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Multichip modules, wafer-scale integration, and three-
dimensional connections are the latest solutions to build-
ing faster computers. These new technologies will shor-
ten electron travel distance, but they will compound an
existing problem: testing. Without a systematic approach,
testing even a single very large-scale integrated (VLSI)
chip could be impossible. This paper describes a supe-
rior builtin self-test (BIST) design methodology that
solves the VLSI testing problem. Pseudo-exhaustive self-
test (PEST) is a design methodology that provides effec-
tive, 100-percent fault coverage without the need for fault
simulation or deterministic test generation. We used
PEST, an existing software package based on the algo-
rithms discussed here, to implement the PEST function in
three VLSI designs at AT&T.

Introduction

vLsI technology has allowed us to integrate extremely complex
functions onto a single chip. It has been predicted that in the next
decade the number of transistors that can be put on a chip will increase
from about 1 million to close to 100 million. This increase will give chip
designers more freedom to implement complex functions, but it will
also make the structural verification of these chips more difficult. This
paper presents a test methodology for VLI design that solves the
manufacturing test problem and also simplifies the system’s testing
and diagnostic requirements.

During the manufacturing process, various types of defects can
appear in a chip. The defective part of the chip behaves as though one
or more of the logic gates are “stuck at” one value, either a one or a
zero. Traditionally, designers attempt to generate a set of test vectors,
or inputs to the chip, that will exercise all possible stuck-at faults. After
the test vectors are generated, fault simulation is implemented to deter-
mine the actual coverage of all stuck-at faults using that particular set
of vectors.
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Panel 1. Acronyms and Terms

ATE automatic test equipment

ASIC application-specific integrated circuit

BIST built-in self-test

BIT built-in test

CAD computer-aided design

CMOS complementary metal-oxide semicon-
ductor

DMA direct memory access

FIFO first-in, first-out

IC integrated circuit

ISCAS 10 benchmark circuits published in the

International Symposium on Cir-
cuits and Systems in 1985

LFSR linear-feedback shift register
MISR multiple-input shift register
NIC network-interface controller
NP nondeterministic polynomial
PEST pseudo-exhaustive self-test
RAM random access memory
SWAP logic swaps data

VLSI very large-scale integration

Vector generation and fault simulation have
become the bottleneck in manufacturing VLSI chips.
Many months are added to a product cycle to obtain
good fault coverage. Because of the complexity of the
chip, in many cases we cannot obtain 100-percent fault
coverage without special “design for test” considerations.
With this in mind, designers must strive to guarantee the
testability of their designs.

One solution to the digital vLSI testing problem is
Built-In Self Test (BIST), a design philosophy that advo-
cates the addition of a customized test function into each
chip. (See Panel 1 for definitions of terms.) This paper
discusses one such customized test function, PEST, which
automatically generates the test vectors needed to
guarantee 100-percent fault detection for each chip. With
this test function in place, a functionally verified chip
design can be manufactured without the delays caused
by test-vector generation and fault-coverage verification.

The PEST concept was first described in 1981 by
McCluskey,! who stressed the need for a test strategy
that could be used in manufacturing, system, and field
tests. Today, within AT&T, we have successfully incor-
porated the PEST function into three application-specific
integrated circuits (ASICs). To automate the implementa-
tion of PEST, computer-aided test software was developed
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at the AT&T Engineering Research Center in Princeton,
New Jersey.
The remainder of this paper presents:
= An overview of the new PEST scheme
= A circuit-segmentation algorithm
= Test generation using canonical vectors
= Results of implementing the PEST scheme in the
network-interface controller (NIC) chip.

Overview of the PEST Scheme

The ideal test for a chip would incorporate an
exhaustive set of test vectors, that is, the test would
include vectors that would exercise every possible path
in the chip. Therefore, if a VLSI circuit passes an exhaus-
tive test, we would know it works correctly. An exhaus-
tive test for a VLSI chip with 100 inputs and 500 internal
memory elements would have on the order of 2% or
1018 vectors. It is impossible to conduct an exhaustive
test on a VLSI chip that includes such an enormous num-
ber of vectors within a realistic time frame. PEST, how-
ever, can conduct the equivalent® of an exhaustive test
in an affordable testing time frame with fewer than 1 mil-
lion test vectors.

