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Switch-Level Testability of the Dynamic CMOS
| PLAT

B.F. Cockburn and J.A. Brzozowsk:

Department of Computer Science
University of Waterloo

Waterloo, Ontario
Canada, N2L 3G1

ABSTRACT

Functional testing, as opposed to parametric testing, plays an
important role in testing VLSI integrated circuits. However, it
appears that designs are not always carefully analysed a priori to
determine precisely which faults are clean, i.e. testable by logic
means alone. The programmable logic array (PLA) is a popular cir-
cuit form used to implement a system of Boolean functions over a
set of input variables. This report considers the testability of the
dynamic CMOS PLA with respect to an extended set of switch-level
faults models, namely: node faults, transistor stuck-opens and
stuck-ons, interconnect breaks, ohmic shorts, and crosspoint faults.
Single occurrences of each fault model are classified as either clean,
unclean, or clean subject to conditions on the logical products and
output functions computed by the PLA. Finally, a modified
dynamic CMOS PLA design is described and its increased switch-
level testability properties are stated.

1. Introduction

The programmable logic array (PLA) is a regular circuit structure
that implements a system of Boolean functions over a set of input vari-
ables. A PLA is essentially a direct hardware implementation of the two-
level sum-of-products (SOP) forms of the functions. In dynamic CMOS,
as in other integrated circuit technologies, better performance is achieved

t This work was supported by the Natural Sciences and Engineering Research Council of

Canada, Grant A0871. This paper was presented at the Third Technical Workshop - New
Directions for IC Testing, Halifax, Nova Scotia, October 26-27, 1988.



-9

by implementing the closely related NOR-NOR form instead of the obvi-
ous AND-OR form.

A PLA has a roughly rectangular layout. Its physical size in one
direction is determined by the number of parallel input and output lines,
and in the orthogonal direction by the number of product lines. A PLA’s
logical behaviour is determined by the irregular placement of crosspoint
devices in the AND and OR planes. Structural regularity tends to lead to
compact layouts and fewer design errors, making the PLA attractive in
VLSI applications [MeCo80]. Computer-aided design (CAD) tools are
available which automatically compile a correct PLA layout given the
desired output functions [LeGaEl84]. The regularity of the PLA facilitates
fault modelling, testability analysis, design modification for increased tes-
tability, and test pattern generation, as witnessed by the large volume of
published work (See [SoGa86] for a good survey).

In this paper, the testability of the dynamic CMOS NOR-NOR PLA
described in [WeEs85| (which we will call the standard dynamic CMOS
PLA) is examined with respect to an expanded set of fault models. The
fault models, described later, cover the spectrum from switch-level models
that closely reflect the topology of the physical layout, to higher-level
models that are more closely related to the SOP structure of the output
functions. The various PLA fault models have not always been clearly
specified in previous work. Furthermore, such natural switch-level fault
models as the transistor stuck-on and the interconnect break have not
been treated adequately. Typically, testability analyses for PLAs have
used a variety of fault models at different levels of abstraction, without
considering a consistent and complete set of switch-level fault models.

Definitions and conventions used in this paper are given in Section 2.
The internal structure and timing of the dynamic CMOS NOR-NOR PLA
are reviewed briefly in Section 3. An expanded set of fault models
appropriate for CMOS PLAs is presented in Section 4. Possible redun-
dancies that could arise in a PLA are then discussed in Section 5. The
testability properties of the dynamic CMOS NOR-NOR PLA with respect
to the fault models are established in Section 6. A modified dynamic
CMOS PLA is introduced, and its enhanced testability properties
described in Section 7. Section 8 concludes the paper with a brief discus-
sion of implementation issues and costs associated with the modified
design.
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2. Definitions and Conventions

The positive and negative power supply lines will be denoted by Vpp
and GND, respectively. A “0”(“1”) represents a valid low(high) voltage
signal corresponding to logic 0(1). A path is a chain of lines connected
together via the channels of MOS transistors that are in their conductive
states. In a correctly designed and fault-free CMOS circuit, the signal on
a line will either be a driven signal produced by a path to one and only
one of Vpp or GND, or will be a stored signal produced by an isolated
charge recently (e.g. within the last 10 ms [Ha87]) established by a driven
signal. A fight [ReMe81] occurs when a sustained path exists from Vjp to
GND. Fault-free circuits will be assumed free of fights for all input com-
binations. A “?” represents some possibly invalid intermediate voltage
resulting from the given line lying on some path from V,, to GND. Cir-
cuits that receive a ? as input may function incorrectly, or may interpret
the signal unpredictably as either a valid 0 or 1. An “X” represents a sig-
nal whose value is irrelevant.

Stored signals will be written in bold font (e.g. 0, 1, and ?). A weak
0(1), denoted by 0*(1*), is a O(1) signal that has been degraded slightly as
a result of transmission through the channel of at least one p(n)-type
MOS transistor (See [WeEs85] for technical details). Individual signals are
denoted by lower-case letters; vectors of signals are denoted by upper-case
letters.

The vector “0...0”(“1...1”") represents the vector of appropriate length
that contains only 0s(1s). X;y(Xj;) is a Boolean vector which has 0(1) as
its j-th component. When used together, X;, and X, are assumed to
differ only in their j-th component.

Input vector Vy(V,) is a 0(1)-vertex of a Boolean function f(X) iff
f(Vo)=0 (f(V})=1). To avoid degenerate cases, we assume that every
Boolean function of interest is non-trivial, i.e. it has at least one O-vertex
and at least one 1-vertex. A function f covers a vector X iff f(X)=1. A
function f covers a function g iff f covers all of the 1-vertices of g, i.e. iff
g(X)=1 implies f(X)=1, for all Boolean vectors X.

If « represents a signal in a fault-free circuit, then z° represents the
corresponding signal in a circuit affected by the fault under consideration.
A fault is clean if there exists a test, i.e. a sequence of input vectors (e.g.
X1, Xg, ..., X,) such that on at least one output, say f;, the fault-free and
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faulty instances of the circuit carry complementary logic signals for the
final vector (i.e. fi(X,) f¢(X,)) [Brzo87]. The last vector of a test must
not produce a ? on the designated output f,. A fault that is not clean is
unclean. If the uncertainty caused by the presence of a ? within a faulty
circuit can potentially affect the signal that is observed on f,, then the
fault is unclean. These concepts will be discussed further in Section 6.

3. The Dynamic CMOS NOR-NOR PLA

3.1. Structure and Signal Definitions

As shown by the small example in Figure 1, a PLA consists of four
regular sub-regions: an array of input decoders (lower left), an AND plane
(upper left), an OR plane (upper right), and an array of output buffers
(lower right). Input vectors enter the input decoders on N; primary input
lines. The input decoders latch the input signals and drive up to 2N; bit
line signals across the AND plane. In the AND plane, N, product line sig-
nals are computed and driven across the OR plane. In the OR plane, N,
sumbar! line signals are computed and driven to the output buffers. The
output buffers latch the sumbar signals and drive the primary output lines
that lead to other parts of the system. All events in the PLA’s computa-
tions are sequenced by two or more externally generated clock signals.

The i-th input decoder latches the input signal on input line z; and
then drives non-inverted and inverted secondary signals onto bit lines b;
and b;, respectively. Multiple-input decoders [FIMa75] will not be con-
sidered. A bit line may be omitted if the corresponding signal is not used
in the AND plane. As is common in dynamic CMOS designs, the input
latches are assumed to be implemented using transmission gates [WeEs85].
The bit-line buffers are implemented as two levels of static CMOS invert-
ers.

The AND(OR) plane is composed of N,(N,) dynamic NOR gates,
every gate driving a different product(sumbar) line. Each NOR gate has
up to N;(N,) inputs as determined by the presence of n-type AND(OR)-
crosspoint transistors. Each AND(OR)-crosspoint transistor has its drain

1 A sumbar line carries a signal that corresponds to the complement of a sum of pro-

ducts. The new term prevents confusion between the outputs of the OR plane and the pri-
mary outputs of the PLA.
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terminal connected to a product(sumbar) line, its gate terminal connected
to a bit(product) line, and its source terminal connected to an AND(OR)-
plane switched-ground line. Toward the beginning of the PLA computa-
tion cycle, clock ¢,4np(¢or)=0 causing each product(sumbar) line p,;(5;) to
be precharged to 1 via a p-type precharge transistor Q%(Q5:). In this
paper, as described in [WeEs85], it is assumed that a separate switched-
ground line g,;{go;) connects together the source terminals of all
AND(OR)-crosspoint transistors that can drive a particular pi(5,). When
the AND(OR) plane is evaluated, gsi{(gos) is connected to GND via an
n-type evaluation transistor Q5{Q&;). If the signal on a bit(product) line
is 1(1), then the AND(OR)-crosspoint transistors to which the line is con-
nected are turned on, driving a subset of the product(sumbar) lines to 0.

