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(57) ABSTRACT

A technique to reduce the test data volume and number of
scan shift clocks per test pattern by combining the scan
inputs with existing values in scan chains and inserting them
at additional bit positions along the scan chains 1n order to
reduce the number of shift clocks required to achieve
required values at plurality of scan bit positions, and by
using multiple taps from the scan chains to form a check-
sum 1n order to reduce the number of scan shift clocks to
capture test results.
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VARIABLE CLOCKED SCAN TEST
CIRCUITRY AND METHOD

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE 10O RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 60/387,683, filed on Jun. 11, 2002.

FIELD OF THE INVENTION

The present mvention 1s related to digital logic testing,
particularly additions to scan based digital logic testing,
which uses check-sum or signature register logic and exclu-
stve or operations on serial shift string logic, and software
techniques to reduce test data volume and minimize test
time.

BACKGROUND AND SUMMARY OF TH
INVENTION

L1

Scan based test technology provides a way to structurally
test digital integrated chips, as described by Eichelberg in
U.S. Pat. No. 3,784,907, and Zasio et al. in U.S. Pat. No.
4,495,629. These and other patents teach that when all inter-
nal state variables are scanned, the remaining logic of an
integrated circuit can be fully tested as 1f 1t were purely
combinatorial. This approach provides significantly more
predictable results compared to the uncertain result of
obtained using sequential testing. Unfortunately, scan test-
ing 1s time consuming. For each test pattern, the entire inter-
nal state of the mtegrated chip must be scanned 1n, one bit
per clock cycle, before a system clock can be 1ssued, and
then the resulting internal state must be scanned out, again,
one bit at a time. Earlier, the number of clock cycles neces-
sary to perform scan-based testing was not considered a
problem since the scan-in and scan-out cycles of successive
test patterns were overlapped, the number of test patterns
was small, and the scan strings (also termed “scan chains™)
were not very long. On the other hand, present day designs
may contain as many as 250,000 to 2.5 million internal state
variables that require scan-in for 1nitialization and scan-out
for observing their values after each test pattern. Thus, total
number of test clock cycles and the number of bits of scan-
based test data for large IC’s have major impact on memory
requirements for testers and total test time, which 1s crucial
in determining IC test costs.

Several techniques were developed to help combat the
increased test data volume and tester clock cycle require-
ments. For example, Built-in self test, or BIST as described
in Agrawal, V. et al., “A Tutorial on Built-In Self Test, Part 1:
Principles”, IEEE Design & Test of Computers, March
1993, and Agrawal, V. et al., “A Tutorial on Built-In Self
Test, Part 2: Applications”, IEEE Design & Test of
Computers, June 1993 have been suggested to help reduce
the amount of time necessary to load and unload the scan
chains. BIST targets loading the BIST engine with a starting
state that creates the 1nitial test vector, and then clocking the
system as many times as necessary to get the desired cover-
age so that the final result may be scanned out to determine
its check-sum. During its operation, the BIST engine creates
a new pseudo-random test vector for each new test cycle and
the check-sum 1s used as a condensed version of the result
that has been reduced to a few bits. By reducing the need for
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2

external test data, BIST significantly improves the test data
volume, through it does not produce good tests for arbitrary
logic. As a result, 1t 1s primarily only used for memories and
similar regular structures, where acceptable test coverage
may be achievable. Furthermore, BIST leads to increased
test time (1.e., total number of test-clock cycles) since 1t still
requires each pseudo-random test pattern to be scanned-in
to, and the results to be scanned-out of, the scan chains and,
typically, more patterns are required to achieve coverage
attainable using deterministic test patterns, such as using an
automatic test pattern generator (ATPG) program.

This has still left unsolved the problem of applying regu-
lar scan-based test patterns in a faster way.

The most common technique to reduce test time 15 to
break up the single long scan string into multiple shorter
scan strings. While this technique reduces overall test time,
it increases the number of pins required for the scan-in of the
internal states since each individual scan chain requires a
separate pair of scan-in and scan-out pins. One approach to
reduce the total number of scan-in and scan-out pins is to
climinate all external (to the IC device under test) scan-out
pins and use an internal signature register to capture the
scan-out values. For example, see the approach described by
Barnhart et al in “OPMISR: The Foundation for Compressed
ATPG Vectors”, I'TC International Test Conference, paper
27.4, Baltimore Md., Oct. 30-Nov. 1, 2001. A different
approach, which aims at reducing the number of external
scan-in pins 1s described by Rajski et al. in U.S. Pat. No.
5,991,909, In this approach, data compression techniques
are used to codity the mnput scan 1n values 1n such a fashion
that an on-chip data decompressor can be utilized to expand
data recerved at “n”’-many scan-in terminals so it can be
applied as 1nput to “m”-many scan-in chains. Thus, by
choosing “m” greater than “n”, 1t 1s possible to i mplement
“m”-many internal scan chains which are fed serial data
from only “n”-many scan-in pins. Increasing the effective
number of internal scan chains which are scanned 1n parallel
results 1n shorter length chains and reduces the total test time
since fewer shift cycles are needed to scan the chains com-
pletely. Rajski uses an Exclusive-OR gating structure to
combine (1.e., compress) the scan-out values from the
m-many internal scan chains 1nto n-many scan-out pins. By
using a “decompressor’ at the scan mputs and a “compres-
sor’” at the scan outputs, Rajski translates the m-many inter-
nal scan chains into n-many externally visible scan chains
and effectively loads/unloads the scan chains by dealing
with the shorter length of the m-many internal chains while
using the smaller number of n-many scan-in/scan-out signal
pin pairs. This technique reduces the test time and the num-
ber of test pins by creating m-many internal scan chains,
which are shorter (by a factor of m/n) than the n-many exter-
nally visible scan chains. However, this technique still
requires that each of the mternal scan chains must still be
completely scanned in order to load each test pattern and
simultaneously unload test results from the previous test pat-

fern.

The present invention reduces this fundamental scan shift-
ing time further by utilizing the results that already exist 1n
the mternal scan strings from the prior pattern n order to
form the next test pattern. The present invention can be
implemented either on its own or together with other tech-
niques that may be used to increase the number of internal
scan chains. This 1s possible based on the observation, which
1s known to those who are knowledgeable 1n the state of art,
that most of the test patterns require a small percentage
(typically less than 10%) of the internal state variables to be
set to pre-determined values, and furthermore, that the
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expected results can be captured mto even fewer number
internal state variables. This i1s due to the fact that even 1n
large IC’s that have very many internal state variables that
are scannable, the first few test patterns are often successiul
in detecting a high percentage (up to 85%) of the faults. The
remaining large percentage (greater than 90%) of test pat-
terns are targeted to detect a small percentage (e.g. 15%) of
all of the faults in the target IC that remain to be detected.
Many of the state variables are not utilized 1n these patterns
since the faults that require these state variables to be set to
specific values have already been detected.

In each test vector, state variables that must be set to spe-
cific values are called “care mnputs”. Accordingly, the present
invention shifts new values into the scan string (or strings)
until all of the “care mputs” of the present test vector have
been simultaneously set to their required values, either by
providing the required values using serial scan-in pins, or by
utilizing the existing values 1n the scan strings that are left
over results from the application of a previous test. Utilizing
ex1isting values 1n the scan strings enables scanning less than
the entire length of the scan chain and therefore reduces the
number of scan cycles and the total test time. In each test
result vector, state variables that have captured values that
are material 1n detecting some of the remaining faults 1n the
target IC as called “care outputs”. Following the serial shift
operations to establish the next test pattern and the subse-
quent capture of the test results, captured test results are only
shift towards the outputs of the scan chains for as many bit
positions as needed in order for the “care outputs™ to be
captured 1n a check-sum using multiple taps from each scan
string. Accordingly, the present invention shifts test results
out of the scan chains until all of the “care outputs™ for the
given results vector have been captured via check-sum cir-
cuitry into a signature register. The number of senal shift
cycles necessary for each test pattern 1s variable and 1is
dependent on the number of shiit cycles necessary to achieve
the desired values of the “care inputs” and the number of
shift cycles necessary to capture the “care outputs™ in a
checksum or signature register. A probabilistic analysis of
this approach presented below, shows the target IC can be
tested using less than U5 of the shift clock cycles being
required 1n previous scan techmiques. Test time 1s signifi-
cantly reduced with minimal overhead to any of the existing
techniques.

The primary objective of the present invention 1s to reduce
the volume of test data, as defined by the number of scan-in
values and scan-out values as well as reducing the applica-
tion time, as expressed 1n number of test clock cycles neces-
sary to exchange the test data between the target 1C and an
external tester. Present invention achieves this objective 1n
two ways. First, test results for each test vector are captured
on the *“care outputs” of each test vector and the captured
values are observed by performing a scan-out of the internal
scan chains until all “care outputs” have been observed.
Since a scan-out of the internal scan chains 1s avoided after
all of the *“care outputs” have been observed (but before all
of the bits of the internal scan chains have been scanned out)
the total number of scan-out clock cycles and the scan-out
test data volume are reduced. Furthermore, the observation
of the “care outputs” i1s accelerated by selecting “tap-out”
points (1.e., bit positions along the scan-chains) and feeding
data from the “tap-out” points ito a Multi-Input Signature
Register (MISR). This technique reduces the maximum
number of scan-out cycles needed to observe all of the “care
outputs” to the maximum bit separation between any two
consecutive “tap-out” points (or between the first “tap-out”
point and the serial “scan-1n” input terminal or the last “tap-
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4

out” point and the “scan-out” terminal). This technique
allows the designer to select the number of “tap-out”™ points
in order to achieve the desired reduction 1n the number of
scan-out cycles and the corresponding reduction 1n the over-
all scan-out data volume.

