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ACCELERATING SCAN TEST BY RE-USING 
RESPONSE DATA AS STIMULUS DATA 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to scan 
testing electrical circuits and, more particularly to a Way to 
expedite scan testing by re-using one circuit’s response data 
as stimulus data to another circuit. 

BACKGROUND OF THE INVENTION 

[0002] Scan testing of circuits is Well knoWn. Scan testing 
con?gures the circuit into scan cells and combinational 
logic. Once so con?gured, the scan cells are controlled to 
capture test response data from the combinational logic, then 
shifted to unload the captured test response data from the 
combinational logic and to load the next test stimulus data 
to apply to the combinational logic. 

[0003] FIG. 1 shoWs an electrical circuit having three 
memories (M) A,B,C and combinational logic (CL). FIG. 2 
shoWs an example of the memories of FIG. 1 implemented 
as D ?ip ?ops (FF), each memory having a data input, data 
output, and clock and reset control signals. FIG. 3 shoWs 
one example of hoW the circuit of FIG. 1 can be made scan 
testable by converting the memories into scan cells and 
connecting the outputs (D ,E,F) of the combinational logic to 
the scan cell capture inputs. FIG. 4A shoWs an example of 
hoW a D ?ip ?op based memory is converted into a scan cell. 
The scan cells have a 3:1 multiplexer input to the ?ip ?op. 
The multiplexer receives selection control (S) to: (1) input 
the output of the combinational logic to the ?ip ?op (Input1, 
the capture input), (2) input the external input to the ?ip ?op 
(Input2, the functional input), or (3) input the serial input to 
the ?ip ?op (SI, the shift input). The ?ip ?op receives a clock 
(C) and a reset (R) control input. The scan cells are con 
nected together via their serial input (SI) and serial output 
(SO) to form a 3-bit scan path through the circuit of FIG. 3. 
The three scan cells operate as the state memories during 
functional operation. During test operation, the scan cells 
operate as scan cells to alloW inputting test stimulus to the 
combinational logic and capturing the response output from 
the combinational logic. While edge sensitive D ?ip ?op 
memories are used in this disclosure, level sensitive memo 
ries could be used as Well. Converting level sensitive memo 
ries into scan memories is Well knoWn. 

[0004] In the FIG. 3 example, the scan cells perform both 
the input of stimulus to the combinational logic and the 
capture of response from the combinational logic. In other 
examples of hoW the circuit may be made scan testable, scan 
cells could be added to the circuit and scan path, and coupled 
to the outputs of the combinational logic, as shoWn in the 
dotted boxes in FIG. 3. This Would alloW the input stimulus 
to be supplied by the converted scan cells (A,B,C) and the 
output response captured by the added scan cells. Adding 
scan cells for the purpose of capturing response data adds 
circuitry. Also if scan cells are added to capture the combi 
national logic response, the converted scan cells A,B,C do 
not need Input1 and the feedback connections from the 
combinational logic outputs. 

[0005] Also in FIG. 3 a bypass memory (BM) is shoWn to 
alloW a single bit bypass scan path through the circuit from 
SI to SO. The use of scan bypass memories is Well knoWn. 
An example of the bypass memory is shoWn in FIG. 4B. In 

Dec. 27, 2001 

addition to providing conventional bypassing of the circuit, 
the bypass memory of the present invention is required to 
maintain its present state during capture operations, and to 
alWays load data from SI regardless of Whether it is selected 
betWeen SI and SO or not. The multiplexer of the bypass 
memory and the selection (S) control it receives alloW these 
tWo requirements to be met. 

[0006] FIG. 5 shoWs three of the circuits of FIG. 3 
connected in series to a tester. The tester outputs data to the 
serial input of the ?rst circuit (C1) and receives data from the 
serial output of the last circuit (C3). The tester outputs 
control to all three circuits to regulate their scan cell’s 
capture and shift operations during each scan test cycle. 

[0007] FIG. 6 shoWs the concept of conventional scan 
testing. In FIG. 6, N circuits are connected on a scan path. 
A tester controls all circuits C1-N to reset. FolloWing reset, 
the tester controls all circuits C1-N to capture the ?rst 
response data to the reset stimulus data. Next the tester 
controls all circuits C1-N to shift out the ?rst captured 
response data and shift in the second stimulus data. This 
process of capturing response data, shifting out the response 
data While neW stimulus data is shifted in is repeated for the 
number of patterns (P) required to test each of the circuits 
1-N. As the number of serially connected circuits (N) groWs, 
so does the length (L) of the scan path the tester needs to 
traverse during each capture/shift cycle. The test time in 
clocks, using conventional scan testing, is equal to the sum 
of the scan path lengths (L) of each circuit (N) in the scan 
path times the number of patterns (P) to be applied. 

[0008] Examples 1-9 discussed beloW are included in the 
Appendix. 

[0009] Example 1 shoWs hoW three circuits (C1, C2, and 
C3) are conventionally scan tested by a tester as shoWn in 
FIG. 5. The combinational logic decode for each of the 
circuits C1, C2, and C3 are shoWn in the Tables of Example 
1. The tables shoW the present state (PS) output (ie stimu 
lus) of the scan cells (ABC) to the combinational logic and 
the next state (NS) input (i.e. response) to the scan cells 
(ABC) from the combinational logic. At the beginning of the 
test, the tester outputs control to reset all scan cells to a ?rst 
present state (PS1). Next, the tester outputs control to all 
scan cells to do a ?rst capture (CP1) of the response output 
of the combinational logic (CL) to the PS1 stimulus. Next, 
the tester outputs control to do a ?rst 9-bit shift operation 
(SH1) to unload the ?rst captured response data from each 
circuit’s scan cells and to load the second present state (PS2) 
stimulus data to each circuit’s scan cells. Next, the tester 
does a second capture (CP2) to load the scan cells With the 
response data from the second present state (PS2) stimulus 
data, then does a second 9-bit shift (SH2) to unload the 
second captured response data and load the third stimulus 
data. Next, the tester does a third capture (CP3) to load the 
scan cells With the response data from the third present state 
(PS3) stimulus data, then does a third 9-bit shift (SH3) to 
unload the third captured response data and load the fourth 
stimulus data (11). This process continues through an eighth 
capture (CPS) to load the scan cells With the response data 
from the eighth present state (PS8) stimulus data, then does 
an eighth 9-bit shift (SH8) to unload the ?nal captured 
response data. The data input to the scan cells during the 
eighth shift (SHS) can be don’t care data since testing is 
complete folloWing the eighth shift. If all circuits are good 
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the response shifted out for each PS1-8 stimulus Will match 
the expected response as shoWn in the tables for C1, C2, and 
C3. The number of test clocks for the conventional scan 
testing of the circuits in example 1 is the sum of the capture 
clocks (CP1-8) and shift clocks (SH1-8), or 8+(8><9)=80. 