From a logic designer’s point of view, a VLSI chip
is composed of combinational logic and flip-flops. Combi-
national logic is made up of primitive elements, such as
AND gates, OR gates, and inverters. Flip-flops are the
primitive single-bit memory elements. A collection of the
primitive combinational elements that combine to pro-
duce one output is known as a combinational logic cone.
The combinational logic of a chip is a collection of combi-
national logic cones.

PEST tests the combinational logic and flip-flops
of a circuit independently. PEST conducts an exhaustive
test on each logic cone, thereby guaranteeing 100-percent
stuck-at fault detection. The flip-flops are tested with a
combination of an initialization test and PEST test vectors.

Logic cones that occur naturally on the chip may
be too large to test exhaustively. For example, for an #
input logic cone, 2" test vectors are needed to conduct



Figure 1. The PEST user interface menu. During circuit pars-
ing, the logic design of the input circuit is read. The seg-
mentation algorithm then partitions the circuit and gen-
erates additional observable and controllable test points (to
reduce the size of logic cones), if needed. During vector
assignment, the assignment algorithm designates test vec-
tors to inputs of the logic cones. PEST then modifies the
logic design to insert the PEST function generated during
circuit partitioning and vector assignment. The output of the
PEST software is a modified chip.

an exhaustive test. If # is 30, then 1 billion test vectors
will be needed. To control the length of the test, large
logic cones must be divided into smaller ones. This is
accomplished by adding observable and controllable test
points at strategic locations in the circuits. In PEST, a seg-
mentation algorithm, discussed later, is used to select
the test points.

The PEST software is a computer-aided design
(CAD) tool that analyzes the circuitry of a chip and incor-
porates custom testing hardware into it. Figure 1 shows
the PEST user interface menu.

The output of the PEST software is a modified chip.
The modifications appear in four ways. First, PEST adds a
test-vector generator to provide the exhaustive test vec-
tors to the inputs of each logic cone. Second, the observ-
able and controllable test points are implemented using
multiplexers. Third, all flip-flops in the chip are modified
to distribute the test vectors and to compact the test
results. During test, the test responses are coded (com-
pacted) into a binary sequence of a fixed length, called a
signature. The coding is accomplished in hardware using
the flip-flops of the chip.

Finally, a self-test controller is added. Some BIST
schemes test parts of the chip in sequence. Our PEST
scheme tests all logic cones simultaneously. This elim-
inates test scheduling, simplifies self-test control, and shor-
tens test time. Figure 2 shows a chip before and after PEST
insertion. The self-test controller is not depicted here.

The PEST function is activated when the control

Pseudo-Exhaustive Self Test
ATET Bell Laboratories
Princeton, New Jersey
Copyright (c) AT&T 1998
All Rights Reserved

Circuit Parsing
Replace with PEST flip-f1 ops C Yes
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Circuit nets to be removed < No
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Input ordering heuristic <3
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Isolate Sub-networks < No
External Clocks & N
Debug Z No

lines to the PEST flip-flop are set to test-result-compaction
mode and the control line to the test generator is set to
go. At the end of the testing session, the contents of the
flip-flops, which give the final signature of the chip, are
scanned out and compared with the signature of a good
chip to determine the condition of the chip under test.

In reality, testing always involves tradeoffs.
Ideally, we balance the various tradeoffs in hardware over-
head, testing time, and test data compaction schemes to
maximize the overall fault coverage on the chip. Although
the PEST implementation assures 100-percent fault detec-
tion, the actual fault coverage may not be that high,
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Figure 2. A sample
circuit (a) before and
(b) after PEST inser-
tion. The circuit’s
combinational por-
tions are segmented
at the test point for
observation and con-
trol using multi-
plexers. A dedicated
test generator routes
exhaustive test vec-
tors to the inputs of
each logic cone.
PEST flip-flops distri-
bute test vectors and
compact the test
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owing to the compaction scheme. The actual fault cover-
age is a function of the coding/compaction scheme.
Sometimes this scheme gives a chip with faults the
same signature as a good chip (aliasing). On average,
three percent of fault coverage may be lost.