Secondly, the “care mputs” for each test vector are set
using either the values already present 1n the internal scan
chains, or a combinatorial combination of the values present
in the internal scan chains and the serial data at the scan-in
terminal to each internal scan chain. A value that 1s already
present 1n the scan chain can be seen as representing a value
applied at the serial scan-in terminal at “k” cycles previous
to the present, where “k” 1s the number of bit positions
between the bit position that contains said value and the
serial scan-in terminal. By using the stored value 1n setting a
“care mput” to the value required by the test vector, the
initial “k” shift cycles are bypassed, accelerating the overall
scan-in process. Furthermore, since scan-in values are not
needed for the mitial “k™ cycles, the total scan-in data vol-
ume 1s also reduced. Data from a common scan-in terminal
or multiple data from several independent scan-in terminals
are fed forward to merge with the data already 1n the scan
chain. This technique bypasses sections of the scan-chain so
that bit positions further away from the starting point of the
scan chain receive values from the starting point of the scan
chain more quickly. By accelerating the movement of serial
data to the downstream positions of the scan chain, the num-
ber of scan-1n cycles necessary to set a “care input” value
from the serial iput terminal 1s reduced.

In addition to the acceleration of the observation of the
“care outputs” and the setting of the “care imputs™, the obser-
vation of the “care outputs” and the setting of the “care
inputs” do not require an 1dentical number of scan cycles.
This 1s a feature not found 1n state-of-art scan techniques for
applying pre-determined and/or determimstic test vectors.
Thus, the number of “tap out” points can be different from
the number of “feed forward” positions, as long as for each
test vector the number of scan cycles to set the “care inputs™
1s at least as large as the number of scan cycles needed to
observe all of the “care outputs” since these two operations
are performed 1n overlapped fashion. The “care outputs”
from the last test vector are being observed while the “care
inputs” for the next test vector are being set. Hence, the total
number of scan cycles at each vector may be different. All
existing scan-based test methods up to now require the same
number of scan cycles for all scan-out and scan-in opera-
tions. The cycle count 1s equal to the number of bits along
the scan chain so that 1t 1s constant for all test vectors. This
approach 1s different from dynamically reconfiguring the
scan chains so that an increased number of shorter scan
chains may be formed and operated 1n parallel. In contrast to
the present invention, dynamic reconfiguration achieves
only a change in the total number of scan cycles without
achieving a reduction 1n the total scan-in/scan-out data vol-
ume. Indeed, the present invention can be applied on top of
any existing serial scan structure and still achieve reductions
of test data volume and scan cycle count.

A probability analysis of the technique presented here 1s
also provided. The analysis assumes a fixed percentage of
“care inputs” randomly chosen and set to randomly chosen
values. It calculates the expected number of serial scan
operations for a given vector necessary to simultaneously set
the “care mputs” to their selected values. Indeed, the prob-
ability calculations show serial scan-in cycles which are
much shorter than the total length of the internal scan chain.
These results strongly suggest that pseudorandom, rather
than deterministic values may be fed into the serial scan-in
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terminal (or multiple scan-in terminals). Pseudorandom val-
ues can be created very easily using an on-chip generator,
such as a Linear Feedback Shift Register. Thus, the present
invention teaches a technique for use 1 Built-In Self Test
(BIST) applications, as well as for test applications using
pre-determined test vectors.

In summary, the present invention provides for the capture
of test results from the *“‘care outputs” of each test vector
while all of the “care inputs™ of the next test vector are set to
their required values with a reduced number of serial shift
operations. This results 1n a reduced volume of test data for
testing the target device. Additionally, the present invention
provides for feed-forward paths within the scan chains to
turther reduce the number of senial shift operations neces-
sary to set all of the “care mputs” to the values required for
cach test vector.

In much of the specification below, descriptions are given
with respect to a serial scan chain. Where a target 1C imple-
ments multiple (parallel) internal scan chains, the descrip-
tions given here should be taken to apply to each serial scan
chain. Furthermore, features are described that allow starting
and stopping the serial shift operations along the individual
scan chains separately from the other chains so that the
chains can be operated independently. This allows senal
shifting of each scan chain until all of 1ts “care outputs™ have
been observed and all of 1ts “care inputs™ have been set to the
required values without requiring that the total number of
shift cycles be the same for all scan chains.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of one type of prior art scan
thip-tlop;
FIG. 2 shows the prior art organization of a single scan

string of scan tlip-tlops for testing all internal states in an
integrated circuit;

FI1G. 3 shows a prior art signature register at the end of the
scan string of FIG. 2;

FI1G. 4 15 a block diagram of a signature register;

FIG. 3a 1s an embodiment of the present invention by
adding multiple taps to the signature register in FIG. 4.

FIG. 5b 1s an alternate embodiment of the present mven-

tion by adding multiple taps to the single output check-sum
in FIG. 4

FIG. 6 1s another embodiment of the present invention
with the addition of multiple taps from the scan string to the
check-sum or signature register i FIG. 3;

FIG. 7 1s another embodiment with selectable sub-string
ordering added to the test circuitry of FIG. 6;

FIG. 8 1s another embodiment with multiple sub-strings,
which have selective combinatorial parallel input of scan in
data for the test circuitry of FIG. 6;

FIG. 9 1s another embodiment of FIG. 8 test circuitry with
partial scan select function;

FIG. 10 1s another embodiment of FIG. 9 test circuitry
with additional taps, additional sub-strings and multiple scan
select functions;

FIG. 11a 1s another embodiment of FIG. 9 test circuitry
with no scan selects;

FIG. 11b 1s another embodiment of FIG. 9 test circuitry
with multiple check-sums or signature registers;

FIG. 11c 1s another embodiment of FIG. 9 test circuitry
with check-sums feeding a signature register;

FI1G. 12 1llustrates test circuitry with multiple scan strings
connected to a common clock signal, according to the
present invention;
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FIG. 13 illustrates test circuitry with multiple scan strings
with sub-strings, according to the present invention;

FIG. 14 1llustrates test circuitry with of FIG. 12 with 1ndi-
vidual scan string clock enable logic, according to the
present invention;

FIG. 15 1llustrates the details of the clock enable logic of
FIG. 14;

FIG. 16 1s a wavelorm diagram to illustrate operation of
the test circuitry of FIGS. 14 and 15;

FIG. 17 1llustrates test circuitry of FIGS. 13 and 14 with a
pattern generator attached;

FIG. 18 1s a block diagram of a Pseudo Random Pattern
(enerator;

FIG. 19 1s a flowchart of a conventional test procedure;

FIG. 20 1s a flowchart of a test procedure according to one
embodiment of the present invention;

FIG. 21 1s a tlowchart of sub-steps for step 2000 1n the test
procedure of FI1G. 20;

FIG. 22 1s a flowchart of sub-steps for step 7 1in procedure
2;

FIG. 23 1s a flowchart of sub-sub-steps for sub-step 2200
in the FIG. 22 flowchart; and

FIG. 24 15 a flowchart of steps to create variable clocked
test vectors.

DESCRIPTION OF SPECIFIC EMBODIMENTS

Traditional scan test techniques follow a process similar
to the flowchart shown 1n FIG. 19. Typically the first pattern
1s only scanned 1n (step 1900, the last pattern 1s only scanned
out (step 1901, and all patterns 1n between are scanned out
while the next pattern 1s scanned 1n (step 1902.

For example, i1 there are 25 internal state variables 1n a
chip, all connected into a single scan string 200 such that
data 1s loaded via a scan-1n input pin 201 and extracted via a
scan-out output pin 202 as shown 1 FIG. 2, and 15 test
vectors are to be applied, then the tester would 1ssue
25+“17+(25+41)x14+25=415 test clock cycles (400 scan
clock cycles and 15 capture clock cycles) to test the chip.
These may be single clock pulses or in the case of using a
scan flip-tlop, as shown 1n FIG. 1, a test clock cycle 1s a pulse
on Clk A line 100 followed by a pulse on Clk B line 101
from primary input pins 203 & 204.

Basic Variable Scan Clocking Techniques

In a preferred embodiment of the present invention, the
first few patterns are scanned and tested 1n the same fashion
as described above because many (or all) input values may
be necessary to catch faults. After the first few patterns, only
a small (e.g. less than 10%) of the internal states variables
may need to be set to specific values in order to catch the
remaining faults. Furthermore, only a small percentage (e.g.
less than 10%) of the captured result values may need to be
checked. Accordingly, the majority of the test patterns may
be applied using the modified procedure shown 1n FIG. 20.
The only difference 1s to stop shifting when the required
results are captured and the required inputs are set, decision
step 2000, where the required results are captured 1n a signa-
ture register, decision step 2001.