[0010] It is desirable to scan test electrical circuits in less 
time than the conventional approach. 

[0011] The present invention accelerates scan testing by 
re-using one circuit’s scan test response data as scan test 
stimulus data for another circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIGS. 1-6 illustrate conventional approaches to 
scan testing. 

[0013] FIGS. 7 and 8 illustrate conceptually a scan testing 
methodology according to the present invention. 

[0014] FIGS. 9-11 illustrate conventional scan path struc 
tures. 

[0015] FIGS. 12 and 13 illustrate the structure and use of 
a data summing scan cell according to the present invention. 

[0016] FIG. 14 illustrates a scan path structure according 
to the present invention. 

[0017] FIG. 15 illustrates in more detail the conventional 
data retaining scan cell of FIG. 14. 

[0018] FIG. 16 illustrates a boundary scan cell having its 
data output connected to a capture input of another boundary 
scan cell according to the present invention. 

[0019] FIG. 17 illustrates the use of a data summing 
boundary scan cell according to the present invention. 

[0020] FIG. 18 illustrates the use of a data retaining 
boundary scan cell according to the present invention. 

[0021] FIG. 19 illustrates the data capture boundary scan 
cell of FIGS. 16-18 in more detail. 

[0022] FIG. 20 illustrates the data retaining boundary scan 
cell of FIG. 18 in more detail. 

[0023] FIG. 21 illustrates the data summing boundary 
scan cell of FIG. 17 in more detail. 

[0024] FIG. 21A illustrates in more detail a conventional 
boundary scan cell shoWn in FIGS. 16-21. 

[0025] FIGS. 22-29 illustrate hoW a scan test methodology 
according to the present invention is used to test various 
levels of circuitry from die on Wafer to systems. 

[0026] FIG. 30 illustrates the use of signature analyZer 
circuitry to execute a scan test methodology according to the 
present invention. 

[0027] FIG. 31 illustrates the use of data retaining bound 
ary scan cells and data summing boundary scan cells to scan 
test a target circuit according to the present invention. 

[0028] FIG. 32 illustrates the present invention’s ability to 
perform closed loop scan testing. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 7 shoWs the Warping scan test concept of the 
present invention. The term Warping is used to indicate the 
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non-conventional Way serial data propagates through cir 
cuits during scan testing according to the present invention. 
In FIG. 7, N circuits are connected on a scan path. A tester 
controls all circuits C1-N to reset. FolloWing reset, the tester 
controls all circuits C1-N to capture the ?rst response data 
to the reset stimulus data. Next the tester controls all circuits 
C1-N to shift data, but only for the length of the ?rst circuit’s 
(C1) scan path. After the ?rst shift operation, C1’s scan path 
is loaded With stimulus data from the tester and C2-CN’s 
scan path is loaded With the response data from C1-CN-1. 
During the next capture and shift operation, C1 outputs 
response data to doWnstream circuits and receives its next 
stimulus data from the tester. After the second capture and 
shift operation, C1 contains its second stimulus data pattern 
from the tester and C2-CN contain their second stimulus 
patterns derived from the response output from leading 
circuits C1-CN-1. This process continues until C1 is tested. 
After C1 is tested, it is bypassed so that the tester can 
directly input any remaining stimulus to C2 and alloW 
response from C2 to ripple doWnstream as stimulus to 
trailing circuits C3-CN. Similarly, after C2 is tested, it is 
bypassed to alloW direct input of remaining stimulus to C3 
While response from C3 is rippled doWnstream as stimulus 
to trailing circuits C4-CN. The overall testing of circuits 
C1-CN in FIG. 7 is complete When all circuits have received 
their required input stimulus, either indirectly as a result of 
output response from leading circuits or by direct input from 
the tester, and have output their response to the tester. 

[0030] FIG. 8 shoWs a conceptual How of the above 
described Warping scan test operation as it progresses across 
circuits C1-CN. The test sessions of FIG. 8 indicate times 
When a tester is inputting stimulus to a given circuit scan 
path, either directly to C1 or through tested and bypassed 
circuits (C1-CN-1). The shaded area in each circuit C1-CN 
indicates reduction of remaining stimulus input to a circuit 
folloWing a given test session. When a circuit is completely 
tested, it is shoWn to be bypassed and completely shaded. 
The progression of the shaded areas of each circuit indicate 
the test acceleration anticipated by the present invention. For 
example, folloWing test session 1 (C1 tested), the response 
generated to doWnstream circuits C2-CN during test session 
1 has reduced their need for additional stimulus patterns 
from the tester by 50%. FolloWing test session 2 (C2 tested), 
the response generated to doWnstream circuits C3-CN dur 
ing test session 2 has reduced their need for additional 
stimulus patterns from the tester by another 50%. And so on. 
The present invention Will shoW that scan test time can be 
dramatically reduced by using output response from leading 
circuits as stimulus input to trailing circuits Which can 
reduce or even eliminate the need of stimulus input from the 
tester. 