With nearly 100-percent fault coverage, PEST
does impose a hardware-overhead penalty, but it elim-
inates the need for complex automatic test equipment
(ATE), exterior test generation, and fault simulation,
while it dramatically improves system-level testing.

Circuit Segmentation—Test Point Selection

To make PEST practical for large combinational
circuits, we must limit the number of inputs driving each
logic cone by partitioning the circuit,3 i.e., by adding
observable and controllable test points. A complication
involved in partitioning logic cones occurs when certain
inputs affect more than one output—the circuit fans out.
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Combinational
cone

(b)

Several logic cones may therefore share inputs and over-
lap in complex ways. For fan-out-free circuits, it is possi-
ble to give a simple formula for calculating the smallest
number of test points needed for each circuit.* But, for
circuits with fan-outs, determining the smallest number
of test points for the circuit becomes NP-complete,® that
is, there is no computationally practical way to obtain the
smallest set of test points.

Since an optimal solution is not possible, a num-
ber of approximation algorithms or solutions have been
proposed. Such algorithms are categorized as either par-
tition or segmentation algorithms. Partition algorithms
produce a circuit that is a collection of disjoint subcir-
cuits. Segmentation algorithms produce a circuit consist-
ing of overlapping subcircuits. Although partitioning a
circuit results in a shorter test, segmentation is less
expensive to implement and provides higher fault cover-
age.% In the interest of minimizing implementation cost,
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our new algorithm is a segmentation algorithm.

Our segmentation algorithm analyzes both the
global and local characteristics of the circuit. A global
evaluation of all the logic cones allows us to pinpoint
overlapping cones, which then can be used in selecting
test points. Because a global search is very computation-
ally intensive, no other segmentation algorithms have
attempted to use global information. On some circuits,

a global search for overlapping logic cones may not be

01

02

(d)

Figure 3. (a) A sample combinational circuit represented as
(b) a graph. Another graph represents a slightly more com-
plex circuit with (¢) two logical cones identified by outputs
13 and 14. Inserting a test point at node 11 of the circuit
creates (d) three logical cones identified by outputs 13, 14
and 11 .
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Figure 4. A graph showing weighted fan-out in a logic cone.
The weight of primary input pins A and B at node Nis 1,
because no fan-out of the input pins has occurred. The
weight of input pin C at node Nis 1/2, because input pin C
has two outputs, only one of which drives node N.

fruitful. In that case, PEST examines each logic cone
individually.

We present here the global search algorithm
that evaluates all the nodes in a circuit based on fan-out
and reconvergent fan-in of the primary inputs. As we will
show later, our test-point-selection algorithm on the
International Symposium on Circuits and Systems
(1ScAS) 7 circuits produces results superior to those pre-
viously published.

Modelling the Circuit for Segmentation. When we
segment a circuit, we focus on the structure rather than
the functionality of the chip. We are not interested in the
type of each logic element (AND, OR, or inverter gate).
Each logic element is simply a node in a graph. The con-
nections between the logic elements are important; they
are arcs connecting the nodes in the graph. Graph
theoretical modeling simplifies the presentation of the
algorithm by emphasizing the structual aspect of the cir-
cuit. Figure 3a shows a combinational circuit that has
been translated into a graph (Figure 3b). Figure 3¢
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shows a circuit as two logic cones, identified by outputs
13 and 14 in graph theoretical representation. We say
that logic cones 13 and 14 overlap at inputs 2, 3, 4, and 5.
The size of a logic cone is determined by the number of
inputs that drive it. Inserting a test point at a node N
splits the node into two nodes, N, and N;. N, is the pri-
mary output of the new cone produced, and N; is the
new primary input to the cones that contain N. For
instance, inserting a test point at node 11 of the circuit in
Figure 3c splits node 11 into 11; and 11,,. This produces
three logic cones, identified by outputs 13, 14 and 11, as
shown in Figure 3d.