To 1llustrate this process, consider an internal state vector
(starting from the left) as a string of don’t care values signi-
fied by * and required *“care mput” values signified by “1” or

“0”, as shown below:

EXAMPLE 1

In this example, the 3" and 19” bits on the scan string
must be set to “0” and “1” respectively as “care-inputs™ for
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the present test vector, but the remaining scan bit positions
may be set to any value. Furthermore, 11 the present state of
the scan string 1s:

0111011010011101111001101
EXAMPLE la

It is seen that the 3" bit position must be replaced with a
“0°, while the 19 bit position is already a “1”. Thus, if we
denote the new scan-in values with a “*”, the shifting pro-
ceeds as follows:

0111011010011101111001101

*011101101001110111100110

*#01110110100111011110011
EXAMPLE 1b

It 1s observed that following the second shiit operation,
the 3" position is set to a “0” and the 19” position is set to a
“1”, and both of the mput conditions have been met.

In a similar fashion, the output results may be viewed as a
vector with don’t cares where none of the target fault condi-
tions have been propagated (i.e., caught) and either “1” or
“0” values where the target faults have been propagated to.

Such a vector may look like thus:

EXAMPLE Ic¢

In this case there are three “care-outputs” that are cap-
tured on the 3%, 10” and 18" bits. A brute-force approach
for observing the values on all of the “care-output™ bit posi-
tions is to perform 22 shift operations so that the 37 bit’s
value reaches the Scan out pin 202. However, a more effi-
cient way 1s to capture the results on a modified signature
register, such as the signature register shown i FIG. 5a, or a
multiple input check-sum such as shown in FIG. 5b.
Previously, as shown in FIG. 3, single mput check-sum or
signature registers 300 were placed at the end of scan strings
200, thereby requiring that the entire length of the scan-
chain be shifted in order to form a signature of the present
contents of the scan chain. FIG. 4 shows a typical single-
input signature register that would be connected at the end of
the scan chain, as shown in FIG. 3. FIG. 5a shows an
example of an alternate MISR configuration that accepts
multiple mput streams 500 into the signature register, and
FIG. 5b shows an example of a similar configuration that
accepts multiple input streams 503 nto a check-sum.
According to the invention, 1t 1s better to use a check-sum or
MISR with multiple inputs or taps as shown in FIGS. 5a and
5b since this allows the capture of the “care-outputs” simul-
taneously from multiple bit positions of the scan chain 1nto
the MISR or check-sum without having to scan out the com-
plete length of the scan register, as 1llustrated in FIG. 6. In
FIG. §, the multiplexor 501 allows the contents of the 7 bit
signature register to be mitialized from a separate mnput 502.
In yet another embodiment the output 606 of the last register
of the scan chain in FIG. 6 1s connected to the mput 502 1n
addition to one of the inputs 500, both of the signature regis-
ter 1n FIG. 5a, and the Select Out line 607 in FIG. 6 1s
connected to the multiplexor control line 505 1n FIG. 5a. In
this embodiment either the contents of the signature register
or the actual contents of the scan string are selected by set-
ting the Select Out line 607 to the proper state. When the
results of 1mitial patterns have unknown values due to the
unknown 1nitial conditions within the design, the checksum
or signature of the results may also be unknown. When the
results of simulation of the test vectors have unknown
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values, the Select Out line 607 1s set to shift out the actual
contents of scan string. On these patterns all bits should be
shifted out, while shifting 1n all bits for the next pattern.

Using the MISR as shown in FIG. SA, or check-sum as
shown 1n FIG. 5b, only the locations of the tap points, going,
to the check-sum or signature register, are needed to deter-
mine 1t all of the “care-output” values have been captured.
As shown in FIG. 6, the tap points are on the 4™ bit, (tap
point 601), 107 bit, (tap point 602), 16™ bit, (tap point 603),
207 bit, (tap point 604), and 257 bit, (tap point 605), or can
be viewed as a string like the following:

0001000001000001000100001

Where “1” marks the tap positions (including the last bit
of the chain). This vector can be displayed next to the “care-
output™ vector as follows:

0001000001000001000100001  scan chain positions connected to the
MISR

T Rk (R kR kR ®®  gcan chain care-output positions

EXAMPLE 1d

Thus, the maximum distance between any “care-output”
position and the position of the closest MISR tap position
after that, determines the maximum number of shift cycles
necessary to capture all of the “care-output” values 1n the
MISR register. For the Example illustrated here, only 3 shift
cycles are necessary, as shown below:

0001000001000001000100001  tap positions feeding the MISR (check-
sum) register

starting positions of care-output values
care-output after 1°* shift

care-output after 29 shift

All care-outputs received at MISR

after 3™ shift

EXAMPLE le

In reality, even those bit positions that are not “care-
outputs” for the given test vector will attain known values
after the capture clock cycle that causes the “care-output™ bit
positions to be loaded with the values that carry failure infor-
mation. For example, the complete scan chain after the cap-
ture operation may contain the value as shown below:

R AR SRR (R ook  RloRsRsoek - care-outputs after capturing the test re-

sults
entire scan chain after capturing the
test results

0111011010011101111001101

EXAMPLE 11

Since three shift cycles are needed to capture all of the
“care-outputs”™ of the previous test result the next test vector
cannot be applied before at least 3 shiit cycles so that all of
the “care-outputs™ can be captured 1n the MISR before they
may be overwritten by new test results. Furthermore, all of
the “care-inputs” must be established at their required values
betore the next test vector 1s ready. The starting state for the
scan chain so it may be shifted in order to set the “care-bits”
1s the state resulting after the capture operation for the previ-
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ous test. For the Example 1llustrated above, the starting state
of the scan chain 1s:

0111011010011101111001101 entire scan chain before
starting shiit operations

EXAMPLE

lg

After the minimum count of 3 shift cycles as described
above, the can chain contents are:

#FE(Q]1101100011101111001 scan chain after first 3 shift
operations

1h

It 1s seen that “care-input” value at bit position 19 1s
already set to the required value of logic 1. Furthermore,
“care-mnput” value at bit position 3 1s dependent on the scan-
in value on the 1% shift period. Since, the 2" and 3’ scan-in
values are not needed to set the value at any of the “care-
iput” positions, these can be set arbitrarily to any value. In
the on going example these are set to logic “1” and “07,
respectively. Thus, the scan-vector after 3 shift operations 1s
given by:

0110111011010011101111001 scan chain after first 3
shift operations

EXAMPL.

L1

EXAMPLE 11

This shows that using the technique described above, 1t 1s
possible to apply a new test pattern after only 3 shift cycles
instead of shifting the entire length (1.e. 25 bits) of the scan
chain, reducing the total number of test cycles necessary for
the test.

It should be noted here that the signature register in FIG.
5a consists of feedbacks to reduce the probability of aliasing
of the captured data, but as the captured string length grows,
the number of signature register bits may also have to grow.
Secondly, the test may not stop on the failing pattern 11 the
number of shifted bits 1s less than the size of the signature
register, because the entire contents of the signature register
was not shifted out. To prevent this, 1n one embodiment of
the present invention, the minimum shifting length 1s
required to be the size of the signature register. Alternatively,
if the check-sum such as shown 1n FIG. 5b 1s used, aliasing
of the captured data may occur when the fault 1s simulta-
neously captured in an even number of taps. If this occurs
either, the shifting should continue until the fault 1s caught
on a later tap, or the fault should be considered not caught.
Fault simulation of the check-sum may be necessary to
isure proper capture of faults on the “care outputs”.

In another embodiment of the mmvention, multiple scan
strings may are employed. There are two alternative clock-
ing structures that can be employed with multiple scan
strings:

1) each scan string i1s operated using an independent
clock, or

2) all scan strings are operated on a common clock.

If they have independent clocks, each scan string can be
shifted as described above, independently of the other scan
strings, except that all shifting must be completed before the
system clock can be 1ssued to capture the test results 1n the
scan strings.

In the second case, the “care-output” values from all scan
strings should be captured and the “care-input” values for all
scan strings must be set before the shifting 1s stopped.
Whereas this case typically requires longer shift cycles than
the first case, the upper bound for the number of shift cycles
1s the same as in prior art.
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In yet another embodiment of the present invention, the
taps are spaced along the scan strings according to any one
of the following conditions:

1) to evenly distribute the number of scan stages between
taps, or

2) to evenly distribute the number of “care-outputs™ (1.e.
observable faults) between taps, or

3) to minimize the number of shifts required to capture

checksum of results based on the tests applied.

Test vectors may be created according to the present
invention using several different approaches. With minor
modifications, existing test generation techniques may be
used to create scan based test vectors. Typically, techniques
for scan-based testing first target a specific fault and generate
a test vector to detect it. The generated test pattern specifies
the required values at the “care-inputs™ and also specifies the
expected values to be observed at the “care-outputs™ after
the capture clock 1s applied to determine whether the test has
passed. Next, all of the unused scan positions may be filled
with pseudorandom values and the effect of the entire test
pattern may be simulated to determine the expected values at
all of the scan positions after the capture clock. In one
embodiment of the present invention, test generation can be
achieved using the following process:

1) Apply existing test generation techniques, but for each
created pattern set all of the remaining unspecified values 1n
scan positions to “unknown” states.

2) Create a set of results vectors (1.e., results after the
capture operation) where the unknown input values are used
along with the known 1mput values in a simulation of the
capture operation, to produce a results vector with known
and unknown values. Fill in “unknown states” in the mput
values of the first vector, and simulate.

3) For each subsequent test in the test pattern perform a
shift simulation of the test results vector, until all of the
“care-outputs™ 1n the test results vector have been captured,
either 1n a checksum or 1n a signature register and all “care-
inputs” of the next test vector have been set to their required
values. Then simulate to obtain new outputs.

4) Keep the shitt count and the new serial input values for
cach new test 1n the test pattern set.

