 1,

and F§ to . FY, F1, and F¥ are introduced
as [ollows:

o for the combination {g,s} = {0,0}

Fi=(F\(FRUFZUFE)) Uk

Fp=(F\(BFUR))UENE) @)
Fy={F}, F}};
o for the combination {g,s} = {0,1}
F=F} (1 F?
=h
d
(3)

Fz=(Es N(FUE)) UL N Fe)
Fd:{Fngi:Ff}:

where F; and F are fault sets which cause log-
ical "1" to appear a logical state + € {0,1,2,2}
at the line g or s; e* the "transistor stuck-QN”
fanlt.
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Assume that the set {g, s} = {1,0} or {g,s} = References

{1,1} comes to the n-type transistor input. For
the case {g,s} - {1,0}:
Fi=F)Ur;UF;UF;Ue
=(E\(EUE)) U(F\(FzURD)
Fy :{Fdzu J‘?}s
(4)

where e the internal "transistor stuck-OFF”
fanlt.

For the set {g,s} - {1,1}:

F‘:e
Fe=F)\(Fj U Fy UF;)
Ff—(r““n PPUR))U(E\(FUR))
Fy={F}, F3,F§}.
(5)

By analogy, one can write the equations to cal-
culate the fault sets F9, F}, F¥ and FZ to be
detected at the output d of a p-type pull-down
transistor. For the transistor to be used as a

load the following equations are valid when the
fixed signal & € {1,0} comes to the input X
from a fixed signal source:

Fi=e*|JF;

e (6)
Fy =k,

Egs. (1)-(6) make it possible to carry out through

calculation of the expanded class of the fault
sets to be determined in the given test at the
stage of simulation of a healthy digital struc-
ture represented at the function-switch level.
For this purpose the structure of Fig.4 is pre-
sented as a modified Petri’s network (Fig.5).
The structure simulation is reduced to perfor-
mance of the Petri’s network [16]. Caleulation
of faults to be determined is carried out in ac-
cordance with eq. (1) - (6) at the stage of cal-
culation of the network marks.

6 Conclusion

The approach proposed to simulate MOS-struc-
ture faults at the expanded fault class makes it
possible to carry out analysis of digital circuit
test completeness that is comparable with gate-
level fault simulation.
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