We say that a bit line b;(b;) controls a product line p; if an AND-
crosspoint transistor exists at their intersection. One verifies that b,-(b-,-)
controls p; iff z;(x;) is a factor in the expression for p;. Equivalently, b;(5;)
controls p; iff ;=1 (z;=0) implies p;=0. In a similar way, a product line
p; controls a sumbar line 5, iff an OR-crosspoint transistor exists at their
intersection. We will also say that p; controls output f; iff p; controls 5.
One verifies that p; controls f; iff p; is a term in the implemented SOP
expression for f,. Thus, if p; controls f;, then p;=1 implies 5,=0 and
Jr=1. However, if p;=1 implies f,=1, i.e. if f; covers p;, it is not neces-
sarily true that p; controls f;.

The signal on the k-th sumbar line 5, is latched by an output
transmission gate and driven out of the PLA on primary output f, by a
static CMOS inverting buffer. If the complement of a function is easily
specified using the set of intermediate products already required by the
SOP forms of other functions, then a non-inverting buffer might be pre-
ferred. PLAs with non-inverting output buffers will not be considered in
this paper.

3.2. Timing

Figure 2 shows a typical clocking scheme for the dynamic CMOS
PLA. For other clocking schemes see [WeEs85, Ha87, HaRe85]. To prove
general testability results, it is useful to abstract away details specific to
particular schemes, and to retain only the essential temporal constraints
in one generalized timing scheme. In fact, this has been done in Figure 1
in which appear the four general clocks ¢;n, danp, $or, and épopr. In
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actual PLA schematics, only system clocks or secondary clocks readily
derived from the system clocks will be shown, i.e. 4, ¢;, $,°“***  and ¢,.

Computation Cycle 5 Computation Cycle j+1 '

]
]
v __ Y drive \ store !/ drive \ store E/ ¢
] ]
[}

®AND _\_M/ evaluate ,\&Ch'/ evaluate N_ 6,

dor W evaluate \_Prech. / evaluate
store / drive \ store /[ drive \__!_ %2

‘;l delayed

———o—-g -

- - -

dour

Note: Generalized PLA clocks appear at the left margin;
system clocks appear at the right margin.

Figure 2 - Two-Phase Non-Overlapping PLA Clocking Scheme [WeEs85]

During each computation cycle, i.e. the period of time between suc-
cessive rising edges of the input clock ¢,y, one vector of output values is
computed for one vector of input values. Clocks é;5 and ¢opr pass alter-
nately through drive and store phases when they carry 1 and O signals,
respectively. During its drive phase, é;5(éoyr) configures all of the
input(output) transmission gates to allow signals to be driven through to
the inputs of the input decoders (output buffers). During its store phase,
¢inv(¢our) opens all input(output) transmission gates, causing the existing
signals to be stored on the gate capacitances of the corresponding static
inverters.

Clocks ¢ 4np and ¢or pass alternately through precharge and evaluate
phases when they carry 0 and 1 signals, respectively. During its precharge
phase, ¢,np(¢or) simultaneously turns off all of the n-type evaluation
transistors Q5/{(Qé;), and turns on all of the p-type precharge transistors
Q%4,(Q8), thus driving a 1 onto all product(sumbar) lines. During its
evaluation phase, ¢ ,np(éog) turns off the corresponding precharge transis-
tors, and connects all the switched-ground lines g4,(gox) to GND by turn-
ing on the corresponding evaluation transistors. Shortly after AND(OR)-
plane evaluation begins, a product(sumbar) line that is connected to at
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least one conductive AND(OR)-crosspoint transistor is driven, ie.
evaluated, to 0; otherwise, the line is left carrying a 1.

4. Fault Models

In VLSI testing, it is necessary to simplify and abstract the real physi-
cal failure modes, and in their place use idealized fault models (See
[AbFu86] for an overview of fault modelling). Fault models capture the
principal effects of the physical defects, but are simple enough to reduce
to manageable levels the complexity of the resulting problems in testabil-
ity analysis and test pattern generation. At roughly the same low level of
abstraction, i.e. closely related to circuit layout, lie four switch-level fault
models (See [Haye84| for an overview of switch-level modelling):

interconnect break: A line of conductor (e.g. metal, polysilicon, or diffu-
- sion) is completely divided into two segments by an unintended gap.

ohmic short: In the course of forming the lines on a chip, a small mislaid
piece of conducting, but possibly appreciably resistive, material can
electrically connect two normally distinct lines. This model is more
general that the ideal resistanceless bridging fault model studied by
other authors (e.g. [Mei74]).

transistor stuck-open: This model is used to represent an n-type or
p-type MOS transistor whose channel is permanently non-conductive.
The signal on the gate terminal is assumed to be unaffected. A
stuck-open fault can transform a purely combinational circuit into a
sequential circuit if the fault creates an isolated line: such a line is
capable of remembering the last driven logic value, thereby introduc-
ing a state variable into the circuit [Wads78].

transistor stuck-on: This model is used to represent a MOS transistor
whose channel is permanently conductive. As with the stuck-open
fault, the signal on the gate terminal of a stuck-on transistor is
assumed to be unaffected. Stuck-on faults can produce fights and can
thus be unclean [Brzo87|.

In practice, very little use has been made of the interconnect break: it
has been judged as providing insufficient abstraction to produce tractable
problems of analysis and test pattern generation. For similar reasons, at
least in gate-level analyses, the resistanceless short fault model has
received far more attention than the ohmic short. The transistor stuck-
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open and stuck-on fault models have recently received considerable atten-
tion because of concern that such transistor faults might not be detected
by tests designed assuming the “classical” gate-level fault model, the
stuck-at fault [Wads78].

The unconventional resistive ohmic short fault model is used here for
several reasons. First, it is more general that the resistanceless bridging
fault. Second, it has been shown that CMOS gates can be modified to
make ohmic shorts to Vp, and GND clean [Brzo87]. Third, in CMOS gate
networks in which O(1)s are produced by paths through the conductive,
but appreciably resistive, channels of n(p)-type MOS transistors, ohmic
shorts are often indistinguishable from resistanceless shorts. F inally, an
ohmic short between a transistor’s source and drain is conveniently
equivalent to a stuck-on fault affecting that transistor.

The node fault is a switch-level fault model that expresses a restric-
tion on the signal carried by an electrical node. A similar fault model was
also used in the switch-level fault simulator FMOSSIM [BrSh85].

node fault: The node fault corresponds to physical faults that cause the
signal on an electrical node or line to remain at a valid 0 or 1, regard-
less of the inputs applied to the circuit. For example, a node-at-0(1)
could be used to model a low-resistance short from a line to
GND(Vpp).

It is useful to note some fault equivalences involving the stuck-at and
the switch-level fault models. Assuming that a unique driving line stem
exists for each node, a node fault is equivalent to a stuck-at affecting only
the line stem. A transistor stuck-open(on) is equivalent to a stuck-at-0(1)
affecting only the transistor’s gate. An interconnect break that creates a
segment whose signal subsequently drifts to logic 0(1) is equivalent to a
stuck-at-0(1) affecting that segment. In terms of the primitive fault
models defined above, a stuck-at fault affecting only one fan-out branch
could be viewed naturally as a double fault: i.e. an interconnect break and
a node fault affecting the resulting segment.

The five fault models just described are suitable for general CMOS
circuits. In a structured circuit such as the PLA, a more abstract

functional-level fault model, the crosspoint (also called contact) fault
[OsHo79], has proved useful:
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crosspoint fault: Either through programming errors (e.g. in field pro-
grammable PLAs), or through manufacturing defects, spurious
crosspoint transistors can appear in a PLA. Alternatively, and more
probably in the case of embedded custom PLAs, crosspoint transistors
can fail to be created at locations where they were intended. The
crosspoint fault model assumes either the appearance of an undesired
and fully functioning crosspoint transistor where there shouldn’t be
one, or the complete absence of an intended crosspoint transistor.