5) Convert the scan patterns to the appropriate tester for-
mat.

In yet another embodiment one or more of the following
improvements may be applied to the test generation process:

1) The resulting vectors may be sorted to minimize the
number of shiit clocks between patterns. This 1s done
by stmulating the first pattern, and comparing each sub-
sequent pattern to the resulting values as described
above to get a shift count, then choosing from the pat-
terns with the lowest shift count for the next pattern,
and repeating until all patterns have been chosen. If
there 1s more than one pattern with the lowest shift
count, sorting the rest of the patterns against each can-
didate pattern, and choosing the original pattern with
the lowest sum of the original shift count or shift count
sum and the next shift count, recursively repeating the
process until only one candidate remains.

2) After generating the first test, all subsequent tests are
created by fault simulating the results having succes-
sively shifted the results 1in the manner prescribed
above, picking the resulting test with the highest fault
count-to-shiit ratio.

3) Where multiple outputs catch the desired faults, choose
the required output vector, which minimizes the num-
ber of shifts for the next test.
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In yet another embodiment, any single scan string can be
modified as shown 1 FIG. 7 ito two sub strings 700,701
whose order of shifting can be reversed. With the addition of
a single select line 702 to a pair of multiplexors 703,704,
either the first half connects and shifts into the second half of
the scan string, or the second half connects into the first half.
In both cases there are tap connections to the check-sum, or
signature register 705 at the end of each half scan string
706,707. Since the tap points don’t change there 1s no advan-
tage for reducing output vector capturing, but there 1s an
advantage for input vectors because the shifting of new val-
ues can start at the beginning or 1n the middle of the scan

string. For example:
$$$$$$O$$$$$$O$$$$$$ 1 e 1 Bk I-equired input vector

0110110001000001010110010 1nitial results vector
g g kR wkdFwxEETX0]110110 18 shifts to match
requirements

Now reversed yields
$$$$$$O$$$$$$O$$$$$$ 1 S 1 B ok requiI'Ed inpu‘[ vector

0110110001100001010110010 1n1tial results vector
01100100110110***=**%%(]101 8 shilts to match require-

ments

EXAMPLE 2

Note that the choice of the order of shifting the segments
1s set prior to beginning shifting. Simulation of the vectors 1n
both states determines which matches the input requirements
in the fewest shifts.

In yet another embodiment the select line 1s toggled as
necessary to order the shift sequence of new and old values
to minimize the number of shiits.

$$$$$$O$$$$$$O$$$$$$l$ e ot reqUired iﬂpllt VeCtOI'
0110110001100001010110010 1nit1al results vector

A ®00110110001100%0101 7 shafts to match require-
ments

EXAMPLE 3

In yet another embodiment, illustrated by FIG. 8, the scan
string can be modified into any number of N sub strings by
iserting N-1 2-input Exclusive Or gates 800 between suc-
cessive sub-strings 801,802,809, and 810. A Select Input
signal on line 803 1s formed by the output of AND gate 804.
It can be used to select either the output of the previous stage
of the scan string or the Exclusive Ored combination of the
signal on the Scan In terminal 811 with the output from the
previous stage of the scan string so it may be applied as the
serial mput the next stage of the scan string, as shown 1n
FIG. 8. Typically, the end of each sub-string may be selected
as a tap point by lines 806, which connect to the check-sum,
or signature register 807 as seen 1n FIG. 8. In general any
number of additional taps may be added. When the Scan
Select line 805 1s low, the scan-in values are only nserted
into the first register 808 of the scan string. In this mode the
scan string functions 1n the same manner as the scan string
shown 1n FIG. 6. When the Scan Select line 805 1s high, the
values from the Scan In terminal 811 are 1nserted 1n the first
scan sub-string 802 as well as passing through the Exclusive
Or gates 800 to enter 1nto all the other sub-strings 801. The
cifect of this embodiment can be seen in the following
example, where during each shift cycle a new value (denoted
by “*) 1s applied at the Scan In terminal 811 and the entire
contents of the scan register 1s shifted to the right by one bit
position. New values are indicated: “x” in the implies the
complement of the Scan In terminal’s 811 value created by
the Exclusive Or gate 800 which recerved a value of “1”
from the previous scan string. Sumilarly, “*”

implies an mput
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value or an 1mput value exclusive or with a previous result bit

of 0
>I<>I<>I<>I<O$>I< **H{H{H{}I{O $>I<>I<>I<>I<>I<1 >I41$>I<>I<>I<O required iﬂpl.lt vec-

{or

0110110 0011000 0101011 0010001 1n1tial results vector

*011011 *001100 *010101 x00000 after first shift with ter-
minal 805 set to “1”

¥*01101 x*00110 **01010 xx00100 atfter second shift with
terminal 805 set to “1”

#EEO0110 xx*0011 ***0101 *xx0010 after third shift with
terminal 805 set to “1”

AAGEOQT ] * xx*001 x***010 x*xx001 after fourth shift with
terminal 805 set to “1”

FAREREQ] xFxx*00 xx**¥*0] *x*xx00 after fifth shift with
terminal 805 set to “1”

EXAMPLE 4

As the Example 4 above shows, with the Scan Select ter-
minal’s signal 1n 1ts asserted state, new values are put into
bits 1, 8, 15, and 22, on each shift of the scan string. Since
the “care-input” values are dependent upon existing values
in the scan string, these cannot be set independently of each
other. Therefore, additional analysis must be performed to
determine the correct number of shifts and the Scan In val-
ues at each shiit cycle. It 1s seen from Example 4 that the
setting the “care-mput™ values 1s dependent upon the “*”” and
“x” values which are created as shifting 1s performed. As
seen 1n Example 4, the 1nitial results vector can not be used
as the next test vector since “care-input’” bit position 5 1s set
to “1” while a value of “0” 1s required. Similarly, the scan
vector after the first shift has a conflict in the 23™ “care-
input” position. The first scan vector where there are no
direct conflicts with any of the “care-input” values 1s after
the 57 shift cycle. At that point the “care-input” at the 57
position 1s determined by the Scan In value that was applied
at the first shift cycle and the “care-input” at the 23" posi-
tion 1s determined by the complement of Scan In value that
was applied at the fourth shift cycle. All other “care-input”™
values (1.e., at positions 14, 21 and 28 are determined by
values that were present 1n the original results vector. Thus,
the desired test pattern can be derived from the initial results
vector by performing 5 shifts and applying Scan In value of
“0” at the first and fourth shiit cycles. It should be noted that,
for the above Example, Scan In values at the second, third or
fifth cycles do not matter for setting the “care-imnput™ values
for the next test vector and can be set to any arbitrarily
selected values. The final test vector for this example 1s
shown below:

$$$$O$$ >I<>I<>I<>I<>I€>I<O $$$$$$1 $1$$$$0 required iIlpllt vec-
for

01101100011000 0101011 0010001 1nitial results vector

#O0**001 x0xx000 x1**001 *1*x000 test vector obtained
atter five shifts

EXAMPLE 5

In another Example below, the bit positions of the
required input vector requires additional analysis as
described below: (Scan Select terminal 805 1s set to “17)

O g i >I<>I¢=-I<=%=O>I¢>I< ****1** 1**}1{*** required iIlpllt vec-
for

01101100011000 0101011 0010001 1nitial results vector

*011011 *001100 *010101 x001000 results vector atter
first shift

#%01101 x*00110 **01010 xx00100 results vector after
second shift
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*HREOQLI10 xx*0011 ***0101 *xx0010 results vector atter
third shitt

AEO011 *xx*001 x***010 x*xx001 results vector after
tourth shift

FEEEF()] xFxx*00 xx***0] *x*xx00 results vector after

fifth shift
AR xxFxx 0 FxxFFFQ x*x*xx0 results vector after

sixth shift

EXAMPLE 6

In this case, the first time when there are no direct con-
flicts with any of the “care-input” values 1n positions 1, 12,
19, and 22 occurs after the 3 shift cycle. Now, it is observed
that “care-input” values at bit positions “1” and 22 are
dependent on the Scan In value applied on the third shiit
cycle. Furthermore, the Scan In value 1s required to be set to
“0” to satisty the “care-input” value at bit position “1” while
the same Scan In value needs to be set to “1” to satisty the
“care-input” value at bit position 22. The resulting conflict
indicates that test results after the third shift cycle cannot be
used to set up the next test pattern. It 1s also seen that the
direct contlict on “care-mput” value at bit position 19 indi-
cates the result vector after the fourth shift is unusable as
well. Furthermore, the results vector after the fifth shift cycle
runs into two conflicts: bits 1 and 22 required the 5% Scan In
value to be to opposite values and bits 12 and 19 require the
Scan In for the 1°° shift cycle to be different. Since neither
requirement can be met, the results vector after five shift
cycles 1s also rejected. Finally, with one additional shiit, bit
12 1s x and b1t 19 1s so if that shift value were “17, 1t would
satisty both required mputs. Similarly bit 1 1s * while bit 22
1s X so a shiit value of “0” satisfies both required inputs.
Theretore, this 1s a good pattern which 1s achieved by setting
the second Scan In value to *“1”” and the sixth Scan In value to
0, while all other Scan In values may be set to arbitrarily
selected values. The resulting test vector 1s shown below:

0$$$$$$ =I‘-‘=I==I‘-‘=I=0=I‘-‘=I‘-‘ =I==I==I‘-‘$1=I==I= 1=I‘-‘=I==I‘-‘=I‘-‘=I‘-‘=I‘-‘ required iﬂpllt VEG‘[DI‘
0110110 0011000 0101011 0010001 initial results vector
QFFF]*() 1x*x0*0 Oxx*1*0 1#*x*0x0  test vector obtained after
six shifts
EXAMPLE 7

Test Generation Method

If the required 1mput vector cannot be obtained after shift-
ing through the entire first sub-string, the next shift into
every other sub-string 1s dependent on values resulting from
the Exclusive Or operation of two separate scan-in values. In
order to properly evaluate such a condition, an extended
algebra must be used, as described below:
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TABLE 1-continued

xor O 1 8 X a a b b C

| &

The Table 1 above 1s a truth table for an exclusive or
operation on an algebraic set consisting of {0, *, a, b, and ¢}
and their compliments {1, X, a, b, and ¢}, where:

0 and 1 signify Boolean logic values “0”” and “17,

“*” and “x” signmify a single mput and 1t’s compliment,

“a” and “a” signity an exclusive or of two inputs and their
compliment,

“b” and “b”” signily and exclusive or of three inputs and their
compliment, and

“c” and “c” signily an exclusive or of four mnputs and their

compliment.
The truth Table 1 i1s applicable for 4 sub-strings 801,802,

809, and 810 as shown in FIG. 8. It can be extended to
account for additional sub-strings that may exist in the
design, using additional elements d, e, etc., as necessary for
the number of sub-strings. In the above Example 7 if shifting
were continued further, the values would appear as shown
below:

initial results

vector
after 6 shifts

after 9 shifts

after 16 shitts
after 23 shifts
after 2& shifts

0110110 0011000 0101011 0010001

$$$$$$0 XFFX*XXO
aa¥*Fx*x*
bbaaaga

ccbbbbb

CCCCCCC

XX*FXX*FO0 Fxxx*F*F(
aa*xXxX*xXx aa**xx*®
aaaaaaa bbaaaaa
aaaaaaa bbbbbbb
aaaaaaa bbbbbbb

ok ok ok ok ok R
ok ok ok K R K

ok oo O OO

L

EXAMPLE 8

Shifting through the complete scan chain all 28 bit posi-
tions can be uniquely 1dentified because the a, b, and ¢’s are
a Tunction of 2, 3 and 4 nputs, so every bit position can be
umquely set. Hence the following generalized approach can
be taken to determine the serial Scan-In vector to be applied
to the sub-strings:

Let S1, S2, S3, . . . Sn be n sub-strings of equal length
(assume k-bits 1n each sub-string) and let D denote a k-bit
Scan In vector. Now, let D, denote the j-th, k-bit scan 1n
vector, and Si1; denote the values of the 1-th sub-string after
shifting Dy, D,, . . . D, into the scan string. Thus, S, 1s the
final (1.e., the desired) k values 1n sub-string S1.

”” to denote the Boolean Exclu-

Now, using the symbol
stve Or operation, then,

S1,=D,
32 =S1_,ID.=D__|D.
S3H=SZH— 1 DH =:)H—2 :)H— 1 ‘DH
ctc.

Solving these equations for D, (r=1 to n) yields,

D =S1,
D _,=S2|D,

D .=S3|D D

D, _,=S4 D LD _.|D,

elc.
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For example, if there are four, 3-bit substrings and the
desired scan-string 1s given by

010 101 110 000

Then S1,=010, S2,=101, S3,=110, S4,=000

This leads to,

D,=S1,=010

D,=82,D,=101/010=111

D,=83,D,;/D,=110/111{010=011

D,=54, D, D, D,=000011/111/010=110

EXAMPLE 9

In another embodiment of the invention the Scan select
function for the scan test circuitry in FIG. 8 may be
eliminated, as shown 1n FIG. 11.

A general algorithm 1s similar to the flowchart shown 1n
FIG. 20 with an added procedure to determine “if required
input values are set”, decision step 2000. This “required
input values are set” algorithm, as shown 1 FIG. 21, utilizes
a Tunction F with the following truth table:

TABLE 2
Result
value F 0O 1 * x a a b b v ¢
Input o o0 1 o0 1 * x a a b b c 2
value
Input 1 o0 1 1 0O x * a a b b ¢ C
value

The algorithm, as shown 1n FIG. 21, goes through all the
required iputs one at a time 1n order of the fewest unknown
inputs {irst, and successively replaces unknown (i.e., values
of {*,x,aa,b,b,c,c,...})withknown values (i.e., values
of {0, and 1} the results vector across all the sub-strings.
Since the algorithm starts with the lowest bit positions, it sets
the result values with the fewest unknown inputs and then
reduces the values that are functions of multiple inputs (a,b,c
etc) down toward x or *, by the application of function F to
the values 1n the scan-string. Incompatibilities can only
occur when the number of required values exceed the num-
ber of scan-1n values used to create the values. I the required
values are incompatible, subsequent required value compari-
sons fail because subsequent results which have been set by
the F function would not match the required values. In this
way the algorithm above contemplates shifting the scan in
values past the first sub-string.

In yet another embodiment of the structure shown 1n FIG.
8, the Scan Select line 805 may be turned on and off to
selectively transier the Scan In line 811 values to the Exclu-
stve Ors 800, gating them 1nto the successive substrings 801
on a bit-by-bit basis as needed. Consider the following

Example:

1=I‘-'=I‘-‘=I‘-‘=I‘-‘=I‘-‘=I‘-' =I‘-‘=I‘-'=I‘-‘=I‘-'1=I‘-‘=I‘-‘ =I=$=I=$0=I==I= 0$$$$$$ required iﬂpﬂt VEG‘[DI‘
1001001 1100111 1010100 1101110  1nitial results vector
*100100 x110011  x101010  *110111 1% shift with Terminal
805 set to 17
*F10010 *x11001  xx10101 #%11011 2™ shift with terminal
805 set to 17
*EE1001 #¥x1100 xxx1010  x**¥1101 3™ ghift with Terminal
805 set to 17
REEXTOO0 xFFX110 Fxxx101 #x#%110 4™ shift with Terminal
805 set to 17
REFEEIQ FxFFX]] BExxx10 x*x*¥*¥11 5% ghift with Terminal
805 set to 17
KRR ] FERxFFY] 1 #*xxx1 6 4> dalall| 6™ shift with Terminal
805 set to 17
EXAMPLE 10
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In this case the required “care mput” values are not set 65

alter the first six shifts because Bit “1” and 22 are incompat-
ible (required to be different but both are designated as “*”).
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However, using the same required input vector and the
same 1nitial results vector but allowing the Scan Select line
805 to be selectively asserted, a working solution can be
found as:

1$$$$$$ $$$$1$$ $$$$0$$ 0$$$$$$ required iﬂput Vﬁﬂtﬂr
1001001 1100111 1010100 1101110  mitial results vector
*100100 x110011  x101010  *110111 15" shift with Terminal
805 set to 17
*E10010 *x11001  xx10101 #%11011 2™ shift with Terminal
805 set to 17
*EE1001 #%x1100 xxx1010  x**1101 3" shift with Terminal
805 set to 17
FEEFTOO0 x*FFX110  Fxxx]101 #x*¥%¥ 110 4™ ghift with Terminal
805 set to 1™
REREEEIQ O FXFFX]] BExxx10  x*x**11 5™ ghift with Terminal
805 set to 1™
REREEAR] OFXFFX] 1 *Fxxx1l  Ox*x**] 6" shift with Terminal
805 set to <07
EXAMPLE 11

In yet another embodiment the sub-strings need not be the
same length. For example, the sub-string lengths may be
defined to minimize the number of shiits required to set all
the required “care-input” values. Typically, this 1s achieved
by evenly spacing the Exclusive Or gates 800, except when
there are many potential “care-input” contlicts which require
additional shiit cycles to establish the desired mput vector.
There are many potential procedures to find such optimized
sub-string lengths. One such procedure 1s described below:
1) generate the test vectors as described above, with only the

“care-mnput” positions defined as “1” or “0”.

2) Choose the number of sub-strings N such that N 1s a
power of 2, which means there are N-1 Exclusive Or
gates to be inserted, beginning with the entire string as the
sub-string to work on.

3) Successively bisect first the original scan string, and then
cach of 1ts” sub-strings, 1n order of the largest sub-string,
first, until all exclusive or gates are inserted. To choose the
placement of the Exclusive Or gates do:

a) For each pattern:
Set the values of an array the size of the sub-string to zero;
For each “care input” location in the sub-string;

For every other “care input” location in the sub-string;
Increment the array at the location of the difference
between the “care input” shift locations;

End;

End;
End;

b) Now add K to each element 1n the array, where K 1s
equal to the number of patterns times the absolute value
of the difference between half length of the sub-string
and the location of the array entry:

¢) Choose the location with the lowest value and bisect the
sub-string at that point:

Procedure 1

The K=#patterns*|sub-string length/2-sub-string loca-
tions|. This is the probable cost of shifting all the patterns
extra locations because of the uneven sub-strings, and the
original sum was the probable cost of additional shifting due
to contlict 1n the mput vectors. Clearly the best solution 1s to
break the string into N sub-strings of the same length, unless
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there are significant contlicts with that solution. By choosing
the lowest number, the minimum probable increase 1n shift
count over the whole test pattern for that exclusive or place-
ment 1s achieved.