[0031] Example 2 shoWs hoW the same three circuits (C1, 
C2, C3) of Example 1 Would be tested using the Warping 
scan test concept Whereby response data from leading cir 
cuits is used as stimulus data in trailing circuits. At the 
beginning of the test, the tester outputs control to reset or 
initialiZe all scan cells to a ?rst present state 1 (PS1). Note 
that While a reset input is provided on the scan cells to alloW 
the tester to initialiZe the scan paths by a reset control signal 
(as seen in FIG. 4A), the tester could also initialiZe non 
resetable scan cells by doing a scan operation. Next, the 
tester outputs control to all scan cells to do a ?rst capture 
(CP1) of the response output of the combinational logic 
(CL) to the ?rst present state (PS1) stimulus. The tester then 
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outputs control to cause all scan cells of circuits C1 through 
C3 to do a ?rst 3-bit shift operation (SH1). The ?rst 3-bit 
shift operation unloads the ?rst captured 3-bit response data 
from C3, moves the ?rst captured 3-bit response data from 
C1 to C2 and from C2 to C3, and loads the second 3-bit 
stimulus data into C1. 

[0032] Next, the tester outputs control to all scan cells to 
do a second capture (CP2) of the response output of the 
combinational logic (CL) to the PS2 stimulus. The tester 
then outputs control to cause all scan cells of circuits C1 
through C3 to do a second 3-bit shift operation (SH2). The 
second 3-bit shift operation unloads the second captured 
3-bit response data from C3, moves the second captured 
3-bit response data from C1 to C2 and from C2 to C3, and 
loads the third 3-bit stimulus data into C1. 

[0033] Next, the tester outputs control to all scan cells to 
do a third capture (CP3) of the response output of the 
combinational logic (CL) to the PS3 stimulus. The tester 
then outputs control to cause all scan cells of circuits C1 
through C3 to do a third 3-bit shift operation (SH3). The 
third 3-bit shift operation unloads the third captured 3-bit 
response data from C3, moves the third captured 3-bit 
response data from C1 to C2 and from C2 to C3, and loads 
the fourth 3-bit stimulus data into C1. 

[0034] This capture and shift process repeats until the 
seventh shift operation (SH7). During SH7, the tester 
unloads the seventh captured 3-bit response from C3, moves 
the seventh captured 3-bit response data from C1 to C2 and 
from C2 to C3, and loads the eighth, and last, 3-bit stimulus 
data into C1. 

[0035] Next, the tester outputs control to all scan cells to 
do an eighth capture (CPS) of the response output of the 
combinational logic (CL) to the PS8 stimulus. The tester 
then outputs control to cause all scan cells of circuits C1 
through C3 to do an eighth 3-bit shift operation (SHS). The 
eighth 3-bit shift operation unloads the eighth captured 3-bit 
response data from C3, moves the eighth captured 3-bit 
response data from C1 to C2 and from C2 to C3, and inputs 
the ?rst bit of the ?rst 3-bit C2 stimulus pattern into C1’s 
bypass memory (BM). Note that the serial input during SHS 
is 1xx because the leading tWo bits Will not be used, 
While the last bit (1) Will be stored in C1’s bypass memory 
and be the ?rst bit of the ?rst 3-bit stimulus pattern input to 
C2 during SH9. As previously mentioned in regard to FIG. 
3, the bypass memory alWays loads the data from SI during 
shift operations and maintains its data during capture opera 
tions. This alloWs the present invention to use bypass 
memories as data pipeline bits betWeen the tester and circuit 
receiving stimulus input from the tester. 

[0036] FolloWing SHS, C1 is completely tested and the 
tester outputs control to cause C1’s bypass memory to be 
selected betWeen C1’s SI and SO. Also the tester outputs 
control to cause C1’s scan cells to hold their present 
state for the remainder of the test. At this point, C1 only 
serves as a data pipeline bit betWeen the tester and the scan 
path of C2. While C1’s scan cells could continue to operate 
during the remaining tests, doing so Would cause C1 to 
consume non-useful energy and produce heat. The advan 
tage of holding a circuits scan path static to eliminate heat 
build up after the circuit has been tested Will be discussed in 
more detail in regard to using the present invention to 
accelerate Wafer testing (FIGS. 26-29). 
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[0037] Next, the tester outputs control to all scan cells to 
do a ninth capture (CP9) of the response output of the 
combinational logic (CL) to the PS9 stimulus. The tester 
then outputs control to cause all scan cells of circuits C2 and 
C3 (C1 scan cells are disabled) to do a ninth 3-bit shift 
operation (SH9). The ninth 3-bit shift operation unloads the 
ninth captured 3-bit response data from C3, moves the ninth 
captured 3-bit response data from C2 to C3, and loads C2 
With its ?rst 3-bit stimulus pattern (001) from the tester (00) 
and C1 bypass bit The loading of the 001 stimulus 
pattern into C2 during SH9 is seen in the dotted circle 
around the 00 tester input bits and dotted circle around the 
1 bit in the C1 bypass memory. The last bit (0) of the 3-bit 
tester input (000) during SH9 is stored into C1’s bypass 
memory and Will be the ?rst bit of the second 3-bit stimulus 
pattern (100) to C2 during SH10. The 001 stimulus to C2 
during SH9 is a stimulus input pattern that is needed for 
testing C2 but did not occur in C1’s output response during 
SH1-8. The other stimulus patterns that are needed for 
testing C2 but did not occur in the C1 response patterns are 
100 and 111. These stimulus input patterns Will be provided 
to C2 during the folloWing SH10 (100) and SH11 (111) 
operations. 
[0038] Next, the tester outputs control to all scan cells to 
do a tenth capture (CP10) of the response output of the 
combinational logic (CL) to the PS10 stimulus. The tester 
then outputs control to cause all scan cells of circuits C2 and 
C3 to do a tenth 3-bit shift operation (SH10). The tenth 3-bit 
shift operation unloads the tenth captured 3-bit response data 
from C3, moves the tenth captured 3-bit response data from 
C2 to C3, and loads C2 With its second 3-bit stimulus pattern 
(100) from the tester (10) and C1 bypass bit Again, the 
loading of the 100 stimulus pattern into C2 during SH10 is 
seen in the dotted circle around the 10 tester input bits and 
dotted circle around the 0 bit in the C1 bypass memory. The 
last bit (1) of the 3-bit tester input (110) during SH10 is 
stored into C1’s bypass memory and Will be the ?rst bit of 
the third 3-bit stimulus pattern (111) to C2 during SH11. 