Interconnect breaks and node faults can affect every line in a circuit;
similarly, stuck-opens and stuck-ons can affect every transistor.
Crosspoint faults can affect every crosspoint location in the AND and OR
planes. However, an ohmic short affects a pair of lines. Most line pairs
chosen arbitrarily from a complete line list will never be shorted together
in a real circuit because the corresponding lines are far apart in the physi-
cal layout. Therefore, only certain classes of signal pairs need to be con-
sidered in ohmic short fault analyses: those pairs corresponding to lines of
the same conducting layer which are close together (e.g. conductors that
run parallel to one another for a relatively long distance) [GaCrVe80].

Finally, we define some terminology [Smit79] which will prove useful
in the discussion of the fault properties of the PLA with respect to inter-
connect breaks. A growth(shrinkage) fault is a fault that
increases(decreases) the number of 1-vertices covered by a product.
Crosspoint faults in the AND plane are either growth or shrinkage faults.
An appearance(disappearance) fault is one that causes a new product to
control an output (an expected product to be omitted). Crosspoint faults
in the OR plane are either appearance or disappearance faults.

5. Redundancy

Informally, a redundant element is a line, transistor, or sub-circuit
whose absence would not affect the Boolean functions implemented at the
outputs. An element that is not redundant is trredundant. Usually a
designer would prefer to avoid including redundant elements since they
add expense. In practice, however, 1t is often uneconomical to find com-
pletely irredundant designs. Redundancy is a consideration in testability
analysis because faults in redundant elements may be undetectable and
therefore unclean. The presence of a faulty redundant element can invali-
date the tests for other elements in the circuit [HaRe87]. The presence of
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redundant elements can affect the testability of other irredundant ele-
ments: e.g. error-correcting circuits may mask error conditions.

An input line, bit line, product line, or sumbar line is trivially redun-
dant if there is no way in which a signal could propagate from it to any of
the primary outputs. For example, a bit line is redundant if it is not con-
nected to any AND-crosspoint tranmsistors. Except for the illustrative
example in Figure 1, we will assume that such obvious redundancies will
not occur. An input line z; can also be redundant in a functional sense if
no output functionally depends? on the value of z;. A product line is
functionally redundant if all of the output functions could be implemented
using only the other product lines. We will assume that no products will
be redundant as a result of being controlled by both a bit line b; and its
complement b;. Formally, a product p; is irredundant with respect to
output f, iff there exists an input X such that p; 1s the only product that
both controls f, and covers X. A product is irredundant if it is irredun-
dant with respect to at least one output.

A crosspoint transistor is redundant if removing it produces no logical
change in the output functions. Thus, an AND-crosspoint transistor Q,
that controls a product line p; is redundant if removing Q, produces a
new product p; which is still covered by all of the original output func-
tions controlled by p;. An OR-crosspoint transistor between product line
p; and sumbar line 5, is redundant if, for every input vector X that is
covered by p;, there exists another product p; controlling f, that also cov-
ers X. If a bit(product) line is connected to no irredundant AND(OR)-
crosspoint transistors, then the line itself is redundant: the line together
with all of the crosspoint transistors to which it connects could be
removed without changing the functions implemented by the PLA. It is
easy to show that a product line p; covers another product line p; iff for
each AND-crosspoint transistor at the intersection of p; and a bit line,
there is also an AND-crosspoint transistor at the intersection of p; and the
same bit line.

In the PLA shown in Figure 1, the bit line 5,, the AND-crosspoint
transistor marked with a “t”, and the OR-crosspoint transistor marked
with a “}” are redundant.

8 f(X) functionally depends on z; iff there exists an X;, such that T (X;0) # F(X;).
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6. Testability Properties of the Dynamic CMOS PLA

6.1. Assumptions

It is important to state clearly a few simplifying assumptions that
underlie the subsequent results.

Assumption 1: We assume that a faulty circuit contains only one fault,
unless otherwise stated.

Assumption 2: The voltage on a line that has been isolated from all pos-
sible driving elements (e.g. by interconnect breaks and stuck-open
transistors) will have drifted to a valid logic O signal by the time test
vectors are applied to the circuit.

Assumption 3: Faults that are detectable only if assumptions must be
made as to the detailed nature (e.g. timing or electrical behaviour) of
external circuits that drive or read from the PLA will be considered
unclean.

Assumption 4: A weak signal, say 0”(1”), will be treated like a normal
0(1) for the purposes of fault detection.

Assumption 1 is the so-called “single fault assumption”. Assumption
2 must be made to avoid the indeterminate signals that might otherwise
arise on isolated lines. In many technologies, a chip’s substrate is per-
manently connected to GND making drift to O likely as a result of leakage
currents. Assumption 3 reflects a pessimism necessary to ensure that the
subsequent results are free from complicated environment-specific condi-
tions. Assumption 4 is justified by the following arguments: If a 0(1)
becomes a 0¥(1") as a result of a fault, then assuming that the signal is
not attenuated is pessimistic because it makes the effects of the fault
harder to detect. In the dynamic CMOS PLA circuits that we will be con-
sidering, weak signals either appear immediately at the inputs of invert-
ers, or at the primary outputs of the PLA: in both cases we assume that,
with conservative timing, it is likely that a 0”(1*) would be interpreted
correctly as a full-strength 0(1).
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6.2. Node Faults

The testability properties, with respect to node faults, of each of the
- PLA’s lines will be considered in turn, proceeding roughly from the inputs
through to the outputs.

Proposition 1: In a standard dynamic CMOS PLA, a node fault affecting
input =z; is clean iff there exists an output f, that functionally depends on

Z;.

Proof: Easily shown to be true for any combinational circuit. m]

A node-at-0(1) affecting input z; is equivalent to both: (1) a node-at-
0(1) affecting the input node of the inverter that drives bit line b;, and (2)
a node-at-1(0) affecting b;. In the next proposition, we consider a node
fault affecting a non-inverting bit line b;.

Proposition 2: In a standard dynamic CMOS PLA:

(a) A node-at-0 affecting bit line b; is clean iff there exists an input vector
X:, and an output f, such that: (1) f, covers Xj,, and (2) f, does not
cover X;;.

(b) A node-at-1 affecting bit line b; is clean iff there exists an input vector
X;o and an output f, such that: (1) f, covers Xj,, and (2) all products
controlling f, that also cover X, have z; as a factor.

Proof:

(a) If: That f, covers X;, but not X;, implies that bit line b; controls all
of the products p; that control f, and also cover X;,. A single-vector
test for a node-at-0 affecting b; is X;,, since the fault will cause all of
these same covering products p; to be 1 instead of 0, implying that f,
will be 1 instead of 0.

Only if: If the fault is clean, there must exist a single-vector test
since the fault does not introduce memory. To stimulate a node-at-0,
the test vector must place a 1 on b;: i.e. it must have the form Xj,.
Let P represent the set of products controlled by b;. A node-at-0 pro-
duces a 1 instead of a 0 on all the products in P that happen to cover
Xjo; the remaining products in P are 0 when X, is applied, regardless
of the presence of the node-at-0. The fault is observed at an output
fr as a 1 instead of a 0 if: (1) f, is controlled by at least one of the
products in P that covers X;, (implying that f, covers Xj,), and (2) f,
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does not cover X;, (required to ensure that the effect of the fault is
observed).

(b) If: Assume that an output f, covers an input vector X, and that all
products that control f, and also cover X;, have z; as a factor. When
the fault is present, all of the products that are controlled by b;, i.e.
all products that have Z; as a factor, will be forced to 0 when X, is
applied because b; is 1. Thus f; will be O instead of 1.

Only if: If the fault is clean, there must exist a single-vector test as
no memory is introduced by the fault. To stimulate the fault, the test
vector must have the form X, Let P represent the set of products
that are controlled by b;, i.e. those products that have z; as a factor.
To observe the fault at an output f,, f; must cover Xjo, and all of the
products that control f, and also cover X;, must be members of P, so
that f; is O instead of 1 when X, is applied. O

If node faults affecting a bit line b; are unclean then the PLA contains
redundancy. That a node-at-0 is unclean implies that each of the AND-
crosspoint tramsistors on b; is redundant. But all redundant AND-
crosspoint transistors driven by the same bit line can be removed without
changing any of the PLA’s output functions [OsHo79], so b; is itself redun-
dant. That a node-at-1 affecting b; is unclean implies that all of the pro-
ducts that b; controls are redundant.

Next we consider the testability of node faults affecting the four gen-
eral clock lines, ¢,;5 and ¢oy7, then ¢,np and éop.

Proposition 3: In a standard dynamic CMOS PLA:

(a) A node-at-O affecting clock é;y(¢oyr) is clean.

(b) A node-at-1 affecting clock ¢n(dour) is unclean.