We can formally state the test-point selection prob-
lem in graph theoretical language: Find the smallest sub-
set of nodes in a directed graph so that when test points
are inserted at these nodes, each logic cone in the result-
ing circuit is smaller than or equal in size to a given num-
ber of inputs. To conduct a short exhaustive test, we need
to partition the circuit. Since there is no theoretically opti-
mal way to do this, we will show how to use the global-
search algorithm to obtain a “good” set of test points.

Global Search: Weighted Fan-out. 10 segment a
circuit into logic cones of required sizes, we iteratively
select test points. Those logic cones whose size is
greater than the user-determined logic-cone size are
called offending logic cones. At each iteration, we exam-
ine every node to determine how many logic cones
would be removed from the offending-logic-cone list if
that node were selected as a test point.

In evaluating a node as a potential test point,
we want to know the number of inputs “blocked” by this
node for each logic cone. If no input is blocked by a
node, then the node does not segment any logic cone.
For example, the node N shown in Figure 4 completely
blocks both inputs A and B from the primary output. It
does not block input C, however, since a path exists from
input C to the primary output without going through N.
C is said to have a fan-out. When N is used as a test
point, the original output will have three inputs: N, C,
and D. Because N does not block input C, C is not seg-



mented out of the original logic cone.
DEFINITION 1: Blocked (N,0) is the number of inputs
blocked from the logic cone O by inserting a test point at N.

The example in Figure 4 shows us that when-
ever a fan-out occurs, we lose the ability to block some of
the inputs. Thus, tracking (using weights) the occur-
rences of fan-out and reconvergent fan-in would allow us
to calculate Blocked (N, 0) efficiently. The weight of a
primary input is 1 at the input node.

Each time a fan-out occurs, the weight of the
input at the next, or succeeding, node becomes a fraction
of the weight of its predecessor. The fraction is propor-
tional to the number of fan-outs that occur.

For example, Figure 4 shows that the weight of
primary input pins A and B at node N is 1, because no
fan-out of those input pins has yet occurred. However,
the weight of input pin C at node N is 1/2, because input
pin C has two outputs, only one of which drives node N.

When the input pins reconverge, the weights
from the same primary inputs are added. The function
input_weight(Pin,N,O) is defined as follows:

) ] 1 if Nis a primary input
input_weight (Pin,N,0) =
Y. input_weight (Pin,i,0)
i fan_out (¢,0)

In the preceding equation, 7 ranges over the immediate
predecessors of the node N, and fan_out(z, O) is the
number of nodes in output logic cone O that are immedi-
ate successors of node 7. We can compute
input_weight(Pin,N,O) by propagating every primary
input of logic cone O to its successors, along with the
value of input_weight.
THEOREM 1: A primary input pin is blocked by a node N
relative to logic cone O if and only if
input_weight(Pin,N,0) = 1. If input_weight(Pin,N,QO) is
a fractional value, there is a path from the Pin to O that
does not pass through N.

Theorem 1 enables us to calculate Blocked (N, 0)
from the input-weight function. The test point selected at

rY

¢c1908

of offending cones

Number

0 |
0 5 10 15

Number of test point inserted

Figure 5. For some ISCAS circuits, the number of offending
logic cones decreases drastically as the number of test
points increases. An offending logic cone is a logic cone
with too many inputs.

each iteration is the node N that blocked the largest
number of inputs from the largest number of offending
cones.

Results. Robert and Lala* show that for fan-out-
free circuits with a fixed-partition factor, the number of
test points increases linearly as the number of nodes in
the circuit increases. In fan-out-free circuits, each node
resides in and, therefore, affects only one logic cone. But
in circuits with fan-outs, such as the ISCAS circuits, a node
that resides in one logic cone may affect many logic
cones. Our global approach is to select (from among all
the nodes in the circuit) the test point (at each iteration)
that will eliminate the largest number of offending cones
at once.

The graph in Figure 5 shows the number of
offending logic cones versus the number of test points
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Table I. Test Points Needed to Segment a Circuit

ISCAS Number of test points (cone size = 20)
circuits . DC ., GL o RL
PEST | DC % PEST GL % PEST RL % PEST

c432 19 20 105 21 105 44 231
c499 8 9 112 9 112 32 400
¢880 10 14 140 14 140 48 480
c1355 8 9 112 9 112 32 400
c1908 15 18 120 17 113 53 353
€2670 30 37 123 29 97 77 256
¢5315 30 42 140 46 153 82 273
¢7552 75 79 105 85 113 75 100

PEST: algorithm presented in this paper.