[0039] Next, the tester outputs control to all scan cells to 
do an eleventh capture (CP11) of the response output of the 
combinational logic (CL) to the PS11 stimulus. The tester 
then outputs control to cause all scan cells of circuits C2 and 
C3 to do an eleventh 3-bit shift operation (SH11). The 
eleventh 3-bit shift operation unloads the eleventh captured 
3-bit response data from C3 and moves the eleventh cap 
tured 3-bit response data from C2 to C3. Again, the loading 
of the 111 stimulus pattern into C2 during SH11 is seen in 
the dotted circle around the 11 tester input bits and dotted 
circle around the 1 bit in the C1 bypass memory. The last bit 
(x) of the 3-bit tester input (x11) during SH11 is stored into 
C1’s bypass memory but Will not be used for testing because 
C2’s scan path, into Which it Will be shifted during SH12, 
Will be bypassed folloWing the SH12 operation. 

[0040] Next, the tester outputs control to all scan cells to 
do a tWelfth capture (CP12) of the response output of the 
combinational logic (CL) to the PS12 stimulus. The tester 
then outputs control to cause all scan cells of circuits C2 and 
C3 to do a tWelfth 3-bit shift operation (SH12). The tWelfth 
3-bit shift operation unloads the tWelfth captured 3-bit 
response data from C3 and moves the tWelfth captured 3-bit 
response data from C2 to C3. Again, the loading of the Oxx 
stimulus pattern into C2’s scan path during SH12 is indi 
cated by the dotted circle around the 0x tester input bits and 
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dotted circle around the X bit in the C1 bypass memory. As 
mentioned in the above paragraph the data (Oxx) loaded into 
C2 scan path is not used because the scan path Will be 
bypassed following SH12. HoWever, the last tWo bits of the 
SH12 tester’s 3-bit input (10x), Will be loaded into the 
bypass memories of C1 (1) and C2 (0), and used as the ?rst 
tWo bits of the last remaining 3-bit stimulus pattern input 
(010) for C3 during SH13. 

[0041] Following SH12, C2 is completely tested and the 
tester outputs control to cause C2’s bypass memory to be 
selected betWeen C2’s SI and SO. Also the tester outputs 
control to cause C2’s scan cells to hold their present 
state for the remainder of the test. At this point, C2 only 
serves as a data pipeline bit betWeen the bypass bit of C1 and 
scan path of C3. 

[0042] Next, the tester outputs control to all scan cells to 
do a thirteenth capture (CP13) of the response output of the 
combinational logic (CL) to the PS13 stimulus. The tester 
then outputs control to cause all scan cells of C3 to do a 
thirteenth 3-bit shift operation (SH13). The thirteenth 3-bit 
shift operation unloads the thirteenth captured 3-bit response 
data from C3 and moves the last remaining 3-bit stimulus 
input (010) from the tester and C1 and C2 bypass bits into 
C3’s scan path. Again, the loading of the 010 stimulus 
pattern into C3’s scan path during SH13 is seen by the dotted 
circle around the tester’s 0 input bit and dotted circles 
around the 1 and 0 bits in the C1 and C2 bypass memories. 
Since this is the last required stimulus pattern from the tester, 
the tester inputs X bits folloWing the 0 bit input during SH13. 

[0043] Next, the tester outputs control to all scan cells to 
do a fourteenth capture (CP14) of the response output of the 
combinational logic (CL) to the PS14 stimulus. The tester 
then outputs control to cause all scan cells of C3 to do a 
fourteenth 3-bit shift operation (SH14) to unload the last 
response output from C3. FolloWing SH14, the test of C3 is 
complete. 

[0044] The number of test clocks required to test circuits 
C1, C2, and C3 using the Warping scan test concept is the 
sum of the capture clocks (CP1-14) and the shift clocks 
(SH1-14), or 14+(14><3)=56 clocks. This compares With 80 
clocks used to test the same circuits using the conventional 
scan test approach in example 1. 

[0045] During the testing of C1, C2 Was provided With its 
000, 010, 011, 110, and 101 stimulus inputs from C1 
response, i.e. C2 received 5 of its 8 stimulus inputs While C1 
Was being tested. Also during testing of C1, C3 Was provided 
With its 000, 001, 011, 100, 111, and 110 stimulus inputs 
from C2 response, i.e. C3 received 6 of its 8 stimulus inputs 
While C1 Was being tested. Note that C3’s 001 stimulus 
input at PS2 Was generated by C2 as a response to C2’s 
initial 000 (reset) stimulus input at PS1, so C3’s 001 
stimulus Was generated independently of any stimulus 
scanned in from the tester. Similarly, C3’s 011 stimulus at 
PS3 originated as C1’s response to its 000 (reset) stimulus 
at PS1, so C3’s 011 stimulus Was also independent of any 
stimulus scanned in from the tester. After C1 Was bypassed, 
C2 received its remaining 001, 100, and 111 stimulus inputs 
from the tester. During the testing of C2, C3 Was provided 
With its 101 stimulus input from C2 response, i.e. C3 
received 1 of its 2 remaining stimulus inputs While C2 Was 
being tested. After C2 Was bypassed, C3 received its remain 
ing 010 stimulus input. From this it is seen that C2 Was 
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62.5% tested (5 of 8) and C3 Was 75% tested (6 of 8) after 
C1 Was tested. Also, it is seen that C3 Was 87.5% tested (7 
of 8) after C2 Was tested. 