(¢) A node fault affecting secondary clock #v(%our) is unclean.

Proof:

(a) A node-at-O affecting ¢;y disconnects the input lines to all first-level
input inverters from the primary input lines to the PLA. By Assump-
tion 2, the inputs to these inverters are thus all 0. This fault is clean
if at least one output function is non-trivial. Similarly, a node-at-0

affecting ¢opyr disconnects the inputs to all output inverters from the
sumbar lines. By Assumption 2, these isolated lines carry valid O
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signals forcing the PLA outputs to appear affected by node-at-1
faults. Any O-vertex of any f, will detect the fault.

(b) A node-at-1 affecting ¢;5(éoyr) causes the input(output) transmission
gates to be transparent: i.e. logic signals are passed through virtually
unattenuated. A node-at-1 affecting ¢,y could be detected if the next
input vector arrives soon enough before the OR-plane begins evaluat-
ing at the rising edge of ¢op to alter conmsistently the output signals
that are latched for the current input vector. In this case, a test is
easily constructed. But the fault is undetectable, and thus unclean, if
the input signals are stable until after the OR-plane has been
evaluated, i.e. just after the falling edge of ¢oyp. Also, the fault is not
reliably detectable if the timing is such that indeterminate or non-
repeatable output signals are produced. Similarly, the timing of cir-
cuits that read the PLA’s outputs must be considered to decide if
clock ¢oyr node-at-1 is detectable. Thus by Assumption 3, the faults
are unclean.

() A node-at-1(0) fault affecting ¢,y or oy is equivalent to stuck-
open(on) faults affecting all p-type transistors in the input or output
transmission gates, respectively. A node-at-1 does not affect the
gated transmission of Os, but attenuates 1s into 1¥s, possibly affect-
ing the PLA’s behaviour. By Assumption 4, this fault is unclean. A
node-at-0 makes the corresponding transmission gates fully tran-
sparent for 1s, and allows Os to pass through attenuated as 0*s when
the controlling clock is in its store phase. By Assumptions 3 and 4,
this fault is unclean. O

Proposition 4: In a standard dynamic CMOS PLA, a node fault affecting
clock ¢ 4np(éor) is clean.

Proof: A node-at-0 affecting ¢anp(¢or) connects all of the
products(sumbars) to Vpp via the AND(OR)-plane precharge transistors,
and precludes paths to GND via the evaluation transistors. A single-
vector test consists of a O(1)-vertex for any output f,. A node-at-1 affect-
ing danp(bor) prevents all products(sumbars) from being precharged via
the AND(OR) plane precharge transistors, but allows paths to GND via
crosspoint and evaluation transistors. Under Assumption 2, any 1(0)-
vertex detects the fault. ]
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The following two propositions consider the testability of the product
and sumbar lines, and their respective switched-ground lines.

Propc;sition 5: In a standard dynamic CMOS PLA:
(a) A node-at-0 affecting product line p; is clean iff p; is irredundant;

(b) A node-at-1 affecting product line p; is clean iff p; controls some out-
put f;.
Proof: Parts (a) and (b) follow directly by noting that the faults do not

introduce memory and then applying the definitions of “irredundancy”
and “‘control”, respectively. O

Proposition 6: In a standard dynamic CMOS PLA, a node-at-1 affecting
- switched-ground line g4;(go;) in the AND(OR) plane is clean, but a node-
at-0 is unclean.

Proof: A node-at-1 precludes paths between p;(5,) and GND. A test con-
sists of any O-vertex for some output that is controlled by p, (consists of
any l-vertex for f;). To detect a node-at-0, one would like to attempt to
store a 1 on g,i(gox) and then observe whether the signal changes to 0.
But such a test is impossible because the time when the PLA outputs are
observable coincides with the time when g4;(gox) is connected via Q5{(Qé:)
to GND. O

At this point it is noted that a node-at-0(1) affecting sumbar 5, is
equivalent to both a node-at-0(1) affecting the input of the output buffer
that drives f,, and a node-at-1(0) affecting the output f, itself. Conse-
quently, only the last fault is considered.

Proposition 7: In a standard dynamic CMOS PLA, node faults affecting
an output f, are clean.

Proof: Any 1(0)-vertex for f, detects a node-at-0(1) affecting f,. a

Theorem 1: In summary, the standard dynamic CMOS PLA has the fol-
lowing properties with respect to single node faults:

(a) The following are unclean:

(i) node faults affecting secondary clocks ¢y and opr;
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(ii) node-at-1 faults affecting clocks ¢,y and ¢opr;

(iii) node-at-0 faults affecting switched-ground lines in either plane.
(b) The following are clean:

() node-at-1 faults affecting switched-ground lines in either plane;

(ii) node-at-0 faults affecting ¢,y and dopr:

(iii) node faults affecting ¢ 4np and ¢op.

(c) Node faults affecting the remaining lines are clean under the irredun-
dancy conditions detailed in Propositions 1, 2, and 5.

Proof: Follows directly from Propositions 1 to 7. o

6.3. Transistor Stuck-Opens and Stuck-Ons

The PLA’s transistors will be considered in the following order: the
transmission gate transistors, the inverter transistors, the precharge and
evaluation transistors, and finally the crosspoint transistors.

Proposition 8: In a standard dynamic CMOS PLA, a stuck-open or
stuck-on fault affecting a transmission gate transistor is unclean.

Proof: Three cases need to be considered:

(a) If an n(p)-type transmission gate transistor is stuck-open, 1(0) signals
continue to be transmitted well, but 0(1) signals become weak. The
fault is thus unclean by Assumption 4.

(b) Say an input transmission gate transistor is stuck-on. The fault is
undetectable if the PLA input signals remain stable from the time
evaluation of the AND plane begins (i.e. the rising edge of é 4np) until
the time the PLA outputs are latched (i.e. the falling edge of ¢opr).
Thus under Assumption 3, the fault is unclean.

(c) Say an n(p)-type transistor in the output transmission gate for f; is
stuck-on. The fault is undetectable if the sumbar signals remain
stable long enough for the circuits reading the PLA’s outputs to latch
them correctly. Thus, under Assumption 3 the fault is unclean. O

For a gate G embedded within a combinational network N, a 0(1)-
vertez for G is an input vector to N that produces the value 0(1) on G’s
output node. Within either a static or a dynamic CMOS gate, we will say
that an n(p)-type transistor Q is a bottleneck transistor iff, for all of the
gate’s O(1)-vertices, all paths from the gate’s output node to GND(Vpp)
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pass through Q. Both transistors in a static inverter as well as the
precharge and evaluation transistors in a dynamic gate are bottleneck
transistors. The following lemma relates the testability of node faults
affecting the output node of an embedded CMOS gate to the testability of
stuck-open faults affecting the gate’s bottleneck transistors.

Lemma 1: Let G be either a static or dynamic CMOS gate, embedded in
a combinational network N, in which the output function from N’s pri-
mary inputs to G’s output node is non-trivial. A node-at-O(1) affecting
G’s output node is clean iff a stuck-open affecting a p(n)-type bottleneck
transistor is clean.

Proof:

If: At least two test vectors are necessary to detect a stuck-open affecting
- a p(n)-type bottleneck transistor in a static gate, or a stuck-open affecting
the precharge transistor in a dynamic gate: a O(1)-vertex by itself would
not excite the fault, and a 1(0)-vertex might lead to an indeterminate out-
put signal if not preceded recently by a 0(1)-vertex. Two vectors are suf-
ficient because the surrounding network is combinational. Thus the first
vector must be a 0(1)-vertex, and the second vector a 1(0)-vertex. In the
case of stuck-opens in a dynamic gate affecting bottleneck transistors,
other than the precharge transistor, the precharge phase performs the
same function as would a separate first vector, so the second vector alone
suffices as a test. In all cases the effect of a stuck-open affecting a p(n)-
type transistor is that, for the last test vector, a 0(1) appears on G’s out-
put node instead of a 1(0), i.e. the output node appears to be affected by a
node-at-0(1). Thus if a stuck-open fault affecting a p(n)-type bottleneck
transistor is clean, the final vector of a test could also be used to detect a
node-at-0(1) affecting the output node.

