;“ JOURNAL OF ELECTRONIC TESTING: Theory and Applications 16, 147—-155 (2000)
“ (© 2000 Kluwer Academic Publishers. Manufactured in The Netherlands.

Oscillation Ring Delay Test for High Performance Microprocessors

WEN CHING WU, CHUNG LEN LEE AND MING SHAE WU
Department of Electronics Engineering, National Chiao Tung University, Hsin Chu, Taiwan, ROC
cllee@cc.nctu.edu.tw

JWU E. CHEN
Department of Electrical Engineering, Chung Hwa University, Hsin Chu, Taiwan, ROC

MAGDY S. ABADIR
Somerset Design Center, Motorola Inc., Austin, TX, USA

Received January 15, 1999; Revised July 6, 1999

Editor: A.P. Ambler

Abstract. This paper proposes a new test scheme, oscillation ring test, and its associated test circuit organization
for delay fault testing for high performance microprocessors. For this test scheme, the outputs of the circuit under
test are connected to its inputs to form oscillation rings and test vectors which sensitize circuit paths are sought to
make the rings oscillate. High speed transition counters or oscillation detectors can then be used to detect whether
the circuit is working normally or not. The sensitizable paths of oscillation rings cover all circuit lines, detecting all
gate delay faults, a large part of hazard free robust path delay faults and all the stuck-at faults. It has the advantage
of testing the circuit at the working speed of the circuit. Also, with some modification, the scheme can also be used
to measure the maximum speed of the circuit. The scheme needs minimal simple added hardware, thus ideal for
testing, embedded circuits and microprocessors.

Keywords: oscillation ring testing, delay fault testing, sensitized path, gate delay fault, robust path dealy fault,
stuck at fault, hazard-free path delay fault, multiple reconvergent fanout, flunk lines

1. Introduction delay fault testing [1-14]. For example, the fault mod-
els treated include gate delay fault models, path de-
Testing digital logic circuits, especially for high per- lay faults, robust delay faults, non-robust delay faults,
formance microprocessors which work at a high speed, and hazard-free delay faults [4—14]. However, for all
is a difficult and expensive task. Due to the difficulty, the approaches treated, the testing setup is rather com-
most testing primarily focuses on stuck-at faults. How- plicated, i.e., it needs two sets of latches, each with a
ever, with the increasing performance and complexity separately precisely controllable clockings to apply the
of logic circuits, stuck-at fault testing becomes insuffi- initialization-excitation test pattern pairs and read out
cient to guarantee an acceptable quality level of proper test result respectively [4]. In addition, to implement
system operation. Delay fault testing is one of possible the above delay testing schemes to microprocessors, a
exercises to improve the testing efficiency to guaran- scan design for testability needs to be incorporated to
tee the logic circuit quality. There is much research on shift patterns into and out of the circuit, making the
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testing be very inefficient, i.e., take much test applica- oscillation rings, one can tell whether the circuit works
tion time. normally or not. A similar approach was employed to
An oscillation ring, cascaded by odd number of in- testanalog circuits [21], for which the circuit under test
verters, has been used to evaluate the speed of inteds converted to an oscillation circuit. During the test
grated circuits [15]. It has also been used to generate mode, the faults which cause a deviation of the oscilla-
control voltage sets, to extract circuittransconductance, tion frequency from its tolerance band are considered
phase noise [16—18]. This paper proposes a new testdetected.
scheme to test all the gate delay faults and most of
hazard-free path delay faults, as well as stuck-at faults,
of embedded circuits of a microprocessor [19, 20]. The 2. Oscillation Ring Test
scheme requires minimal extra hardware overhead but
eliminates the use of a tester and can test the circuits To explain this oscillation ring test scheme, an example
at working speed of the microprocessor. In addition, circuit, C17, of Fig. 1(a) is used for demonstration. For
the scheme, when modified a little bit, can be used to circuit C17, A, B, C, D, and E are primary inputs, P and
measure the working speed of the circuit. The scheme Q are primary outputs, and there are 34 stuck-at faults,
is based on the use of oscillation rings, i.e., the out- 34 gate delay faults, and 22 path delay faults. For
puts of the circuit under test are connected to some this circuit, we first consider path CGIJLMP which
of inputs of the circuit with odd inversion parity to is shown in bold line in Fig. 1(b). This path is first
form oscillation rings. Under appropriate input pattern selected to be sensitized. Its output P is to be connected
to the un-connected inputs, the oscillation rings willos- to the input C. To make the path oscillate, the values
cillate. If faults exist on the paths of oscillation rings, of off-path inputs must be set to be non-controlling
no oscillation will occur. Observing the outputs of the values to sensitize the path. So B, D, and H are set