[0046] Although the tester obviously does not receive all 
response bits from all circuits, it does receive a bit stream 
that is (1) uniquely predictable based on the circuits under 
test and the scan path structure, and (2) representative of all 
responses from all of the circuits under test. Similarly the 
tester does not provide all stimulus bits to all circuits, but the 
stimulus needed from the tester is readily determined based 
on the circuits under test and the scan path structure. 

[0047] Adiagram shoWing the contents of the scan path at 
key times during the test, for example the diagram shoWn in 
Example 2, is readily generated as folloWs. First, all the bit 
data from PS1 through CPS is generated by starting With all 
scanned cells cleared to 0 at PS1, and then ?lling in the 
remaining bits based on the C1, C2 and C3 tables and the 
seven stimulus patterns Which must be shifted in at SH1 
SH7 to complete the testing of C1. The ?nal response pattern 
from C1 is captured at CPS. 

[0048] It is next determined Which C2 stimulus patterns 
still need to be shifted in from the tester to complete the 
testing of C2. This is done by simply inspecting the bit 
patterns at PS1-PSS of the C2 column and at CPS of the C1 
column, and then comparing the inspected bit patterns to the 
knoWn required set of C2 stimulus patterns. Any C2 stimulus 
patterns missing from the inspected patterns must be shifted 
in to C2 from the tester. Next, all bit data from SHS through 
CP12 is ?lled in based on (1) the C2 and C3 tables, (2) the 
remaining C2 stimulus patterns to be shifted in from the 
tester, and (3) the fact that the remaining C2 stimulus 
patterns Will be shifted from the tester to C2 via the C1 
bypass bit. The ?nal response pattern from C2 is captured at 
CP12. 

[0049] It is next determined Which C3 stimulus patterns 
still need to be shifted in from the tester to complete the 
testing of C3. This is done by simply inspecting the bit 
patterns at PS1-PS12 of the C3 column and at CP12 of the 
C2 column, and then comparing the inspected bit patterns to 
the knoWn required set of C3 stimulus patterns. Any C3 
stimulus patterns missing from the inspected bit patterns 
must be shifted in to C3 from the tester. Next, all bit data 
from SH12 through CP14 is ?lled in based on (1) the C3 
table, (2) the remaining C3 stimulus pattern, and (3) the fact 
that the remaining C3 stimulus pattern Will be shifted from 
the tester to C3 via the C1 and C2 bypass bits. The ?nal 
response pattern from C3 is captured at CP14. 

[0050] Once the scan path contents diagram has been 
completed using the above-described procedure, both the 
stimulus bit stream required to be output from the tester and 
the response bit stream expected to be received at the tester 
are easily determined by inspection of the completed dia 
gram. In particular, the stimulus bit stream required from the 
tester is shoWn in the SI column of the completed diagram, 
and the response bit stream expected to be received at the 
tester is shoWn in the SO column of the completed diagram. 

[0051] The scan path contents diagram for any desired set 
of circuits under test can actually be completed manually 
using pencil and paper and folloWing the above-described 
procedure. Of course, a computer program can be readily 
Written to complete the diagram in automated fashion. 
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[0052] In Example 2, the response from C1 reduced the 
need of stimulus in C2 and C3. Also, the bypass concept 
Works to allow circuits doWnstream of circuits already tested 
to receive stimulus data from the tester through a pipelined 
data path that maintains the stimulus data from the tester 
during capture operations. While the invention can Work by 
shifting data through the scan paths of circuits previously 
tested, instead of using the bypass memory, the scan path 
length betWeen the tester and doWnstream circuits being 
tested groWs in length since folloWing each capture opera 
tion, the tester must shift data through all leading tested 
circuits to input data to circuits being tested. Further, the use 
of the bypass feature alloWs the scan paths of circuits tested 
to be held static While testing is progressing in doWnstream 
circuits. Holding scan paths static eliminates poWer con 
sumption Within tested circuits, except for the bypass scan 
path, and thereby eliminates heat build up in circuits previ 
ously tested. Eliminating heat build up in circuits is impor 
tant, especially at Wafer level testing using the Warping scan 
test concept as Will be described in regard to FIGS. 26-29. 

[0053] AFurther advantage to the bypassing feature is that 
it alloWs the tester to directly, via intermediate bypass 
memories, apply all remaining stimulus patterns to the 
circuit being tested doWnstream. If the scan paths of previ 
ously tested circuits Were to remain in the scan path betWeen 
the tester and circuit being tested, there is the possibility that 
the circuit being tested may not be able to receive all of its 
remaining stimulus patterns. This is because the scan paths 
betWeen the tester and circuit being tested may not be able 
to produce the required stimulus patterns by the capture and 
shift process. Simply put, the intermediate scan paths 
betWeen the tester and circuit being tested may not have a 
response pattern to any stimulus pattern applied that Will 
produce the required remaining stimulus pattern(s) for the 
circuit being tested. 

[0054] FIG. 9 shoWs a circuit similar to the FIG. 3 circuit 
except that it only has a 2-bit scan path. The circuit of FIG. 
9 Will be used in Examples 3 and 4 to illustrate the operation 
of the present invention With circuits having unequal scan 
path lengths. 