DC, GL: local and global algorithms published by Hellebrand and Wunderlich.®
RL: algorithm of Roberts and Lala implemented by Reference 5.

inserted for three ISCAS circuits. We drastically reduce
the number of offending logic cones for circuits ¢499 and
c1908 as we increase the number of test points. How-
ever, we see no such drastic reduction for circuits such
as c880, which is dense with fan-outs and reconvergent
fan-ins. For such circuits, we need to work on each logic
cones individually.

Table I presents the number of test points
needed to segment or partition each of the ISCAS circuits
according to four different algorithms. To compare the
PEST results with the other algorithms, we include a per-
centage that represents the published results divided by
the PEST results. The results of the algorithms DC, GL,
and RL are published by Hellebrand and Wunderlich.?

The DC algorithm performs 5 to 40 percent
below that of the PEST algorithm. With one exception, the
GL algorithm performed 5 to 53 percent worse than the
PEST algorithm.

Pseudo-Exhaustive Test Generation

In PEST we seek the most inexpensive way of sup-
plying the smallest set of vectors to exhaustively test all
the logic cones at once. For a single #-input cone, the
shortest exhaustive test has length 2. We can generate
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an exhaustive test easily by running a binary counter of
length # from 0 to 2", as shown in Figures 6a and b.

Generating the shortest exhaustive test for two
overlapping logic cones is a little more difficult (Figure
6¢). Logic cones 1 and 2 overlap at one input pin. To pro-
vide an exhaustive test set for logic cone 1, we assign the
vectorsay, ap, ag, and a, of Figure 6c to the inputs, as
shown. The reader can verify that the column vectors
ay, ag, ag, and ag—reordered, for example, as
a,, a4, ag, and a;—will still present exhaustive row
vectors. Thus, the inputs of logic cone 2 can have assign-
ments as shown in Figure 6¢.

To summarize, there are two parts to the test-
generation problem. First, we need a generator that pro-
duces vectors which, together, contain an exhaustive test
(vectorsay, as, a3, and a4, for example). Second, we
need a method of assigning the outputs of the test gen-
erator to the inputs of the logic cones so that each logic
cone will receive an exhaustive set of test patterns.

In circuits that we have examined, the overlap-
ping among logic cones can be very complicated. An
input pin may belong to as many as 60 different logic
cones. In general, it is not possible to generate a pseudo-
exhaustive test using the binary-counting sequence
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Figure 7. A scheme
used to generate the
set A for the case

Conventional LFSR

w=3. Pgrlty XOR
register
a; az az
I I |
XOR XOR XOR
by b bj

exclusively (Figure 6d).

Research in this area can be grouped into three
categories, depending on whether the relative emphasis
is on the test generator or on the assignment process. In
the first category, the emphasis is on the test genera-
tor.8:9 In these cases, the test time is longer than neces-
sary and the assignment process is not considered.

In the second category, which assumes an
assignment procedure, !0 each set of logic cones needs a
customized solution. Unfortunately, a solution cannot
always be found.

In the third category, which is the approach used
in our PEST scheme, we develop the assignment pro-
cedure and the test generator concurrently.

The New Method. Because the column vectors
from a counter cannot by themselves solve the test-
generation problem, we need to choose from a larger set
of vectors. We call the vectors in this larger set the
canonical vectors. The set of canonical vectors should
have the following characteristics:
= [t should be easy to tell whether a set of canonical vec-

tors provides an exhaustive test for a logic cone,
thereby making the assignment process easy.
= The canonical vectors selected should be the “best”
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XOR

set, in that almost every subset of canonical vectors
should form an exhaustive test.