Only if: f a node-at-0(1) is clean, then a single-vector test must exist
since the overall circuit is combinational and a node fault cannot intro-
duce memory. To excite the fault, any test vector X must be a 1(0)-
vertex for G. To detect the fault, on at least one output of N, fault-free
and faulty circuits must produce complementary signals when X is
applied. If G is a dynamic gate which precharges to 0(1), then X alone
detects stuck-opens affecting the p(n)-type evaluation transistor and any
other p(n)-type bottleneck transistors. If G is a static gate, or is a
dynamic gate which precharges to 1(0), then any O0(1)-vertex for G
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followed by X will detect stuck-opens affecting p(n)-type bottleneck
transistors. O

In a dynamic CMOS PLA, all transistors except the transmission gate
and crosspoint transistors are bottleneck transistors. This observation
simplifies the testability analysis for the remaining stuck-open faults.

Proposition 9: In a standard dynamic CMOS PLA:

(a) A stuck-open fault affecting an inverter transistor in the first-level of
the decoder for input z; is clean iff there exists an output S, that
depends on «;.

(b) A stuck-open fault affecting a p-type inverter transistor in the
second-level of the decoder for input z; is clean iff there exists an
input vector X;, and an output f, such that: (1) f, covers X, and (2)
Ji does not cover Xj,.

A stuck-open fault affecting an n-type inverter transistor in the
second-level of the decoder for input z; is clean iff there exists an
input vector X;o and an output f, such that: (1) f, covers X, and (2)
all products controlling f, that cover X;, have Z; as a factor.

(c) A stuck-open fault affecting an inverter transistor in the output
buffer is clean.

(d) A stuck-open fault affecting a transistor in either one of the two
inverting buffers that drive the secondary clocks ¢ and @opp is
unclean.

(e) A stuck-on fault affecting an inverter transistor is unclean.

Proof:

(a) Note that a node-at-0(1) affecting input z; is equivalent to a node-at-
1(0) affecting bit line b;, then apply Lemma 1 and Proposition 1.

(b) Apply Lemma 1 and Proposition 2.

(c) Apply Lemma 1 and Proposition 7.

(d) Since clocks ¢,y and éoyp are free-running, a stuck-open fault affect-
ing an n(p)-type transistor will appear like a node-at-1(0) affecting v

and @oyr, respectively. By part (c) of Proposition 3, the fault is
unclean.
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(e) A stuck-on fault affecting an n(p)-type inverter transistor is masked
with an inverter input of 1(0), and produces a fight with an input of
0(1). Thus no test is possible. a

Proposition 10: In a standard dynamic CMOS PLA:

(a) A stuck-open fault affecting AND-plane precharge transistor Q%; is
clean if product p; is irredundant with respect to some output f,.

(b) A stuck-open fault affecting AND-plane evaluation transistor Qj; is
clean if product p; controls some output f;.

(c) A stuck-open fault affecting an OR-plane precharge(evaluation)
transistor @5,(Q&;) is clean.

(d) A stuck-on fault affecting a precharge or evaluation transistor in
either plane is unclean.

Proof:

(a) Note that all product lines implement non-trivial functions, then
apply Lemma 1 and part (a) of Proposition 5.

(b) Apply Lemma 1 and part (b) of Proposition 5.

(c) Note that a node-at-0(1) affecting sumbar &, is equivalent to a node-
at-1(0) affecting output f;, then apply Lemma 1 and Proposition 7.

(d) A stuck-on affecting a precharge transistor will change the evaluated
signal from a 0(1) to a ?(1). Similarly, a stuck-on affecting an evalua-
tion transistor will change the evaluated signal from a 0(1) to a 0(1,
or ? if full precharge is inhibited). Thus, either the fault is undetect-
able, or it produces indeterminate signals. Therefore the faults are
unclean. O

Proposition 11: In a standard dynamic CMOS PLA:

(a) A stuck-open fault affecting a crosspoint transistor Q in either plane
is clean iff Q is irredundant.

(b) A stuck-on fault affecting an AND-crosspoint transistor at the inter-
section of bit line b;(b;) and product line p; is clean iff product p; is
irredundant with respect to some output f;.

(c) A stuck-on fault affecting an OR-plane crosspoint transistor on sum-
bar 5, is clean.
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Proof:

(a) Note that a stuck-open affecting a crosspoint transistor has the same
effect as removing the transistor, then apply the definitions for a
redundant crosspoint transistor and a clean fault.

(b) A stuck-on fault affecting an AND-crosspoint transistor on product
line p; is equivalent to a node-at-0 affecting p;. Part (a) of Proposi-
tion 5 can then be applied.

(c) A stuck-on affecting the OR-crosspoint transistor at the intersection
of product p; and sumbar 5, causes 5, to be driven to 0 at every com-
putation cycle, causing output f, to appear affected by a node-at-1.
By Proposition 7 any O-vertex for f, detects the fault. (m]

Theorem 2: In summary, the standard dynamic CMOS PLA has the fol-
lowing properties with respect to single transistor stuck-open and stuck-on
faults:

(a) The following are unclean:

(i) stuck-open and stuck-on faults affecting transmission gate transis-
tors;

(i) stuck-open faults affecting transistors in the inverting buffers that
drive the secondary clocks ¢,y and éoyr;

(iii) stuck-on faults affecting inverter transistors;

(iv) stuck-on faults affecting precharge and evaluation transistors.
(b) The following are clean:

(i) stuck-open faults affecting output buffer transistors;

(ii) stuck-on faults affecting OR-plane crosspoint transistors.

(¢) All remaining stuck-open and stuck-on faults are clean under the
irredundancy conditions detailed in Propositions 9, 10, and 11.

Proof: Follows directly from Propositions 8 to 11. O

8.4. Interconnect Breaks

For most circuits, it is difficult to analyse the effects of interconnect
breaks without detailed knowledge of the physical layout. In the case of
the PLA, however, layouts tend to reflect the topology of the schematic,
so it is practical to consider interconnect breaks directly.



—99 _

The proofs of the following six propositions assume a layout topologi-
cally similar to the one given in [WeEs85]: i.e. a layout that has the same
interconnect break properties as one corresponding to the schematic
details shown in Figures 3 to 6. It has been assumed that the power sup-
ply lines have been laid out orthogonally across the first-level decoder
inverters, the second-level decoder inverters, and the output buffers. It
has further been assumed that the power supply lines to all inverters in
the input decoders connect together first before connecting to higher lev-
els in the power distribution tree. Thus, an interconnect break can cut off
the path to GND(Vpp) for one or more inverters in the same level of the
input decoder, or can affect all of the input decoders. No further assump-
tions will be made about the structure at higher levels in the power distri-
bution tree.

An interconnect break can cut off all possible paths to a node from
GND. Within the context of a long series of functional tests, it is not
realistic to assume that the signal on such a node would drift to 0 accord-
ing to Assumption 2, since it is difficult to ensure that a driving path to 1
was never enabled by a previous input vector. Thus, it will be assumed
that a node with unidirectional drive to 0(1) will be affected by a node-
at-0(1). This assumption is valid if the PLA is initialized [Ha87] prior to
testing: i.e. a series of inputs has been applied recently that ensured that
every node was driven to both 0 and 1 at least once. Applying a test set
for single node faults, ignoring the resulting outputs, would initialize all
irredundant lines.

Proposition 12: In a standard dynamic CMOS PLA, all interconnect
breaks affecting lines in the input transmission gates and the associated
clocking circuitry are unclean, with the one sole exception being a break
affecting the line stem of clock ¢,y which is clean.

Proof: Figure 3 gives a detailed schematic for the input transmission gates
and the associated clocking circuitry. The labelled dark rectangles
represent all of the different classes of breaks. Under Assumption 2, a
Class 1 break is equivalent to a node-at-0 affecting clock ¢y, and is there-
fore clean according to part (a) of Proposition 3. Under Assumption 2,
breaks of Classes 2 to 7 are equivalent to single transistor faults and node
faults as listed in the lower half of the figure. They are thus unclean by
Propositions 3, 8, and 9. Breaks of Classes 8, 9, and 10 are equivalent to
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Note: Identical circuit to that used for the output transmission gates.

Figure 3 - Interconnect Breaks in the Input Transmission Gates

multiple stuck-opens or stuck-ons affecting transmission gate transistors.
The argument used in the proof of Proposition 8 can be extended easily to
show that these multiple faults are unclean. O

Proposition 13: In the input decoders of a standard dynamic CMOS
PLA, interconnect breaks that isolate the gate of a single p-type inverter
transistor are unclean. The remaining input decoder breaks are
equivalent to one of the following four faulty behaviours:

(a) One or more input lines with a node-at-0(1);
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Figure 4 - Interconnect Breaks in the Input Decoder Inverters
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(b) One or more bit lines b; with a node-at-0(1);
(c) All AND-crosspoint transistors on a bit line b; stuck-open;
(d) All b;s and b;s with a node-at-0.

