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ABSTRACT

It is important to test the various kinds of intercon-

nect faults between chips on a card/module. When

boundary scan design techniques are adopted, the

chip to chip interconnection test generation and ap-

plication of test patterns is greatly simpli�ed. Vari-

ous test generation algorithms have been developed

for interconnect faults. A new interconnect test

generation algorithm is introduced. It reduces the

number of test patterns by half over present tech-

niques. It also guarantees the complete diagnosis

of mutiple interconnect faults.

1 Introduction

Scan design techniques have emerged to overcome

some of the di�culties of producing test data for

di�erent fault models and levels of packaging (e.g.

chips, cards, modules). In-circuit tests and func-

tional tests have been the primary method for test-

ing chips on a card and interconnections of chips on

a card (from now on the 'card' is meant to be the

'card or module'). In-circuit test based on the bed-

of-nails probing technique makes it possible to test

each chip and the interconnections among chips.

However it requires the automatic test equipment

(ATE) to probe each chip pin and the increasing

use of surface mounting techniques make it di�-

cult to perform in-circuit test. Although functional
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test does not need extensive access to chip pins on

the card, it can not be guaranteed to derive high

coverage test patterns. Also it may require a de-

tailed description of each chip which often is not

available from the vendor. Boundary scan is a new

design for testability technique aiming to improve

the card level testability by embedding a dedicated

boundary scan register or making use of the part

of the scan register in each chip. IBM boundary

scan design has been developed in support of re-

duced pin count test and interconnect test where

the boundary scan latches belong to the scan reg-

ister [2]. IEEE 1149.1 boundary scan design which

uses an explicit test protocol is becoming a widely

adopted industry standard [6].

It is important to test the various kinds of in-

terconnect faults between chips on a card such as

AND, OR and dominating type shorted net faults,

open net faults, and stuck at faults. When bound-

ary scan design techniques are adopted, the chip

to chip interconnection test generation and appli-

cation of test patterns is greatly simpli�ed. Various

test generation algorithms have been developed for

shorted nets faults. The log(n+2) approach (where

'n' is the total number of nets) detects any net fault

and can be easily generated using counting tech-

nique [8] [4] [5]. In order to diagnose the net faults,

the 2*log(n) counting and complement counting al-

gorithm has been suggested [10] [3]. However dif-

ferent types of multiple shorted nets faults can not

be diagnosed, since the 2*log(n) approach gener-

ates the same output vectors for the di�erent pairs

of shorted nets faults. Recently a 2*n marching 0

and 1 patterns approach was developed guarantee-

ing complete diagnosis [7]. Although su�cient, it

is not necessary to apply 2*n patterns. A new n+1

patterns approach is proposed in this paper which

has the same level of diagnosis as 2*n patterns while

requiring only half the number of patterns. It will
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be shown that the n+1 patterns is su�cient to di-

agnose all the possible shorted nets faults.

This paper is organized as follows. We begin

with a description of fault models and de�nitions in

section 2. Currently known algorithms are reviewed

in section 3. A new interconnect test generation

algorithm is described in section 4 followed by a

conclusion and future work.

2 De�nitions and Fault Mod-

els

We consider the following classes of fault models.

1. S-at-1 and S-at-0: The conventional stuck at

fault model.

2. S-open: The fault model for CMOS imple-

mentations which models any open net fault

as either a pull-up or pull-down circuit. Ini-

tialization and transition patterns, that is, a

two pattern test is required to detect a stuck-

open fault.

3. Shorted Nets Faults: AND, OR, OPEN, DOM-

INATOR: The fault model for shorted nets

faults can be classi�ed into AND, OR, OPEN

and DOMINATOR type faults. Suppose two

nets: (A, B) are shorted and let the logic val-

ues at each net be V(A) and V(B) respec-

tively then:

(a) An AND type short results in logic 0 if

either net is logic 0.

(b) Conversely an OR type short results in

logic 1 if either net is logic 1.

(c) We call A DOMINATES B if V(A) ap-

pears at both nets regardless of V(B).

Similarly B DOMINATES A if V(B) al-

ways appears at both nets regardless of

V(A).

The following de�nitions are used through the

rest of this paper.

De�nition 1 A net is de�ned as the interconnect

wiring between output pins and input pins of chips

or card. The source of a net is de�ned as chip out-

put pins or card input pins which can drive signals

on the net. Likewise sink of a net is de�ned as chip

input pins or card output pins.

De�nition 2 A pin is called a twostate driver if it

is fed by only one data input source which can be

an output boundary scan (B-S) cell for chip pin or

directly from an ATE driver for card pin. A pin is

called a tristate driver if its input data is gated by

an ENABLE signal. A bidi pin of a chip is de�ned

as a pin that can drive signals as well as receive

signals through the control of an ENABLE signal.

It is called as CIO pin on a card.