DEFINITION 2: We say a set of x column vectors of height

2% forms an exhaustive set if, when viewed as a 2¥ by x

matrix, the rows within the matrix contain an exhaustive

test. In subsequent sections we describe:

= How the canonical vectors are selected

= Which collection of the canonical vectors produces
exhaustive test sets

= The type of hardware necessary to generate the
canonical vectors.

Selecting Canonical Vectors. The binary counting
sequence from 0 to 2% is an exhaustive test for a logic
cone of size w. All other exhaustive tests for logic cones
of size w are row permutations of the binary counting
sequence. We therefore use the counting sequence as a
reference point.

The first canonical vectors of set A are the w
columns of the binary counting sequence. We call these
w vectors the reference canonical vectors,

a;, as, -, a,. Figure 6a shows the reference vec-
tors for the case w =4.

The remaining canonical vectors are generated
from the reference canonical vectors. Let b; be the
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vector generated by taking the linear sum (modulo 2) of
all but the 7th reference canonical vectors. For1 < i, < w

bi = ®;,; a; o))

DEFINITION 3: If w is the maximum logic cone size, the set
of canonical vectors A for w is
a;, a9, . ,aw,bl,bz, . ’bw-
Exhaustiveness and Linear Independence. Akers”
showed that to find out which subset of A forms an
exhaustive set, we only need to determine whether the
given subset is linearly independent.
THEOREM 2: w distinct vectors of A are linearly indepen-
dent if and only if the set of w vectors forms an exhaustive
set. With the aid of linear algebra and Theorem 2, we are
able to deduce exactly which subsets of A form an
exhaustive set.
Theorem 3, given below, summarizes the results
with the aid of Definition 4.

DEFINITION 4: A subset of A contains an i-pair if, for some
i, both a; and b; are in that subset of A. For example,
aj, ag, ba, ag is a subset of A that contains a 2-pair.
Theorem 3 provides easy rules for recognizing
which subset of the canonical vectors forms an exhaus-
tive set. These rules constitute the basis for the assign-
ment algorithm between the set A and the input pins.
THEOREM 3: A vector assignment from the set A to the
input pins of a combinational circuit produces a pseudo-
exhaustive self-test if and only if, for every logic cone, one of
the following is true:
1. It contains exactly one i-pair
2. It contains no i-pair and the number of bs is even
3. Ifthe cone size is less than w, it contains no more than
one i-pair.
Test-Generator Implementation. Figure 7 shows a
scheme used to generate the set A for the case w = 3.
Because the linear-feedback shift register (LFSR) has a
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Figure 9. PEST iso-
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primitive feedback polynomial, all 2 — 1 patterns are
generated (excluding the all-zero pattern, which can be
produced using a “reset” operation). Because the
sequence of test vectors is of no importance in exhaus-
tive testing of combinational circuits, we use an LFSR.

The LFSR outputs are the reference vectors a;s.
The column vectors b;s are derived from the a;s, as indi-
cated earlier in Equation 1.

PEST in the NIC Chip

The NIC chip is an ASIC developed by AT&T Bell
Laboratories. It provides an asynchronous, micropro-
cessor-like interface to the data-flow network in AT&T’s
digital signal processor. The NIC is fabricated using
AT&T’s 1.25um (micrometer) CMOS process. It contains
about 200,000 transistors on a die that measures 502
millimeters per side. The device is packaged in a 256-pin
ceramic-chip carrier. Figure 8 shows the three major BIST
schemes used in the NIC:
= PEST for the random sequential logic
= Special RAM BIST
= Boundary scan, which is used to test interconnections

between chips on a circuit board.
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The logic that contains PEST comprises 112,000 transis-
tors (nearly 60 percent of the total chip), including 1400
flipflops.

PEST can be implemented in a circuit by follow-
ing these steps:

1. Replace all flipflops in the circuit with PEST flip-flops.
2. Add test points as needed.

3. Add a test generator and distribute the test vectors.
4. Add BIST control logic to conduct concurrent testing.
These steps are described here in detail.

step 1. Our PEST scheme isolates the combina-
tional logic from the sequential circuit by observing
every flip-flop input and controlling every flip-flop output.
We reconfigure the registers (i.e., groups of flip-flops)
into MISRs so we can compact test results in the flip-flops.
To control the flip-flop output, the outputs of the regis-
ters are multiplexed with the test data generated by the
source LFSR.