Proof: Figure 4 shows the detailed schematic for the input decoder and
lists the different classes of breaks together with equivalent faults under
Assumption 2. It is easily shown that breaks in Classes 2, 3, 8, 11, 12, and
14 are equivalent to one or more node faults affecting input lines. The
effects of each component input node fault are orthogonal in the sense
that each one creates a new set of output functions that are independent
of the variable corresponding to the affected input line: a combination of
input node faults can never be equivalent to a single input node fault. If
any component node fault is clean then the multiple fault must be clean.
Breaks in Classes 5, 6, 7, 10, 13, and 15 are equivalent to one or more
node faults affecting bit lines b;. One node-at-0(1) affecting a b; causes
growth(shrinkage) faults affecting the product lines controlled by b;. A
multiple bit line node-at-0(1) fault is clean if any component fault is clean
because the effects of the individual faults cannot cancel: they are either
all growth or all shrinkage faults. Breaks in Class 4 are equivalent to all
transistors on a bit line b; stuck-open. Each such stuck-open constitutes a
growth fault affecting a different product line, so a Class 4 break is clean
if any of the component stuck-opens is clean. Finally, breaks in Class 9
are equivalent to all b;s and b;s with a node-at-0. This multiple fault is
equivalent to all PLA outputs being affected by a node-at-1, and clearly is
clean because all output functions are non-trivial. Part (e) of Proposition
9 can applied to show that breaks in Class 1 are unclean. (m]

Proposition 14: In a standard dynamic CMOS PLA, interconnect breaks
in the AND plane that isolate only the gates of one or more p-type
precharge transistors are unclean. The remaining AND plane breaks are
equivalent to one of the following two faulty behaviours:

(a) One or more AND-crosspoint transistors on either a single bit line, or
on a single product line, are stuck-open;

(b) One or more product lines with a node-at-0(1).

Proof: Figure 5 shows the detailed schematic for the AND plane and lists
the different classes of breaks together with equivalent faults under
Assumption 2. It is easily shown that breaks in Classes 4, 5, and 12 are
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Figure 5 - Interconnect Breaks in the AND Plane

equivalent to multiple AND-crosspoint transistor stuck-opens. Each com-
ponent stuck-open is a growth fault, so any multiple stuck-open is clean if
any individual stuck-open is clean. Breaks in Classes 6, 7, 8, 9, 10, and 11
are equivalent to node faults affecting product lines, either all node-at-Os

or all node-at-1s. Each node-at-0(1) is a disappearance(appearance) fault,

so any multiple node-at-0(1) is clean if any individual node-at is clean.



- 97 -

Under Assumption 2, the breaks in Classes 1, 2, and 3 are equivalent to
one or more p-type precharge transistors stuck-on. The arguments in the
proof of part (d) of Proposition 10 be extended to show that these last
three classes of breaks are unclean. O

Proposition 15: In a standard dynamic CMOS PLA, most interconnect
breaks in the OR plane are equivalent to one of the following faults:

(a) One or more OR-crosspoint transistors on either a single product line,
or on a single sumbar line, are stuck-open;

(b) One or more output lines with a node-at-0(1).

Interconnect breaks that are equivalent to stuck-open redundant
OR-crosspoint transistors are undetectable, and therefore unclean. A
break that only isolates the gates of one or more p-type precharge transis-
tors is unclean.

Proof: Analogous to the proof of Proposition 14. (|

Proposition 16: In a standard dynamic CMOS PLA, interconnect breaks
affecting lines in the output transmission gates and the associated clocking
circuitry are all unclean, with one sole exception being a break affecting
the line stem of clock ¢y which is clean.

Proof: Analogous to the proof of Proposition 12. 0

Proposition 17: In a dynamic CMOS PLA, interconnect breaks in the
output buffers are equivalent to one or more PLA outputs having a node-
at-0(1). One exception is a break that isolates the gate of a single p-type
inverter transistor, which is unclean.

Proof. Easily shown by applying Assumption 2 for each of the breaks
marked in Figure 6. A break equivalent to a multiple node fault affecting
output lines is clean if any of the component faults is clean. O

Theorem 3: In summary, the standard dynamic CMOS PLA has the fol-
lowing properties with respect to single interconnect breaks:

(a) Breaks that isolate only the gates of p-type precharge or p-type
inverter transistors are unclean;
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(b) Breaks in the input or output transmission gate circuitry, with the
exception of breaks affecting the line stems of ¢,y or éoyr, are
unclean;

(c) All remaining breaks are equivalent to single or multiple node faults
and stuck opens affecting input lines, bit lines, product lines, output
lines, and crosspoint transistors. In no case can the effects of a multi-
ple fault cancel. Thus, for all of these breaks, the fault is clean if any
of the components of the equivalent multiple fault is clean, which will
be the case subject to reasonable conditions of irredundancy.

Proof: Follows from Propositions 12 to 17. O
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6.5. Ohmic Shorts

To a greater extent than for the other fault models, simplifying
assumptions must be made as to which among the possible ohmic shorts
should be considered. It is not even practical to consider shorts between
all lines that may pass close to each other in the final layout, if only
because such details of the layout are probably not fully known, or are
difficult to extract. Instead, we shall only consider line pairs that we
expect to have a significantly high probability of having shorts, such as
shorts between adjacent parallel lines. Also, there is experimental support
for neglecting shorts between lines of different conductive layers
[GaCrVe80]. In PLAs, it is reasonable to consider shorts between adja-
cent input lines, product lines, and output lines. Also, shorts between
adjacent bit lines (either b; with b;, or b; with b;,,) should be considered.
For dynamic PLAs, shorts between the product and sumbar lines and
their respective switched-ground lines should be quite probable according
to published layouts (e.g. [WeEs85)).

Proposition 18: The standard dynamic CMOS PLA has the following
testability properties with respect to the ohmic short:

(a) An ohmic short from z; to z;,, is unclean;
(b) An ohmic short from b; to b; is unclean;
(¢) An ohmic short from &; to b;,, is unclean;

(d) An ohmic short from p; to p;y, is clean iff there exists an input vector
X such that either (1) p; is the only product controlling an output f,
that covers X, and (2) X is not also covered by p;,;, or the same two
conditions hold with the roles of p; and p;,, reversed;

(e) An ohmic short from p; to g4; is clean iff p; is irredundant with
respect to some output f;;

(f) An ohmic short from 5, to 5., is clean iff f, is not identical to fy,;
(g) An ohmic short from 5 to go, is clean;

(h) An ohmic short from f; to f,,, is unclean.

Proof:

(a) Depending on the external drivers, fights may occur when complemen-
tary signals are sent to adjacent inputs. Thus under Assumption 3,
the fault is unclean. The fault would be clean if the inputs are driven
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by precharged logic since wired-ANDs or -ORs would be created in
the presence of shorts.

Fights will occur at every computation cycle because the signals are
always complementary, so the fault is unclean.

Fights will occur when inputs z; and z;,, carry identical signals; with
complementary signals the fault is not stimulated. Therefore, the
fault is unclean.

If: The ohmic short causes a wired-AND since the product lines are
all precharged to 1 and then conditionally evaluated by the same
clock. If there exists an input X such that p;(p;4) is the only product
controlling f, that covers X, and X is not covered by p;4(p;), then X
places a 1 on p;(p;41), and Os on all other products that control f, as
well as on p;y(p;). Such a vector X is a test because a 1 appears on
fi if the PLA is fault-free, and a O if the short is present. Only ¢f: A
single test vector X is required since the fault does not introduce
memory. The first condition on X allows the signal on p;(p;,) to be
observed on f,, and the second condition ensures that the fault will
be stimulated.

The fault is equivalent to a stuck-on fault affecting an AND-
crosspoint transistor connected to p;. Part (b) of Proposition 11 can
then be applied.

If f, is not identical to f,,, then there exists an input vector X such

that f, carries a 0(1) and f,,, carries a 1(0): i.e. 5, carries a 1(0) and

841 carries a 0(1). An ohmic short between two sumbar lines causes a
wired-AND since they are both precharged to 1 and then condition-
ally evaluated by the same clock. Thus, in the presence of a short,
both 5, and &, carry a O, and so both f, and f;,, carry a 1. The
fault can be detected, so it is clean. The converse is easily shown.

This fault is equivalent to a stuck-on fault affecting an OR-crosspoint
transistor connected to s5;. Part (¢) of Proposition 11 can then be
applied.