It should be noted here, that this procedure does not take
into consideration the contlicts between multiple indepen-
dent sub-strings below the first bisection. As such, 1t 1s a near
optimal algorithm. Other more exhaustive algorithms may
be employed to obtain a more optimal solution.

Similarly, 1n one embodiment of the present invention,
multiple check-sum, or signature register taps may be placed
on each sub-string. The number of taps should be selected
with an objective that the expected number of shifts to cap-
ture the “care-output” output values be less than the
expected number of shifts to set the “care-input” values
required for the next input vector. This way, by the time all of
the “care-imnput”™ values have been set 1n their respective scan
bit positions, all of the “care-output™ values will have been
captured also. Typically this requires multiple taps on each
sub-string, as evenly spaced as possible, but the optimal
spacing 1s a function of the required output values to be
captured and, as a result, may be uneven. Such a structure
can be seen 1n FIG. 10. In yet another embodiment of the
present mvention, the tap positions may be selected so that
they are “close to being evenly spaced” but not exactly
evenly spaced, 1n order to help reduce the probability of
signature “aliasing” inside the checksum or signature regis-
ter.

In yet another embodiment the Scan Select 805 signal as
shown 1n FIG. 8, 1s not coupled to all of the Exclusive-Or
gates 800. In this case, as shown 1n FIG. 9, the remainder of
the Exclusive-Or gates 901 are connected directly to the
Scan Input terminal so that the Scan Select 905 line 1s used
to reduce the effective number of scan sub-strings that
require many “‘care-input” positions that are required to be
set.

Given N-many scan sub-strings, each with m-many posi-
tions and a total of r-many “care-mnput” values that need to
be established along the entire scan chain, the probability
analysis presented below shows that the expected number of
sub-strings shifts may be approximately a low of 2—4 or may
approach N, where m~1/4 and r<<mN.

Accordingly, i yet another embodiment of the present
invention, multiple Scan Select terminals 1000,1001 may be
used, such that the number of sub-strings 1s close to the 1deal

number of sub-strings for the number of required values to
be set, as illustrated 1n FI1G. 10.

Tap Selection and Care Output Capture

In yet another embodiment, as shown in FI1G. 11a, there 1s
no scan select, and there are at least two taps connected to a
check-sum or signature register 1102, preferably close to
evenly spaced at the mid point 1100 and end 1101 of each
sub-string.

Such a configuration raises the possibility of aliasing
between the expected data shifted into the mid-point 1100
and end-point taps 1101 of each sub sub-string. In other
words, two care outputs could fail due to the same fault, and
their spacing 1s such that they are both captured on two
separate tap points at the same time, 1n which case they are
canceled 1n the check-sum or signature register. To avoid
this, the taps should be slightly 1rregularly spaced so that
failure to capture a pair of care outputs on two taps due to
aliasing, will not result 1n aliasing at the next pair of taps.
Also, 1 yet another embodiment, as shown 1n FIG. 11b,
multiple copies of the check-sum of signature register 1103,
1104 may be created, each with one 1nput from each sub-
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string such that the first check-sum or signature register 1103
1s connected to the first mid-point taps 1100 from each sub-

string, and the second check-sum or signature register 1104
1s connected to the second end taps 1101 from each sub-
string. Of course this can continue 1f more than two taps
exist on one or more sub-strings. This also minimizes the
possibility of covering failing expected data by minimizing
the likelihood of capturing the faulty expected data more
than once. In a more general fashion, different configura-
tions of connections to multiple check-sums and signature
registers may be used to minimize the covering faulty
expected data through multiple captures of the same faulty
data.

A preferred embodiment shown 1n FIG. 11c¢, has multiple
check-sums 1105 serially connected to each other and a sig-
nature register 1106, minimizing the wiring and the shifting
to capture the “care outputs”.

1. Sub-string Creation and Preferred Test Generation Meth-

ods

While many different specific optimizations, such as those

suggested above, and others, the general method for creation

ol the sub-strings, taps and test pattern optimizations should

be as follows:

1) Choose 1n1tial tests to fully scan 1n (typically less than 20,
but at least 1)

2) Fill the mitial tests with random numbers, fault simulate
the vectors, and keep the captured fault lists.

3) Generate the rest of the vectors using existing test genera-
tion techniques and keep the resulting caught fault lists for
cach test.

4) Choose the number of sub-strings to create, and either
evenly divide the string into sub-strings by inserting
exclusive or gates or choose some other technique to
define the exclusive or gates placements 1n the scan string.

5) Optionally optimize the remaining vectors based on mini-
mizing the total input shifting requirements

6) Place at least one tap at the end of each sub-string and
through some optimization technique optionally place
additional tap points as needed.

7) Optimize the vectors based on minimizing the total shait
requirements for both inputs and capturing outputs.

8) Convert the scan string into the specified sub-strings and
tap points 1n a manner similar to existing test logic inser-
tion techniques

9) Generate the actual test vectors by the techniques defined
above.

10) Convert the test vectors into tester patterns using conven-
tional techniques used 1n the industry.

Procedure 2

Given the existing test set of independent tests from steps
2 and 3 1n procedure 2, the flowchart i FIG. 22 1s a detailed
technique for step 7, using variable scan testing, to reorder
the existing tests to minmimize the overall test time that 1s
better suited for implementing in software. The determining
the number of shifts 2200 requires shifting each pattern, and
resolving the simultaneous equations on each shift to deter-
mine 1i a proper vector can be established. The next step
2201 successively chooses the pattern with the lowest num-
ber of required shiits.

For this procedure we are assuming M sub-strings of N
shift bits was created in step 4, and that there are two or more
taps to two or more check-sums or signature registers from
cach of the sub-strings created 1n step 6 of procedure 2.

The flowchart in FIG. 22 also assumes the 1nitial pattern
has no don’t care values (in other words all values are
required “care mputs
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In yet another embodiment, the flowchart in FIG. 22 can
be improved by fault simulating each pattern, checking the
faults that are caught and eliminating patterns whose faults
have already been caught prior to going on to the next pat-
tern.

And 1 yet another embodiment, the flowchart in FIG. 22
can be further improved by 1gnoring the “care output” cap-
turing requirements for a pattern, letting the faults cycle
through another simulation cycle. If they are not caught on
the next cycle, go back and shift suificiently to catch them at
the tap points.

In yet another embodiment, the calculation of the number
of shifts (step 2200) 1n FIG. 22, can be structured in a form
that 1s more conducive to software programming than the
flowcharts 1n FIGS. 20 and 21 as follows:

Before shifting the required values must be equal to the
values from the previous pattern.

If the required values are r0-rt, and the previously existing
values are s0-si, a scan string consisting of 4 sub-strings of 4
bits each would good 11 the conditions in Table 8 are true:

TABLE 8
10 = s0 rl =sl 2 =82 r3 =83
4 = s4 > =85 6 =86 r/ =87
I8 = s& 19 = g9 ra=sa rb =sb
I'C = 8¢ rd = sd re = se rf =gt

Where each term, which has no required value, 1s “0”.
This 1s simply:

I]C}t_Vﬂlid=(2 ri‘sf or :soa: ifrf iS :HI::':)

[1]

Where the values are valid if not  valid=0.

Now as the new values shift into the first sub-string they are
also Exclusive-Ored with the shifted bits from the previous
pattern in all the subsequent sub-strings, so that given x0-x3

are the new shifted values, the values would be as shown in
Table 9 below:

TABLE O
X0 x1 X2 X3
x01s0 x1isl x2182 x3183
x0184 x1185 x2186 x3187
x01s8 x1189 x21sa x31sb

Where “|” is an Exclusive Or operation. Now x0 through x3
can be selected such that the Exclusive-Or operation of the

new X value with the existing previous scan value must be

equal to the required value. In other words, the x values must
be as defined 1n Table 10 below:

TABLE 10
X0 =10 X1l =rl X2 =12 X3 =13
x0 = rdis0 x1 = r5i1sl X2 = rb61s2 X3 = 17183
X0 = r&is4 x1 = 19185 X2 = rais6 X3 = rbis7
X0 = rcis® x1 = rdis9 X2 = reisa x3 = rfisb

But for all the required values 1n the first row, substitution of
x0-x3 with r0-r3 can be made, so to determine i1f x0-x3 can
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be set to values to meet the test’s required values, each col-
umn of expressions i Table 11 below must be true:

TABLE 11
14 = r01s0 r5 =rlisl 6 = 12182 r7 = 13183
8 = r0is4 19 = rlis5 ra = 12186 b = 13187
rc = ris¥ rd = r1i1s9 re = r2isa rf = r3isb

As we shift new values beyond the first sub-string into the
second sub-string, the values are as shown in Table 12
below:

TABLE 12
X0 x1 X2 X3
x4|x0 x5x1 X6(x2 X7|x3
x4{x01s0 x5x1i1sl xX6|x2182 x71x3183
x4/x01s4 X5/x1185 xX6|x21s6 X7 %3187

Now x0-x3 can be set to r0-r3, and x4-x7 can be substituted
with rd-r7 so the remaining requirements reduce to the
expressions 1n Table 13 below:

TABLE 13
8 = r41s0 9 = r5i1s1 ra = rois2 rb = r71s3
rc = r4is4 rd = 15185 re = r6is6 rf = 17187

And, similarly for shifting values into three sub-strings, the
expressions 1in Table 14 must be met:

TABLE 14

¢ = r&is0 rd = 9181 re = rais2 rf = rbis3

This process continues in this fashion until all required
values are met.