(©)

Fig. 1. (a) The example circuit C17; (b) sensitization of the path CGIJLMP and flunk lines (the dotted lines); (c) sensitization of multiple
paths CGIJLMP and CGIJLNQ.



to 1. These non-controlling values must be justified at
other primary inputs, so inputs (A, B, D, E) are set to
(0, 1, 1, X) respectively, where X is “don’t care”. That
is, under this pattern, we can form a ring with an odd
inversion parity by connecting primary output P and
primary input C. In the presence of any stuck-at fault
at lines C, G, I, J, M, and P, i.e.,TGC stuck-at 1),
Cl(C stuckat 0), G, GL, IT, 1L, Jr, AL, LT, LL, MT, M,
PT, and R, the oscillation ring will not oscillate. By
observing the output of the oscillation ring, P, one can
tell whether the above faults exist or not.

It is easy to see that, in addition to the path
CGIJLMP, there is another path CGIJLNQ, as shown
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paths, the period of oscillation will exceed the clock
cycle time. So the patterns can also detect gate delay
faults: C” (slow-to-rise gate delay fault) ,"C(slow-
to-fall gate delay fault) , G, G\, 1.7, I, 37, I, LA,
LN, M7 MY, N2 NN, P2 PN, Q7 and Qv and
path delay faults CGIJLMP (slow-to-rise path delay
fault), CGIJLNQ”, CGIILMP- (slow-to-fall path de-
lay fault), and CGIILNQ.. Because the values of the
off-path inputs are set to static non-controlling values,
the delay faults are hazard-free robustly detected.

In summary, when the pattern (A, B, C, D, B
(0,1,P,1,0)0r (0, 1, Q, 1, 0) is applied to the circuit,
the formed ring and sensitized path detect 26 stuck-at

in Fig. 1(c), which can be sensitized under the same testfaults, 18 gate delay faults, and 4 path delay faults. The
pattern. Observing the output at line Q, one can also test efficiency is high.

tell whether additional faults, N N., QT and Q, ex-

ist. This path CGIJLNQ is called theompatible path

to the path CGIILMP. The first selected path is called
the primary pathand its compatible paths are called
secondary paths In fact, either of the output of the

primary path or the secondary path can be connected

to the input to form an oscillation ring. In Fig. 1(b),
in order to sensitize the secondary path CGIILNQ, E
is set to O by justification, as shown in Fig. 1(c). The
patternis then (A, B, C,D, E: (0, 1, P, 1, 0), where C
= P means that output P is connected to input C. If the
path CGIJLNQ is selected to be the primary path, the
patternis (A, B, C,D, E¥ (0,1, Q, 1, 0). Toimprove

the test efficiency and reduce the size of test set, it is
desirable to find as more secondary paths as possible,

for an oscillation ring.

In Fig. 1(b), in addition to faults G Cl, GT, Gl, IT,
[, Jr, J, LT, LI, MT, ML, NT, NI, PT, P, QT and Q,
if there are stuck-at faults whose fault effects change
the values of the off-path inputs, i.e., faults,B.,
Hl and Q, the formed ring will not oscillate either.
Hence, B, D1, Hl and Q are also detected by this ring.
Furthermore, in the circuit, the existence of eithér A
or ET faults will dynamically block oscillation of the
ring or the path NQ. This will be explained as follows:
It is assumed that A( or EI) is present. When F
(or K) is 0, the value of H (or O) is 1, then oscillation
occurs. However, when F (or K) is 1, the value of H
(or O) is 0, no oscillation occurs. So,/A&and B can
be detected by oscillation test for the pattern (A, B, C,
D,E)=(0,1,P,1,0)0r (0, 1, Q, 1, 0). However, itis
interesting to note that patterns (A, B, C, D, E)(0,
1,0,1,0)and (0, 1, 1, 1, 0) can not detedtahd E.