De�nition 3 A test pattern is a set of logic values

which need to be assigned to each boundary scan

cell and card pin.

Example 1 In Table 1 the 1st test pattern is

'00001111' which is the �rst column of the input

vector.

De�nition 4 An input vector is de�ned to describe

the stream of input patterns of which each element

belongs to a di�erent test pattern. output vector

is similarly used to illustrate the stream of output

patterns corresponding to an input vector. In gen-

eral, the fault free output vector is supposed to be

the same as the input vector in a boundary scan

designed card.

Example 2 For example, '001' in In Table 1 is an

input vector for net n2.

De�nition 5 The detection is the ability to detect

faults. The diagnosis is the ability to determine

which nets are shorted together or faulty.

De�nition 6 The complete detection and diagno-

sis is the ability to detect and diagnose any number

of multiple shorted nets fault.

We have presented the fault models and some

de�nitions. In the following section a new Shorted

Nets Test generation algorithm is described along

with the currently known algorithms.

3 Review of Currently Known

Algorithms

It is important to test the various kinds of intercon-

nect faults between chips on a card such as AND,

OR and DOMINATOR type shorted nets faults,

open net faults, and stuck at faults. Many algo-

rithms have been developed to detect and locate the

wiring interconnect net faults [8] [4] [10] [5] [7] [3].
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Some approaches made assumptions such that cer-

tain physical layout information is available to de-

termine adjacency relationships between nets and

hence the maximum distance of nets which can be

shorted in the physical implementation. However,

in practice test generators typically do not have

ready access to physical design information. Our

approach to interconnect test generation removes

the dependency of having to have physical design

information available in order to generate tests for

shorted nets faults. Our design focuses on an one-

step detection and diagnosis approach as opposed

to other so-called adaptive methods which require a

two-step process: i.e. detection and then diagnosis

for only the faulty nets. It should be noted how-

ever, that our method can be easily extended to the

adaptive method which relies on a direct interface

to ATE.

Let us assume that the target card consists of

'n' nets. The log(n) patterns algorithm was devel-

oped to detect all shorted net faults except stuck-

at-faults [8]. It is clear that by applying a unique

input for each net, any shorted nets fault will result

in the di�erent output vector from the input vec-

tor. These patterns can be easily generated using

the log(n) bit counter. Since the patterns include

vectors with all zeros and all ones, the S-at-0 or

S-at-1 on these nets can not be detected. The en-

hanced version (log(n+2)) which detects all shorted

nets faults as well as all stuck-at faults has been

suggested in [4]. By excluding the all zeros and

all ones, (by generating unique input patterns for

'n+2' nets by the counting method and assigning

non zeros and non ones input vectors to 'n' nets),

the log(n+2) test patterns detects all shorted nets

faults. Test Patterns for n=8 nets for both log(n)

and log(n+2) is shown in Table 1 and Table 2 re-

spectively.

Table 1: Log(n) detection patterns

Nets Input Vector

n1 0 0 0

n2 0 0 1

n3 0 1 0

n4 0 1 1

n5 1 0 0

n6 1 0 1

n7 1 1 0

n8 1 1 1

Table 2: Log(n+2) detection patterns

Nets Input Vector

n1 0 0 0 1

n2 0 0 1 0

n3 0 0 1 1

n4 0 1 0 0

n5 0 1 0 1

n6 0 1 1 0

n7 0 1 1 1

n8 1 0 0 0

The previous algorithms have focused on the

detection of shorted nets faults (any multiple fault).

Now let us focus on the diagnosis of shorted nets

faults. The basic idea to diagnose shorted nets

faults, is to compare the faulty output vectors and

�nd the set of nets which result in the same faulty

output vectors. In order to obtain the unique faulty

output vector i.e., to eliminate any ambiguity to

achieve complete diagnosis, �rst, no fault free out-

put vector should be the same as the faulty output

vector, and second, any faulty output vector has to

be distinct from all other faulty output vectors.

For example, using the input vectors of Ta-

ble 2, a two-way OR type short between n3 and

n4 is indistinguishable from the three-way OR type

short between n3, n4, and n7, since both faults

would produce the vector '0111' on all three nets.

Similarly, the two-way OR type short between n5

and n6 produces the vector '0111' on both of those

nets. It follows that if '0111' is observed on nets

n3, n4, n5, and n6 (and all other nets produce their

correct responses) then it is impossible to diagnose

the short because any of eleven possible shorting

con�gurations could be the culprit:

1. n3 and n4 shorted; n5 and n6 shorted

2. n3 and n4 shorted; n5, n6, and n7 shorted

3. n3 and n5 shorted; n4, n6, and n7 shorted

4. n3 and n6 shorted; n4, n5, and n7 shorted

5. n3 and n7 shorted; n4, n5, and n6 shorted

6. n4 and n7 shorted; n3, n5, and n6 shorted

7. n5 and n6 shorted; n3, n4, and n7 shorted

8. n5 and n7 shorted; n3, n4, and n6 shorted
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9. n6 and n7 shorted; n3, n4, and n5 shorted