During PEST sessions, the built-in test (BIT) con-
troller sets the multiplexer to apply the test data to the
subsequent combinational logic. Figure 9 shows a PEST
flip-flop design that performs these functions. This flip-
flop can be reconfigured using mode control lines MDO



through MD2 to perform the normal, MISR, scan, clear,
and hold modes. The clear mode is used to set the initial
MISR values, and the hold mode is used to freeze the
resulting signature when PEST is complete. The flip-flops
are connected in a single-scan chain to provide access to
the signatures at the end of the self-test.

step 2. The maximum logic cone size chosen
was 20, thereby limiting the test time to about one mil-
lion cycles. PEST software determines the test-point loca-
tions but permits the user to restrict them from time-
critical paths. During the self-test mode, the multiplexers
select the test data from the source LFSR that are to be
presented to the logic. At the same time, an MISR
observes the inputs of the test points (i.e., the outputs
from the previous logic cones).

step 3. We used a circuit similar to the one
described in Figure 7 to generate the test vectors that
stimulate the circuit during self-test. The NIC stimulus
comes from the existing boundary-scan flip-flops, recon-
figured as multiple 20-bit LFSRs. Each controllable point
in the circuit (i.e., every primary circuit input, flip-flop
output, and test point) is assigned by the PEST tool to one
of the LFSR outputs in such a way as to present each logic
cone with an exhaustive vector set. To simplify vector
routing and reduce routing overhead, PEST permits the
user to restrict vector assignment.

step 4. The NIC was designed to perform concur-
rent self-test. Using a test-bus interface, a maintenance
processor located external to NIC sends self-test instruc-
tions to the NIC chip. The BIT-controller logic interprets
these instructions and then configures the chip to per-
form the desired pseudo-exhaustive, FIFO RAM, and
boundary-scan tests.

The NIC BIT controller also contains logic to con-
trol the clocks. The NIC normally operates using several
asynchronous clocks. But, to assure stable and predict-
able BIST operation, the multiple clock inputs are
replaced with a single test clock. A clock-switching cir-
cuit was developed to perform this clock multiplexing in
a stable fashion.

A programmable vector counter was added to the
BIT controller to signal the end of the self-test sessions.
The counter decrements every cycle during self-test.
When the counter equals zero, the BIT controller places
the PEST flip-flops in the hold mode, and an interrupt is
issued to the external maintenance processor. The flip-
flop contents, which contain the final signatures, are then
scanned out for comparison with their expected values.
Testing the Test Circuitry. BIST schemes cannot
always test the test circuitry effectively. PEST solves this
problem by running a short test routine before it per-
forms the BIST session. This prescribed initialization test
detects the faults in the PEST flip-flops, scan chain, and
control lines in the flip-flop mode.
NIC implementation Overhead. The design of the
PEST flip-flops involved a tradeoff between low area over-
head and short path delay. Because the NIC chip must
run at high clock rates, short path delay took precedence
over implementation size. When PEST flip-flops are used,
the total path delay between flip-flops increases by no
more than 1.3 ns (nanoseconds).
The PEST overhead consists of 26,712 transistors,
which is 24 percent of the random sequential logic, but
only 14 percent of the total chip. This overhead consists of:
= Logic needed to convert original flip-flops to PEST flip-
flops

= Test points (29 were added)

= MISR logic

= Control-line buffers

= Boundary-scan cell modifications for LFSR and MISR
operation while PEST is being run.

Fault-Simulation Results. The bottom line of a BIST
methodology is the total fault coverage. The fault cover-
age is 98 percent (after only 10,000 BIST vectors plus the
initialization test).

Conclusions

PEST is a design concept that embodies an ideal
test strategy. It provides effective, 100-percent stuck-at
fault coverage for the integrated circuit without requiring
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expensive ATE, labor-intensive test generation, or fault
simulation. It also gives the system easy access to this
self-test capability on the chip.

We have discussed one way of incorporating this
ideal into real circuit designs. Our experience shows that
PEST lives up to the highest design expectations.
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