[0055] Example 3 illustrates three circuits C1, C2, and C3, 
again connected to a tester as shoWn in FIG. 5. C1 has a 
2-bit scan path, C2 has a 3-bit scan path, and C3 has a 2-bit 
scan path. The tables for C1, C2, and C3 shoW the stimulus 
and response reaction of each circuit’s combinational logic 
during scan testing. At the beginning of the test, the tester 
outputs control to reset all circuit scan paths to a ?rst initial 
present state as previously described in Example 2. Then the 
tester does four capture and 2-bit shift operations (CP1-4 & 
SH1-4) to test C1 as previously described in Example 2. At 
the end of SH4, C2 has been tested against 4 of its 8 3-bit 
stimulus patterns (000, 010, 100, 111), and C3 has been 
tested against 3 of its 4 2-bit stimulus patterns (00, 01, 11). 

[0056] After the fourth shift operation (SH4), C1 is com 
pletely tested and is bypassed as previously described in 
Example 2. Also after SH4, the tester adjusts from 2-bit shift 
operations to 3-bit shift operations to test C2 since it has a 
3-bit scan path. To complete the testing of C2, the tester does 
four capture and 3-bit shift operations (CP5-8 & SH5-8). 
CPS and SH5 test C2 and C3 against previously tested 000 
and 00 stimulus pattern, respectively, left in C2’s and C3’s 
scan path at the end of SH4. SH5 also loads into C2’s 3-bit 
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scan path the ?rst of the remaining four C2 stimulus patterns 
(001), Whose response is captured at CP6. CP7-9 and SH6-9 
test C2 against the remaining three C2 stimulus patterns 
(011, 101, 110). During CPS and SHS, C3 is tested against 
its remaining 2-bit stimulus pattern (10) by output response 
from C2 during CP7 and SH7, so C3 is completely tested by 
the testing of C1 and C2. CP9 loads the last response from 
C2 to its last remaining stimulus pattern (110). Since C3 has 
been tested, the tester does not need to bypass C2. Subse 
quently, during SH9, the tester adjusts the scan operation to 
a length of 5 bits so that the ?nal response from C2 can be 
shifted out during the SH9 operation. It is important to note 
here that the 2-bit contents of C3’s scan path is important 
during the SH9 operation, since it contains the response 
residue of C2 to the 101 stimulus pattern captured and 
shifted out of C2 during the CPS and SHS operations. 

[0057] During the ?rst four capture and 2-bit shift opera 
tions, the 3-bit scan path of C2 is only partially ?lled from 
C1 (2-bits) and only partially emptied to C3 (2-bits). This 
means that one bit of C2’s 3-bit response pattern from a 
previous capture and shift operation Will remain in C2’s scan 
path and be reused itself as part of the stimulus pattern for 
the next capture and shift operation of C2. The other tWo bits 
used for C2’s next 3-bit stimulus pattern Will be provided by 
the shifted in 2-bit response output from C1. 

[0058] In general, a leading circuit With a shorter scan path 
Will amplify the number of stimulus patterns input to a 
folloWing circuit With a longer scan path. This is because the 
frequency of capture and shift operations to both circuits is 
determined by the time it takes to shift data in and out of the 
leading shorter scan path. For example, at the beginning of 
the Example 3 test, the frequency of the capture and shift 
operations to all circuits is set by the ?rst four (SH1-4) 2-bit 
shift operations that load stimulus patterns from the tester 
into C1. This same capture and shift frequency for the ?rst 
four 2-bit shift operations is used to load stimulus patterns 
from C1 into C2, and from C2 into C3. S0, C2 actually 
receives its ?rst four stimulus patterns, Which Would take 
four 3-bit shift operations using conventional scan testing, in 
only four 2-bit shift operations using the Warping scan test 
concept. For the ?rst four shift operations, the input stimulus 
pattern to C2 comprises tWo bits of response from C1 plus 
one bit of retained response from C2. This is seen for 
example in the creation of C2’s third present state (PS3) 
stimulus pattern 100. PS3 100 is created by CP2 loading the 
scan paths of C1 and C2 With 10 and 011, respectively, then 
shifting the scan paths tWice during SH2 to obtain 100 in 
C2’s scan path. 

[0059] The number of test clocks required to test circuits 
C1, C2, and C3 using the Warping scan test concept shoWn 
in Example 3 is 34. Testing the circuits of Example 3 using 
conventional scan testing, as described in Example 1, Would 
require 64 test clocks. 

[0060] Example 4 illustrates three circuits C1, C2, and C3, 
again connected to a tester as shoWn in FIG. 5. C1 has a 
3-bit scan path, and C2 and C3 both have 2-bit scan paths. 
The tables for C1, C2, and C3 shoW the stimulus and 
response reaction of each circuit’s combinational logic dur 
ing scan testing. At the beginning of the test, the tester 
outputs control to reset all circuit scan paths to a ?rst initial 
present state as previously described in Example 2. Then the 
tester does seven capture and 3-bit shift operations (CP1-7 
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& SH1-78) and one capture and 7-bit shift operation (CPS & 
SHS) to test C1 as previously described in Example 2. 
During the testing of C1, C2 and C3 receive all their required 
stimulus patterns by response output from C1. So When C1 
is tested, so are C2 and C3. Since C2 and C3 are tested 
during C1’s tests, no bypassing steps are required. FolloW 
ing CPS, a seven bit shift operation is performed during SHS 
to alloW the tester to unload all response residue from the 
scan paths of C1, C2, and C3 to complete the test. 

[0061] The number of test clocks required to test circuits 
C1, C2, and C3 using the Warping scan test concept shoWn 
in Example 4 is 36, as opposed to 64 test clocks using 
conventional scan testing as described in Example 1. 

[0062] FIG. 10 shoWs a circuit similar to the previously 
described FIG. 3 circuit, except that it has an greater number 
of outputs (3) than inputs Since the number of outputs 
is greater than the number of inputs, a scan cell is added to 
the extra output so that its response can be captured and 
shifted out during scan testing. The structure of the scan cell 
(C) added and connected to the F output of is the combi 
national logic is prior art and shoWn in FIG. 11. During 
conventional scan testing, scan cell C serves to capture the 
F output and shift the data out. It is important to note that in 
conventional scan testing of the FIG. 10 circuit, the data 
shifted into the scan cell (C) is don’t care data since the data 
does not provide stimulus input to the combinational logic. 