Fights occur when the two adjacent outputs are driven to comple-
mentary signals. Otherwise, the fault is not detected. No test is pos-
sible, so the fault is unclean. (]
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6.6. Crosspoint Faults

The crosspoint fault has received much attention because of several
important properties. First, it is independent of the particular technology
used to implement the PLA: the fault model describes changes in the pat-
tern of crosspoint devices. Second, the effects of crosspoint faults on the
logical behaviour of the SOP forms of the output functions are well known
[SoGa86]. Finally, a test set designed to detect all detectable single
crosspoint faults also detects most multiple node faults, shorts, and
transistor stuck-opens as well as some transistor stuck-ons [OsHo79].

Proposition 19: In a standard dynamic CMOS PLA:

(a) The absence of an AND(OR)-crosspoint transistor @ is clean iff @ is
irredundant.

(b) The spurious presence of an AND-crosspoint transistor at the inter-
section of b;(b;) and p; is clean iff there exists an input vector of the
form X;y(X;o) such that p; is the only product controlling output f,
that covers X;,(X;o)-

(c) The spurious presence of an OR-crosspoint transistor at the intersec-
tion of p; and & is clean iff f, does not cover p;.

Proof:

(a) By definition, a crosspoint transistor @ is irredundant iff removing @
causes a change in at least one output function: i.e. there exists an
input vector X and an output f, such that f,(X)# fi(X). This last
condition is equivalent to the fault being clean.

(b) If: Apply X;i(X;o) as a test vector. If the spurious AND-crosspoint
transistor is present, then p; carries a O instead of a 1. But p; is the
only product controlling f, that covers X;,(X;o). Therefore the fault
is clean, because it causes f, to carry a O instead of a 1.

Only if: A single-vector test suffices to detect the spurious presence
of an AND-crosspoint transistor at the intersection of b;(b;) and Pj-
To stimulate the fault, the vector must have the form X;,(X;,). To
guarantee observability of the fault at an output f;, p; must be the
only product controlling f, that covers X;,(X;o). The fault will cause
p; to be evaluated to O instead of 1, causing f, to carry a O instead of
al.



- 32—

(c) If:If f, does not cover p;, then there must exist a vector X which, in
a fault-free PLA, is covered by p; but not by f,. But the spurious
OR-crosspoint would cause 5, to be evaluated to 0 when X is input,
causing f; to be 1 instead of 0.

Only 1+f: If the fault is clean, then there must exist a single-vector test
X because the fault does not introduce memory beyond one computa-
tion cycle. If the fault is to be stimulated, then p; must cover X. The
signal on a product p; that spuriously controls an output f, will be
observed only if f, does not cover X in the fault-free PLA. Thus, if
the fault is clean, f; cannot cover p;. O

An empty AND(OR)-crosspoint location is festable iff the spurious
presence of a AND(OR)-crosspoint transistor is clean. Note that an
empty location is not testable iff a crosspoint transistor placed there
would be redundant.

6.7. Summary

Despite all of the numerous conditions that appear in the testability
properties proved above, many faults in any given dynamic CMOS PLA
will be clean. This result is exploited in the work on dynamic PLA testing
reported in [HaRe85,Ha87]. Still, as we have seen, some switch-level faults
are conditionally or unconditionally unclean. The main problem areas
include the following:

transmzission gate circuitry: Most node faults and interconnect breaks,
and all stuck-opens and stuck-ons are unclean in the transmission
gates and associated clocking circuitry (Props. 3, 8, 9, and 12). The
problems stem from the redundancy of having two parallel pass
transistors: failures affecting only one path cause degradations in tim-
ing and signal strength that are difficult to detect.

stuck-on transistors: All stuck-ons affecting static inverter, precharge,
and evaluation transistors are unclean (Props. 9 and 10). The prob-
lems stem from fact that it is impossible to place the circuit in a state
that allows the effects of the fault to be observed without simultane-
ously creating a fight. However, stuck-ons affecting crosspoint
transistors are usually clean (Prop. 11).
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ohmic shorts: Many shorts that are likely to occur are unclean: e.g: shorts

between adjacent input lines, bit lines, and output lines (Prop. 18).
By placing these lines on two different layers in alternating fashion,
ohmic shorts can be made much less probable. Ohmic shorts between
precharged lines, such as the product and sumbar lines, are easier to
detect because the precharge-evaluate timing sequence precludes sus-
tained fights.

redundancy: Faults affecting redundant elements are often undetectable,

and therefore unclean. By choosing the products carefully, many of
these redundancies can be eliminated (Props. 5, 10, 11, 18, and 19, Th.
3). Removing a redundant crosspoint transistor creates an untestable
empty crosspoint location, so the designer is presented with an unfor-
tunate choice: the possibility of an unclean disappearance/growth
fault versus the possibility of an unclean appearance/shrinkage fault.
In custom integrated circuits it is unlikely that fully functioning
crosspoint transistors will appear due to physical failures or manufac-
turing flaws, so the latter choice would be preferable.

7. A Testable Dynamic CMOS PLA

7.1. Circuit Description

Figure 7 shows a circuit diagram of a modified dynamic CMOS

NOR-NOR PLA that has better switch-level testability properties than
the standard PLA. The modifications include the following:

(1) The input decoders and output buffers are implemented using

(2)

clocked, rather than static, CMOS inverters [WeEs85]. The transmis-
sion gates are removed and their storage function is taken over by the
clocked inverters. The clocked inverter circuit itself is given in the
detail at the bottom of Figure 7. A one-bit wide slice of the modified
input decoder is shown in Figure 8. Note that, for each input, four
new internal nodes have been introduced, namely: m,, n,, m,, and n,.

The number of general clocks is increased from 4 to 10. The two
clocks ¢ 4np and éop are split into two variants: those that are con-
nected only to the gates of p-type precharge transistors (i.e. ¢%5, and
#5r), and those that are connected to n-type evaluation transistors
(i.e. ¢5np and ¢5g). The input and output clocks must be modified to
operate the new clocked inverters. Clock ¢,y is replaced by four
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separately controlled variants: two non-inverted variants ¢;y, and
é1n2, and two inverted variants épy; and épye. Clock ¢opr is replaced
by the independently controlled variants ¢oyr and ¢opr. All 10 new
clocks are controllable on a per input vector basis to be in either nor-
mal mode (i.e. norm) or in a test mode (i.e. held low(high) for a clock
controlling n(p)-type transistors) as illustrated in Figure 9.

The switched-ground lines in the AND plane are connected together
forming one node g4: product lines no longer have separate paths to
GND via different evaluation transistors. This modification makes
the maultiple AND-plane evaluation transistors redundant, but they
have been left in the circuit for performance considerations.

7.2. Testability Properties

The testability properties of the modified PLA are stated below in six

theorems. The proofs have been omitted in most cases: they are straight-
forward and similar to those for the standard PLA.

Theorem 4: All node faults in the modified dynamic CMOS PLA are
unconditionally or conditionally clean as follows:

(a)

The following are unconditionally clean:

(i) node faults affecting clocks ¢4np, 5np, 98-, SR, Pour Pour, all
sumbars &, all outputs f, all switched-ground lines g, and go,
and all internal nodes in the output inverters;

(ii) a node-at-1 affecting a product p;;

(b) The following are conditionally clean:

(i) node-at-O faults affecting clocks ¢y, and ¢y, (¢1v2 and éyg), pro-
vided that there exists an output f, such that all products that
control f, contain at least one non-inverted (inverted) literal;

(ii) node-at-1 faults affecting clocks ¢;x; and é;n; (¢1ne and épns), pro-
vided that there exists a controlling product composed only of
non-inverted (inverted) literals;

(iii) node faults affecting all inputs x;, all bit lines b; and b;, and all
internal nodes in the input decoders, subject to conditions of
irredundancy on the input lines, bit lines b;, and product lines;
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Figure 8 - One Bit Slice of the Modified PLA Input Decoder

(iv) a node-at-0 affecting a product p; iff p; is irredundant.

The next theorem gives the testability properties of the modified PLA
with respect to single transistor stuck-opens and stuck-ons.

Theorem 5: Aside from stuck-opens affecting the deliberately redundant
evaluation transistors in the AND plane, all transistor stuck-opens and
stuck-ons are unconditionally or conditionally clean as follows:

(a) The following are unconditionally clean:

(i) stuck-opens affecting AND- and OR-plane precharge transistors,
OR-plane evaluation transistors, and output inverter transistors;

(ii) stuck-ons affecting AND- and OR-plane precharge transistors,
AND- and OR-plane evaluation transistors, OR-plane crosspoint
transistors, and output inverter transistors;
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(b) The following are conditionally clean:

(i) stuck-opens affecting input decoder transistors and crosspoi
transistors, subject to reasonable conditions of irredundancy .
the input lines, bit lines b;, product lines, and crosspoint trans
tors;

(i) stuck-ons affecting input decoder transistors and AND-pla
crosspoint transistors, subject to reasonable conditions of irredu
dancy on the input lines, bit lines b;, and product lines.