Now given S(*,*) are the previous pattern’s output values
and R(*,*) are the required “care-input” values, the tlow-
chart in FIG. 23 will find the number of shifts to meet the
required values, step 2200 in the flowchart in FIG. 22.

It should be noted that the procedure represented 1n FIG.
23 does not produce a pattern, 1t merely determines the mini-
mum number of shifts of a pattern to meet the required val-
ues. The specific new values to shift in are a function of the
actual required values, which can be calculated 1n a manner
similar but extended from this procedure. Furthermore, the
flowchart 1n FIG. 23 does not take into consideration the
number of shifts necessary to capture the required outputs,
which was shown 1n Example le. This 1s easily added by
initially shifting until all the faults 1n the fault lists on the
outputs of the previous pattern have been shifted into tap
points, and then beginning with that shift number other than
Zero.

The Flowchart in FIG. 24 1s extended from the approach
taken 1n FIG. 23 to produce the actual pattern. Again we start
with the requirements 1n Table 8 and the operation 1n equa-
tion [ 1]. For each shift into the first sub-string, the shifted in
“x”” value must be determined by the first cell with a required
bit 1n the column of the “x” value. The rest of the required
bits 1n that column are checked against the assignment of the
first value. For example the required “care inputs” were:
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EXAMPLE 12

Then after shifting 1n 4 bits x0-x3 are assigned 0**1 and
the values shifted 1n are:

(L]

TABLE 15
X0 x1 X2 X3
x01s84 x1185 x2186 x3187
x01s& x1189 x21sa x31sb
x01sc x11sd x21se x31stf

Which can be converted into the assignments shown 1n Table
16 below:

TABLE 16

X0 =10 Xl =% X2 = r61s6 X3 =13

The checking i1s then done by assigning the r values and
veritying the following are true:

TABLE 17
1 = 1lis61s6 0= 1is7
0= 01s& 0 = lisb
0 = lisbise = list

This process continues through the second row as follows:
After shifting 1n 4 more bits, x4-x7 are assigned * *10 and
the values shifted 1n are:

TABLE 18
x0 x1 X2 X3
x4|x0 x5Ix1 X6(x2 X7 X3
x4|x01s8 x5/x11s9 xX6|x21sa x7x31sb
x4|x01s¢C x5/x11sd xX6|x21s¢e xX7x31st

Which can be converted into the assignments shown 1n Table
19 below:

TABLE 19
x0 =10 xl="* X2 = xXr(is6 X3 =13
x4 = r8is8x0 X5 =% X6 = r6[x2 X7 =17|x3

Where the value “(|s6)” only applies 11 s6 still exists (i.e.,
less than 7 shifts occurred). The checking i1s then done by
assigning the r values and veritying the following are true:

TABLE 20

0 = 0is8|0|0]s8 0 = 0|1/1|sb

0=1|1|se 1 =0[1|1]sf

This continues row by row until all created values have
been verified good.

Considering the assignment of X2 occurs later than the
first row because the first row does not contain a required
value, code to assign the value to an x variable should begin
from the highest row, reassigning 1t until no lower level

required values exist. The tlowchart to create the proper val-
ues 1s shown 1n FIG. 24.

In the flowchart 1n FIG. 24, the x values are calculated 1n
the variable value and put back 1into S(*.*). The check vari-
able 1s used to calculate the actual exclusive or values 1n the
string to compare with the required “care mput” values.
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While the algorithm described in FIG. 24 produces cor-
rect results for designs with equal length sub-strings, if, as
suggested 1 step 3) 1 procedure 1 or 4) of procedure 2
described above, some other technique 1s used, which results
in sub-strings of unequal length the algorithm will not work.
Under these conditions for each test do the following:

a) evaluate the variables 1n each of the “care mnput” locations
and compare the resulting values to the corresponding
“care mput”. If they all match skip to step 1).

b) move all output values to the next higher location in the
string, 1.€. S,—=S._ |

¢) 1nsert a new variable x1 1n the first position of the output
values and set 1t unknown

d) insert a new variable xj 1n the first position of each subse-
quent sub-string of the output values and set 1t to
Xi|existing contents

¢) evaluate the variables 1n each of the “care mput” locations
and compare the resulting values to the corresponding
“care mput”. If they all match skip to step 1).

) set an unknown variable 1n equation at a “care mput”
location with the least unknowns to a state necessary to
match the “care mput” value.

g) Repeat steps e), 1) and g) until no variables are left to set

h) increment the shift count and repeat steps b) through g).

1) output the values of the x1 variables, 11 they are unknown
set them to O

Procedure 3

Procedure 3 above correctly evaluates the equations cre-
ated by the shift and exclusive or operations in the scan
string, regardless of the size of each sub-string, but may
require more computation than the algorithm described in
FIG. 24, which can preferably be used for strings with equal
length sub-strings.

Multiple Scan Strings

A common technique 1n the industry to reduce the number
of tester cycles needed to perform serial scan-in of the target
device 1s to break the scan-strings into multiple scan-strings
with separate scan-in and scan-outs as shown in FIG. 12.
FIG. 12 shows a common clock signal line 1200, and all
three scan strings 1201 are scanned 1n parallel. It 1s desirable
to balance the parallel strings so they are of equal length.
Scan In values for the shorter chains need to be padded with
arbitrary values so that all strings fimsh scan-in simulta-
neously. A similar architecture can be used with the present
invention as illustrated 1n FIG. 13. When multiple variable
clocked strings exist within a design, it 1s advantageous to
separate the scan clocking of the separate scan strings so
they can be started and stopped 1individually. This 1s because
the separate strings may require different numbers of shift
cycles clocks 1n order to set up the next test pattern 1n them.
Requiring all scan chains to start and stop shifting at the
same time may increase the number of clock cycles needed
to set up the test patterns simultaneously 1n all of the scan
chains. This could be accomplished using separate clock
lines 1300 as shown 1n FIG. 13, but this causes an increase in
the number of clock pins needed.

In a preferred embodiment of the present invention, 1llus-
trated 1n FI1G. 14, individual scan string clock lines 1400 are
created from a single clock line 1401 by enabling 1402 1t

with a combination of a single control line 1403, readily
available in most scan test methods, and the scan-in data
lines 1405. FIG. 14 shows the clock enable control logic
1406 for each scan string represented as a black box. FI1G. 15
shows an example design for the clock enable logic 1406.
This logic consists of two memory elements 1500, 1501,
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clocked by opposite phases of a clock signal on the clock
line 1401 and feedback logic which takes the scan 1n data on
line 1405 and the common control signal on line 1403 to
create a clock enable output signal on line 1504. Other com-
binations of logic may be created to serve the same purpose.

The control signal on line 1403 can come from a primary
pin, from a Tap controller, or other suitable control logic,
which 1ssues the control signal value prior to the beginning,
of each scan sequence, and maintains that value throughout
the scan operations. The control signal 1s set to the opposite
value at any other time, such as to capture the test results or
during normal system operation. As such, the control signal
1s readily available in most systems that implement scan
where a SCAN__ENABLE signal may be used to select
either serial scan or normal capture operation of the system
tlip-flops.

The clock enable control circuit 1406 shown 1n detail in
FIG. 15, uses preferably a rising-edge clocked flip-tflop 1500
and pretferably a negative-edge clock enabled latch 1501 that
operate on the common clock signal on line 1401. After
initialization with the control signal on line 1403 set to logic
“07, the thip-tlop 1500 1s set to “1”” and the latch 1501 1s set to
“1”. This allows the AND gates 1402 1n FIG. 14 to pass
clock pulses from lines 1401 through to scan clock lines
1400 and reach the scan-chains A, B and C. On the first
rising-edge of clock pulse on line 1401, after the control
signal on line 1403 becomes set to “17°, the Scan In signal on
line 1405, which 1s gated by the positive polarity output from
the thp-flop 1500 and the control signal line 1403, 1s loaded
into thp-tlop 1500. On the following falling-edge of clock
pulse on line 1401 the value 1n the flip-tlop 1500 1s 1nverted
through NAND gate 1504 and 1s transferred into latch 1501.
Since the latch’s positive polarity output forms an enable
signal on line 1503 that controls the AND gates 1402 to pass
or block clocks pulses on lines 1400 to the scan-chains. The
scan-chain clocks are turned on 1f the Scan In lines 1405
have values set to “0”, and blocked otherwise. On the first
clock cycle after enabling the control signal on line 1403,
only the string(s) with the highest number of shift clocks
required for setup of their test vectors shall have 1ts (their)
Scan In 1nput set to “07, so that the scan strings have their
clock(s) enabled on the next clock cycle. All the other Scan
In mputs are set to “1”, successively setting the Scan In
inputs to “0” one cycle before their clocks need to be
enabled. Once enabled, the clock(s) for the scan string(s)
remain enabled even if the Scan In signal lines 1403 are set
to “17, until the first rising-edge of a clock pulse on line 1401
after the control signal on line 1403 has become de-asserted
(1.e., set to “0”’) again. In this manner, the Scan In signal on
line 1403 for each scan-chain can be used to delay the start-
ing of that chain’s clocks by keeping the Scan In signal at
logic “1”. This allows scan-chains that require smaller num-
ber of shift cycles to set up their test vectors to remain unat-
tected while the global scan clock signal on line 1401 1s
active, allowing other scan chains to start their shift opera-
tions. For each scan-chain, 1ts Scan In signal line 1405
should be set to “0” on the cycle before 1ts scan operations
are to be started.