[0063] FIG. 12 shoWs hoW the FIG. 10 circuit is modi?ed 
to support the Warping scan test concept. The modi?cation 
is to replace the prior art scan cell (C) connected to F With 
a data summing cell (DSC) as shoWn in FIG. 13. The 
Warping scan test concept requires that scan cells that are 
added solely for the purpose of capturing response data, as 
shoWn in scan cell C of FIG. 12, be loaded during capture 
operations With the sum of their present state data and the 
data they are capturing. This Way, response data shifted into 
the scan cell is not lost during the capture operation. 

[0064] In FIG. 13, the data summing cell includes a 3 
input multiplexer, an XOR gate, and a FF. The multiplexer 
is controlled by a select signal (S) to alloW either the output 
of the XOR, the normal capture input (Input), or the serial 
input (SI) to be coupled to the FF. During conventional scan 
testing, the multiplexer couples the Input to the FF during 
capture operations, and the SI to the FF during shift opera 
tions, just like the FIG. 11 scan cell. During Warping scan 
tests, the multiplexer couples the XOR output to the FF 
during capture, instead of the conventional Input. The output 
of the XOR represents the sum of the Input data and the 
present state data of the FF. The reason for summing the 
Input data With the FF’s present state data is that the FF Will 
potentially contain response data shifted in from a previous 
circuit, Which is not used in FIG. 12 as stimulus. The 
response data bit in the FF cannot be lost by the capture 
operation, as is done in the conventional scan cell of FIG. 
11. If the response data Were lost (overWritten) by the 
capture operation, that response data bit or its effect as 
stimulus to doWnstream circuits Would not be seen by the 
tester. So, to alloW the response data in the FF to be 
maintained during the capture operation, it is summed With 
the Input data, and that sum data is stored into the FF during 
capture. Since the FF data is not lost, it meets the require 
ment mentioned above for the Warping scan test concept. 

[0065] Example 5 shoWs tWo circuits C1 and C2 being 
tested using the Warping scan test concept. C1 is a circuit as 
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shoWn in FIG. 3 With a 3-bit scan path. C2 is a circuit as 
shoWn in FIG. 12 With a data summing cell (DSC) coupled 
to the F output of the combinational logic. The present state 
and next state table of C1 is shoWn as previously described. 
The present state and next state table for C2 indicates the 
summing of the F output of the combinational logic and the 
present state of scan cell C (the DSC). In looking at FIG. 12 
it is seen that the combinational logic only responds to 
stimulus from scan cells A and B. In looking at the C2 table, 
it is seen that; (1) for a PS ABC of 00x, the DEF outputs are 
010, (2) for a PS ABC of 01x, the DEF outputs are 100, (3) 
for a PS ABC of 10x, the DEF outputs are 110, and (4) for 
a PS ABC of 11x, the DEF outputs are 000. Again looking 
at the C2 table it is seen that; When F=0 and the PS C=0, the 
NS C=0, and When F=0 and the PS C=1, the NS C=1. This 
shoWs the XOR’ing of output F With PS data in scan cell C. 

[0066] The Warping scan test of C1 and C2 in Example 5 
proceeds as previously described. What is important about 
Example 5 is to see that the response data from C1 shifted 
into scan cell C of C2 is not lost during the capture 
operations. During each capture operation the response data 
from C1 in scan cell C is summed With the response output 
F from C2’s combinational logic and that summed signal is 
shifted out to the tester for inspection. This Way if C1 or C2 
had a faulty response bit, it Would be detectable by the tester. 
It is possible for a double fault to occur in C1 and in C2 such 
that the sum of the tWo faults appear to be a correct response. 
For example if a good response of 1 from C1 Were summed 
With a good response of 0 from C2, the result Would be an 
output to the tester of a 1. If a bad response of 0 from C1 
occurred coincidental With a bad response of 1 from C2, the 
result Would also be an output to the tester of a 1. This is 
called aliasing and it is knoWn to those skilled in the art of 
testing, especially testing using signature analysis methods. 
The likelihood of aliasing is rare, but it can happen. 

[0067] FIG. 14 shoWs a scan testable circuit With 3 inputs 
and 2 outputs. Outputs D and E are fed back to scan cells A 
and B, respectively. Scan cells A and B provide stimulus to 
the circuit’s combinational logic and capture response from 
the combinational logic. Scan cell C only provides stimulus 
to the circuit’s combinational logic. It is advantageous for 
scan cell C to retain the data shifted into it during capture 
operations. If the data is retained, it can be output to the 
tester or reused as stimulus data in doWnstream circuits. If 
the scan cell of FIG. 11 Were used as scan cell C in FIG. 14, 
it Would capture data from the circuit’s input, Which may be 
unknoWn data. A preferred scan cell called a data retaining 
cell (DRC) is shoWn in FIG. 14 and shoWn schematically in 
FIG. 15. The data retaining cell simply captures the present 
data state of the FF during capture operations, Which alloWs 
the data to be supplied to the tester or reused as stimulus data 
in doWnstream circuits. 

[0068] Example 6 simply shoWs a circuit C1 like FIG. 3 
and a circuit C2 like FIG. 14 having a data retaining scan 
cell C as shoWn in FIG. 15. The circuits are tested using the 
Warping scan test concept as previously described. What is 
important to see in Example 6 is that the C1 response data 
shifted into scan cell C of C2 is retained during the capture 
operation to be shifted out to the tester. By retaining the data 
in scan cell C, the tester has the ability to better diagnose 
failures. For example if a failing response Was output from 
C2, that failure may be caused by either; (1) bad combina 
tional logic of C2, (2) incorrect stimulus input from C1 to 
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scan cell C of C2, or (3) both a bad combinational logic in 
C2 and a bad input stimulus from C1 to scan cell C of C2. 
If the data in scan cell C is retained, then the tester can 
diagnose this situation to determine What Was bad. 