Stuck-opens affecting AND-plane evaluation transistors are uncle
because of the deliberate redundancy in having multiple evaluatio
transistors drive a single combined AND-plane switched-ground line.
only one transistor were to be used then the corresponding stuck-op
would be clean. The decision as to whether only one evaluation transist
would be sufficient requires a detailed knowledge of the electrical prope
ties of the particular combination of process and layout. The number
product lines, in particular, would be an important parameter. In tl
report we prefer to leave such a decision to the circuit designer.

The next theorem states the testability properties of the modifi
PLA with respect to interconnect breaks.

Theorem 6: Most interconnect breaks in the modified PLA are unconc
tionally clean, or clean subject to reasonable conditions of irredundanc
and subject to the conditions in part (b-i) of Theorem 4.

Proof Outline: The topology of the modified PLA is very similar to th
of the standard PLA, so most of the arguments underlying the proof
Theorem 3 apply. Unlike in the case of the standard PLA, breaks th
isolate the gates of p-type precharge and p-type inverter transistors
not cause unclean faults: they are equivalent to stuck-ons affecting thc
same transistors, faults that are clean by Theorem 5. Also, interconne
breaks caused by transmission gates have been removed. Breaks affectr:
the four input clocks are equivalent to node-at-O faults, and so will

clean subject to the same conditions as those in part (b-i) of Theorem 4.

The next theorem shows the greatly increased testability of the moc
fied PLA with respect to ohmic shorts.

Theorem 7: All of the following ohmic shorts in the modified dynamn
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CMOS PLA are clean or clean subject to reasonable conditions of irredun-

dancy: (a) b; to b;, (b) pj to pj41, (€) pj to gaj, (d) 5k to 4y, (€) 5 O gou.

and (f) f to fes

Proof:

(a) If there exists an output f, and an input vector X, such that f, cov-
ers X;o, but not X;,, then the following test detects the ohmic short (Ir
the following tables a /b denotes the fault-free/faulty values):

| $1ne din2 X bi b Sk
norm norm X; 0/? 1/? 0/?
high norm X;; 0/0 1/0 0/1

Xy
X

It is easy to show that if b, is irredundant then there must exist :
suitable vector X;,. Also, if b; irredundant but controls at least on
irredundant product p;, then a test will exist of the following seconc
form: Let X;, be an input vector which, of all the products that con
trol an output f, is covered only by p;.

l $ine éin2 X b: b; Tk
norm norm X, 1/?7  0/?7 17
norm  low X, 1/1 0/1 1/0

X,
X

(b) When all the clocks are used in their normal mode, part (d) of Propo
sition 18 applies.

(c) Product line p; will appear to be affected by a node-at-0, creating :
disappearance fault. The fault is clean iff p; is irredundant.

(d) The fault causes sumbars 5, and 5, to each implement a new sum:
bar formed by the union of the OR-crosspoint transistors controlling
each fault-free sumbar alone. The truth table of f, (and f;,,) will b
the logical OR of the truth tables of f, and f,,,. As long as f, anc
fr+1 are not identical the fault is clean.

(¢) Sumbar 5, will appear to be affected by a node-at-0, implying that
output f, will appear to be affected by a node-at-1. The fault is clear
because all output functions are assumed to be non-trivial.

(f) As long as f, and f.,, are not identical, an input vector Y that pro
duces complementary output values must exist. The following two-
vector test detects the short:
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| bour dovr X [ilfred)  Treaa(Se)

norm norm Y 0/? 1/?
norm low Y 0/1 1/1

Xi
X

a

From typical PLA layouts, one would expect ohmic shorts between a
non-inverting bit line b; and the adjacent inverting bit line b;,,; to be prob-
able. Unfortunately, the testability properties of this fault are complex.
In some instances it will be possible to use the same clock strategy as that
used in the two tests described for part (a) of Theorem 6 to observe the
effects of the ohmic short as a node fault affecting b;. A test correspond-
ing to the first form would work if the input vector X;, was such that z;,,
is 1; a test corresponding to the second form would work if the input vec-
tor X;, was such that z;,, is 0.

The next theorem gives the testability properties of the modified PLA
with respect to crosspoint faults.

Theorem 8: Proposition 19 applies to the modified PLA.

Proof: The modifications to the standard PLA design do not worsen its
testability properties with respect to crosspoint faults: the modified PLA
can always be operated with all of its clocks in their normal mode. Thus,
the results given in Proposition 19 continue to apply for the modified
PLA. ()

The next theorem summarizes the conditions that ensure that most of
the common switch-level faults are clean in a modified dynamic CMOS

PLA.

Theorem 9: All node faults, transistor stuck-opens (except those affect-
ing the Q5;), transistor stuck-ons, most interconnect breaks, and most
likely ohmic shorts are clean in a modified dynamic CMOS PLA that
satisfies the following conditions:

(1) all input lines, bit lines, product lines, output lines, and crosspoint
transistors are irredundant;

(2) no two output functions implemented on physically adjacent output
lines have identical truth tables;
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(3) at least one product, that controls an output, consists entirely of
non-inverted literals;

(4) at least one product, that controls an output, consists entirely of
inverted literals;

(5) there exists one output such that all of its controlling products con-
tain at least one non-inverted literal;

(6) there exists one output such that all of its controlling products con-
tain at least one inverted literal.

Proof: Follows from Theorems 4 to 8. O

8. Discussion

In this paper, the standard dynamic CMOS PLA was analyzed to
determine its testability properties with respect to a comprehensive set of
switch-level faults. That most switch-level faults were found to be clean
should not be too surprising since the circuit has only two levels of logic,
neglecting the input decoders and output buffers. The testability prob-
lems associated with transmission gate circuitry, stuck-on faults, and
ohmic shorts will plague most CMOS designs. It was shown that the
PLA’s testability improves when the many different kinds of redundancy
are eliminated, but this is usually a computationally expensive operation.

The modified PLA does have improved testability over the standard
design, largely at the cost of increased clock complexity. If the overhead
of generating the 10 clock variants can be shared among many large
PLAs on a single IC then the modified design becomes more attractive. It
should also be noted that the binary vectors controlling the clock modes
can be encoded using only 5 bits since fewer than 32 different clock com-
binations are required to represent normal operation and all required test
configurations. Most of the required clock mode combinations are given
in Table 1. Thus it is possible for an external tester to control the clock
modes on the fly using only 5 input pins. These pins could be used for
other functions in the IC’s normal operating mode.

The costs associated with meeting the conditions given in Theorem 9
are difficult to predict as they will vary with the particular PLA. Identi-
fying redundant input lines, product lines, output lines, and crosspoint
transistors in an existing PLA will undoubtedly require additional
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Clock Mode Combinations Faults that Require Them

1. all norm crosspoint faults

2. ¢hnp high, ¢inp low Q4 stuck-on

3. é4inp low g4 with node-at-0

4. #%r high, ¢ég low Q% stuck-on

5. dér low Q& stuck-on

6. $our low dour with node-at-1

7. bour high éour With node-at-0

8. é1no high, é1ne low é v with node-at-0

9. | Biny high, ;ns high, $ins low | vy with node-at-0

10. | ¢ low, é;n2 high, ¢1ns low é1n2 With node-at-1

11. | é5v low node fault affecting an internal
node in the first level of an input
decoder

12. | opnp low node fault affecting an internal
node in the second level of an
input decoder

13. | éino high, éins low, ¢5np low | Qf; stuck-on

14. | @nq high ohmic short from b; to b;

15. | éne low ohmic short from b; to b;

16. | é5n high stuck-on affecting a clocked
transistor in the first level of the
input decoder

Table 1 - Clock Mode Combinations Used for the Modified PLA
computation. Some redundancies should only occur rarely: e.g. uncon-

nected bit lines and duplicated output functions should not arise in most

designs.

Detecting and removing redundant crosspoint devices can be

expected to be a difficult problem as it involves logic minimization. Meet-
ing conditions (3), (4), (5), and (6) would, in the worst case, require the
addition of two extra products and two extra outputs; however, these con-

ditions are weak enough that few PLAs should incur the maximum cost.
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