10. n3, n4, n5, and n6 shorted

11. n3, n4, n5, n6, and n7 shorted

With the above underlying ideas regarding di-

agnosis, let us review some algorithms. The Count-

ing and Complementary Counting algorithm was

proposed by [10] and [3]. The algorithm applies

log(n) counting patterns and then another log(n)

complementary of the initial counting patterns, to-

tally 2log(n) patterns, ([10] initially used 2log(n+2)

but it can be obviously observed [3] that 2log(n)

patterns give the same coverage.) The 2log(n) pat-

terns are shown in Table 3. Although these pat-

terns can diagnose any single shorted nets fault, it

can only diagnose part of multiple fault. Suppose

n1 and n8 are shorted with an OR type fault, and

n2 and n7 are shorted with OR type fault. Both

faulty output vectors are '111 111', hence there is

no way to tell which pairs of nets are shorted to-

gether.

Table 3: 2Log(n) diagnosis patterns

Nets Count Vector Complement Vector

n1 0 0 0 1 1 1

n2 0 0 1 1 1 0

n3 0 1 0 1 0 1

n4 0 1 1 1 0 0

n5 1 0 0 0 1 1

n6 1 0 1 0 1 0

n7 1 1 0 0 0 1

n8 1 1 1 0 0 0

To achieve complete diagnosis, the walking ZE-

ROs and ONEs algorithm has been developed [7].

Diagonal independence of the test vector set guar-

antees complete detection and diagnosis (refer to [7]

for more details). These '2n' walking patterns can

be systematically generated and walking 1 patterns

are illustrated in Table 4. Although '2n' patterns

are su�cient, they are not necessary for complete

diagnosis.

4 A New N+1 Algorithm

We are proposing a new 'n+1' algorithm (based on

marching patterns) which can completely diagnose

any multiple shorted nets fault. A sample set of

test patterns is shown in Table 5.

Theorem 1 The n+1 marching patterns can com-

pletely detect and diagnose multiple shorted nets

faults.

Proof: First we will show that the patterns can de-

tect any multiple fault. Since all input vectors for

each net are di�erent and contain at least one zero

and one, they can detect all SNT faults and all S-at

faults. Now let us prove complete diagnosis. It can

be easily seen that any S-at fault results in an all ze-

ros or all ones output vector which is distinct from

any shorted nets faulty output vector(AND, OR

or DOMINATING type faults includes at least one

one and zero element in the output vector). Hence

we need to consider only AND, OR and DOMI-

NATING type faults from now on. Now we ask the

question; Can any faulty output vector be the same

as the fault free output vector? Every input vector

contains di�erent number of ones with a covering

relation (we say that net n8 covers n7 if the input

vector for n8 contains ones wherever the input vec-

tor for n7 has ones). For example, in Table 5 n8

covers all other nets and n2 covers only n1. The

key characteristic of these new patterns is that any

faulty output vector will be the same as one of the

input vectors of the faulty nets due to the covering

relation. For example if n1 and n2 are shorted to-

gether with an AND type fault, then the resulting

faulty output vector will be the same as the fault

free vector of n1 in Table 6. Hence no faulty output

vector can be the same as a fault free output vec-

tor. Finally we show that any faulty output vector

has to be di�erent from other faulty output vectors

regardless of the type of shorted nets fault. It is

not di�cult to see that no AND type faulty output

vector can be the same as an OR or DOMINATING

type faulty output vector, since each faulty output

vector is obtained from one of the input vectors

of shorted nets. Therefore, any type of multiple

shorted nets fault will be diagnosed with these pat-

terns. It may be noted that the 'n+1' patterns are

su�cient but they may not be necessary. 2

We have proved the su�ciency of our new 'n+1'

algorithm. As an example, suppose n1 and n8 are

shorted with OR type fault, n2 and n7 shorted with

OR type, n5 dominates n6 in the nets shown in Ta-

ble 5. The faulty output vectors are shown in Ta-

ble 6, where it is easy to see pairs of shorted nets.

As with the other approaches test patterns for the

n+1 algorithm are easily generated.
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We have shown various shorted nets test algo-

rithms and introduced a new algorithm. Conclu-

sion and future work is illustrated in the following

section.

5 Conclusions and Future work

In this paper, we reviewed the various SNT algo-

rithms which can be used in the boundary scan

environment. A new n+1 SNT algorithm which re-

duces the total number of test patterns by half of

the best known algorithm while guaranteeing the

complete diagnosis was introduced. Although both

marching 2n and n+1 patterns are of linear size, the

reduction of test application time will be great on

the card with a large number of nets. For the n+1

patterns are still su�cient, the less number of pat-

terns may be necessary and su�cient for complete

diagnosis.
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