FIG. 16 shows signal wavelorm diagrams of the opera-
tions for the exemplary scan strings of FIGS. 14 and 15. The
wavelorm 1603 represents the clock signals on the clock
lines 1401; the waveform 1605 represents the signals on the
control signal line 1403; the wavelform 1606-1608 represent
the data signals on the Data In lines 1405, for the scan chains
A, B and C respectively. Below each Data In wavelorm
1606-1608 1s a corresponding wavelorm for the enable con-
trol signal on the line 1503 from the corresponding clock
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enable control logic 1406. In the first clock cycle, labeled 0,
and starting at the dotted line 1600, the control signal 1605
transitions low and the Scan In values 1606—1608 are set to
their last clocked 1n values. This resets the set-reset logic, of
the clock enable control 1406, which turns off all the clock
enable signals on the falling edge of the clock signal 1605. In
the next clock cycle 1, the start of which 1s denoted by the
dotted line 1601, the Scan In data waveform 1606 for string
A goes low, which sets its clock enable for the next clock
cycle. Thereafter the Scan In data 1606 for string A 1s
10101010. In clock cycle 1 Scan In data waveform 1607 for
string B and Scan In data wavelform 1608 for string C are set
to “1”, which insures that their clocks remain disabled. On
clockcycle 2, the start of which 1s denoted by the dotted line
1602, the Scan In data wavetorm 1607 for string B goes low,
enabling i1t’s clock on the next cycle and thereafter scans 1n
0110010. Finally, on clock cycle 4, the start of which 1s
denoted by the dotted line 1604, the Scan In data wavetform
1608 for string C goes low, also enabling its clock and there-
alter scans 1n the values 10010. After the front edge of the
scan clock cycle 9, the start of which 1s denoted by the dotted
line 1609, the control signal 1605 again goes low, after
which all the Scan In values go to their test input state, to
clock the scanned pattern on clock cycle 10, the start of
which 1s denoted by the dotted line 1610. As many cycles of
this non-scan state can occur as necessary before the next
pattern begins. It should be noted that all signal wavetforms
1605,1606,1607, and 1608 can transition anywhere within
the clock cycle, but are shown 1n the second half of the clock
cycle, which 1s typically where they would transition.

The described logic requires 1 additional clock cycle for
the whole test set to prime the clock enable control logic
1406, and one additional clock cycle per test to enable the
first scan string clock, but does not require separate scan
clocks for the individual scan chains. It requires very little
logic, 1t meets scan test design rules, and 1t 1s easily extended
to as many strings as needed. A key i1s to enable the clock
signals of each scan string separately and to successively
enable, rather than successively disable the clock signals to
get the desired bits scanned in. Furthermore, 11 the control
logic 1406 1s also scanned, 1t must be done on separate scan
strings from the scan strings 1t controls.

Pseudo Random Patterns

In yet another embodiment, as shown 1n FIG. 17, a Pseudo
Random Pattern Generator (PRPG) 1700 may be added 1n
front of the multiple variable clocked scan strings to gener-
ate random patterns. While this does not reduce the test time,
it can significantly reduce the volume of the test data
required to test the integrated circuit. An example of a
PRPG, controlled by an Rpon signal on line 1701 can be
seen 1 more detail in FIG. 18. The unique feature of this
PRPG 1s the use of the clock enable signals on lines 1800 to
select between the scan data inputs on lines 1801 and the
random patterns, 11 the Rpon signal on line 1701 1s set high.
When the Rpon signal on line 1701 1s low, the scan data
input lines 1801 are always selected. When the Rpon signal
1s high the enable signals on lines 1800 from the clock
ecnable control logic 1406 1n FIG. 14, select the scan data
input signals on lines 1801 which in-turn keep the enable
signals on lines 1800 low until each scan data input on the
lines 1405 transition low, as was described with respect to

FIG. 16.

Notwithstanding the embodiments and methods above, 1t
1s contemplated that the present invention may be used with
any or all of the existing scan based methods and test
techniques, including scan test compression, BIST, hierar-
chical scan structures, and any other traditional scan tech-




US RE41,187 E

25

niques either referred to 1n this patent, and other patents or
papers readily available to the industry. In all such cases 1t 1s
expected that the testing time would be reduced, by the addi-
tion of these techniques.

SUMMARY

Using existing scan test design, and by inserting
Exclusive-Or gates periodically within the scan strings such
that the scanned data 1s Exclusive-Ored with a selection of
the mput data, shift clocking need only proceed until the
required mputs match the shifted values. Frequent taps from
the scan strings into check-sums and/or signature registers
serve to limit the required number of shifts necessary to
capture the required “‘care output™ values. These combined
techniques significantly reduce the required number of shift
clocks per pattern as compared to shift clocks required 1n
prior art scan test techniques, thus significantly reducing the
test time.

Further test time reductions obtained by breaking the scan
strings into multiple commonly clocked scan strings with
separate inputs. Variable scan clocking can be performed by
including described scan clock control logic which enables
scanning on each string to match each strings clocking
requirements, without the need for additional pins.

The mvention claimed 1s:

1. A method of testing an integrated circuit (IC) using test
vectors containing a multiplicity of care inputs that are
applied to at least one scan-chain of said IC, at least one said
test vector containing a number of care mputs that 1s less
than a total length of said test vector, wherein a last one of
said care iputs occurs prior to a last position of said at least
one test vector, each test vector having a corresponding pre-
determined expected test responses containing a multiplicity
of care outputs, said method comprising, for each of said test
vectors:

a. applying said test vector by applying serial data and
clocking at least one said scan-chain only until all bits
of said at least one said scan-chain that correspond to
care mputs of said test vector have been set to values 1n
accordance with said care inputs of said test vector;

b. operating said IC to capture at least one bit of a
response of said IC to said test vector into at least one
scan chain of said IC;

c. reading out at least some bits of said response of said IC
to said test vector from said at least one scan-chain of
said IC; and

d. comparing the read out bits of said response of said IC
to said test vector to bits of said predetermined
expected test response corresponding to said test vector
to determine a pass or fail status corresponding to said
fest vector,

wherein said care output values are read out of a multiplicity
of scan positions of said at least one scan-chain of said IC on
successive clocks until all said care output values of said
predetermined expected test response corresponding to said
test vector 1n said at least one scan chain of said IC are read
out.

2. A method of testing an IC as in claim 1, wherein a
function of at least a subset of said multiplicity of said scan
positions 1s used to read out said care output values on each
clock.

3. A method of testing an IC as 1n claim 2, wherein said
function 1s comprised of at least one of one or more direct
connections and check-sums.

4. A method of testing an IC as 1n claim 3, wherein said at
least one of one or more direct connections and check-sums
are connected to one or more multi-input-signature-
registers.
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5. A method of testing an IC as 1n claim 1, wherein the
step of reading out at least some bits of said response of said
IC to said test vector occurs until all values of said care
outputs have been read, and wherein the step of reading out
at least some bits of said response of said IC to said test
vector also comprises simultaneously applying a subsequent
test vector.

6. A method of testing an IC as in claim 5, wherein, 1n the
case of more than one scan chain, each ot said scan-chains 1s
independently clocked until all of its said care-outputs from
the predetermined expected test response corresponding to
the current response of said IC to said test vector have been
read out and all of 1ts said care inputs for the subsequent test
vector have been set in accordance with said subsequent test
vector.

7. A method of testing an IC as 1n claim 6, wherein each
scan-chain’s clock 1s independently enabled and disabled by
a function, wherein the function, for each scan-chain, com-
prises a combination of a common clock, a common enable
and the values of each of the respective scan-chain’s test
vectors.

8. A method of testing an integrated circuit (IC) using test
vectors containing a multiplicity of care inputs that are
applied to at least one scan-chain of said IC, each test vector
having a corresponding predetermined expected test
responses containing a multiplicity of care outputs, said
method comprising, for each of said test vectors, the steps

of:

applying said test vector by applying serial data and
clocking at least one said scan chain only until all bits
of said at least one said scan chain that correspond to
care mputs of said test vector have been set to values 1n
accordance with said care mputs of said test vector,
wherein said step of applying serial data includes the
step of mserting serial data into a multiplicity of scan
positions within said at least one said scan-chain, and,
wherein said step of inserting serial data into a multi-
plicity of scan positions 1s performed for each of said
multiplicity of scan positions by applying a combina-
tion of a next bit value of said serial data and a present
value of a scan bit previous to the scan position;

operating said IC to capture at least one bit of a response
of said IC to said test vector into at least one scan chain
of said IC;
reading out at least some bits of said response of said IC to
said test vector from said at least one scan-chain of said
IC; and

comparing the read out bits of said response of said IC to
said test vector to bits of said predetermined expected
test response corresponding to said test vector to deter-
mine a pass or fail status corresponding to said test
vector, wherein at least one value of said care mputs for
at least one of said test vectors 1s set by using at least
one captured response to a prior test vector.

9. A method of testing an IC as 1n claim 8, wherein said
step of applying a combination includes the step of applying
an exclusive-OR function to said next bit value of said serial
data and said present value of a scan bit position previous to
the scan position.

10. A method of testing an IC as in claim 8, wherein, for
the case 1n which there are multiple scan-chains, said IC
includes a multiplicity of scan-chain clocks, and wherein the
method further comprises the step of:

enabling each of said scan-chain clocks by changing a
state of the 1nputs to each of said scan-chains.
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