[0069] Example 7 shoWs the ideal case for the Warping 
scan test concept. In Example 7, N circuits as shoWn in FIG. 
3 are connected in series on a scan path operated from a 
tester as shoWn in FIG. 5. Every leading circuit in this ideal 
case produces response output that meets the stimulus input 
need of a trailing circuit. In this example, all circuits are 
identical as seen in the present state and next state table. 

HoWever, they need not be identical, but rather, for the ideal 
case, they need to meet the statement above, Which restated 
says that “a leading circuit must produce output response 
that meets the stimulus need of a trailing circuit”. A leading 
circuit may produce more output response than is needed for 
stimulus in a trailing circuit and still meet the above crite 
rion, but it cannot produce less. Also, leading and trailing 
circuits may have scan path length differences and still meet 
the above statement. 

[0070] In Example 7 it is seen that by the time the ?rst C1 
is tested, all trailing C1’s have been tested. The last shift 
operation (SH8) is used to unload all C1 scan path response 
residue to the tester. This is a remarkable reduction in test 

time, especially for IC and system manufacturers, since N 
circuits could be tested in the time it take to test one circuit, 
plus the time it takes to shift out the response residue from 
the N circuits. The N circuits could be die, Wafers, ICs, 
boards, etc. Examples of different Ways the Warping scan test 
concept could be employed to reduce test time is described 
later in regard to FIGS. 22-29. 

[0071] While Example 7 shoWs the circuits as having 3-bit 
scan path length and a stimulus pattern requirement of eight, 
the circuits could have any scan path length or any stimulus 
pattern count. If the circuits are identical, and their scan path 
lengths are L, their stimulus pattern count is P, and the 
capture step is C, an equation for the number of test clocks 
required to test N identical circuits using the Warping scan 
concept is P(C+L)+NL—L, Where P(C+L) is the test clocks 
required to test the ?rst circuit (and the other N-1 circuits), 
and NL-L is the test clocks required to unload the scan paths 
of the remaining N-1 circuits. In comparison, an equation 
for the number of test clocks required to test N identical 
circuits using the conventional scan approach is P(C+NL). 
For large L and P, the equations simplify to: Warping Scan 
Test Clocks=L(P+(N-1)) and Conventional Scan Test 
Clocks=LPN. 

[0072] Case 1: For L=2000, P=1000, N=1 

[0073] Warping Scan Test Clocks=L(P+(N-1))= 
2000(1000 +(1-1))=2,000,000 

[0074] Conventional Scan Test Clocks=LPN=2000>< 
1000><1=2,000,000 

[0075] Case 2: For L=2000, P=1000, N=100 

[0076] Warping Scan Test Clocks=L(P+(N-1))= 
2000(1000+(100-1))=2,198,000 

[0077] Conventional Scan Test Clocks=LPN=2000>< 
1000><100=200,000,000 
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[0078] Case 3: For L=2000, P=1000, N=1000 

[0079] Warping Scan Test Clocks=L(P+(N-1))= 
2000(1000+(1000-1))=3,998,000 

[0080] Conventional Scan Test Clocks=LPN=2000>< 
1000><1000=2,000,000,000 

[0081] For a test clock frequency of 10 megahertZ 
(period=100 nanoseconds), Case 1 Warping scan test time 
and conventional scan test is 200 milliseconds. Case 2 
Warping scan test time is 219.8 milliseconds, and conven 
tional scan test time is 20 seconds. Case 3 Warping scan test 
time is 399.8 milliseconds, and conventional scan test time 
is 200 seconds. 

[0082] For non-ideal circuits 1-N Where the response 
output from a tested leading circuit only reduces the stimu 
lus need of all trailing circuits by a % reduction factor (R), 
the test clocks required by the Warping scan test concept can 
be approximated by; 

[0083] For large PLN and L1_N, the equation simpli?es to; 

Test Cl0ck5=P1L1+RP2L2+RP3L3. . . RPNLN 

[0084] If the % reduction factor (R) is constant for each 
circuit, for example at the end of each leading circuit test, the 
need for additional stimulus in all trailing circuits is reduced 
by an R of 50%, then; 

[0085] 
Test Cl0ck5=P1,NL1,N(1+1/2+%+1/s+. . . 1AN‘) 

[0086] Case 4: For L=2000, P=1000, N=2 

[0087] Warping Scan Test Clocks=PL(1+1/z)=3,000, 
000 

[0088] Conventional Scan Test Clocks=PL(2)=4,000, 
000 

[0089] Case 5: For L=2000, P=1000, N=5 

[0090] Warping Scan Test Clocks=PL(1+1/z+%+1/s+ 
1/16)=3,875,000 

[0091] Conventional Scan Test Clocks=LP(5)=2000>< 
1000><5=10,000,000 

[0092] Case 6: For L=2000, P=1000, N=100 

[0093] Warping Scan Test 
Clocks=PL(1+1/z+%+1/s+. . . 1/21°°-1)=<4,000,000 

[0094] Conventional Scan Test Clocks=LP(5)=2000>< 
1000>< 100=200,000,000 

[0095] Case 7: For L=2000, P=1000, N=1000 

[0096] Warping Scan Test 
Clocks=PL(1+1/z+%+1/s+. . . 1/21°°°-1)=<4,000,000 

[0097] Conventional Scan Test Clocks=LP(5)=2000>< 
1000><1000=2,000,000,000 

[0098] In comparing Case 2 With Case 6 (N=100) and 
Case 3 With Case 7 (N=1000), it is seen that there is little 
difference in the number of test clocks betWeen the ideal and 
non-ideal Warping scan test cases, as long as the % reduction 
factor R is maintained at 50% in the non-ideal cases. 

If all circuits have the same P and L, then; 