In the above oscillation patterns, if there are gate de-
lay faults or path delay faults on the selected sensitizing

3. Oscillation Ring to Measure the Working
Speed of the Tested Circuit

The oscillation ring can be used to measure the working
speed of the circuit under test. Fig. 2(a) shows a sim-
ple configuration where the working speed of the tested
circuit can be measured by observing the period of the
oscillation waveform of the connected rings. The os-
cillation pulse trains are fed into a counter to be counted
the number of the pulses within a specified time slot of
“T". Counting the number of the pulse, one can tell
the working speed of the tested path. If the tested path
is the longest path of the circuit, the obtained speed is
the working speed of the circuit under test. Also, due
to the fact that the path delays for the rising waveform
and the falling waveform of a path are different, the
duty cycle of the oscillation waveform reveals the ris-
ing waveform delay and the falling waveform delay of
the tested path respectively. Fig. 2(b) shows a circuit
where a fast counter is used to measure the duty cycle
of the oscillation waveform. The respective counter
pulses in the “1” half cycle and the “0” half cycle can
be counted with a similar counter setup of Fig. 2(a)
respectively.

The above simple testing circuit can be either built-in
along with the circuit under test or attached externally
during testing.

4. Oscillation Rings Formed by Multiple
Reconvergent Fanouts

In the above, the oscillation ring is formed with only
one sensitized path. However, itis also possible that an
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Fig.2. (&) The configuration to measure the working speed of the tested circuit. (b) The
circuit configuration to measure the duty cycle of the oscillation waveform to measure
the rising and falling path delays of the test path.

oscillation ring is formed by more than one sensitized than the path delay\,, of path 2 but A, < 2A;, the
path. Fig. 3 show such cases that two reconvengentduration of the “0” (or “1”) half cycle of the oscillation
fanout branches form the oscillation ring. In Fig. 3(a), waveform at the output of the AND (or NAND) gate
the two fanout branch paths reconverge atan AND gate. will be determined byA, and that of the “1” (or “0”)
For this case, if the path delay,, of path 1is less half cycle will be determined by;. This is because
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Fig. 3. The oscillation ring formed by two sensitized paths with the reconvergent gate to be
(a) AND gate, and (b) OR gate.
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for an AND (NAND) gate, “0” is the controlling value.  not pass through any flunk line. Identifying flunk lines
However, if A, > 2A1, the “1” (“0") duration of the greatly reduces the search time for secondary paths.
waveform at the AND (NAND) gate output became There are three types of flunk lines. The first is the
irregular, because the oscillation waveform may travel line whose value has been set to sensitize the selected
aroundpath 1 more than twice. Similarly, if the two  path(s). InFig. 1(b), A, B, D, and H are such lines. The
fanout branch paths reconverge at an OR (or NOR) second type of flunk line is the line whose neighbor-
gate, as shown in Fig. 3(b), the above results still exist ing inputs are oscillating lines implied by the selected
except that the waveform polarities exchange. In the oscillation rings. In Fig. 1(b), E and O are such lines.
above, it has been assumed that the rising path delayThe third type lines are the lines whose succeeding exit
and the falling path delay gfath 1(or path 2 are the lines are flunk lines. As an example, consider lines F
same. and K in Fig. 1(b), their only succeeding exit lines are

For the oscillation rings formed by multiple sensi- H and O respectively, which are flunk lines, so they are
tized paths, the gate delay faults and the path delay flunk lines.
faults occurring at one of the above sensitized paths
can not be detected since its effect will be masked by _ e
the other path, i.e., the oscillation ring still oscillates B. The Selection of a Sensitization Path
but with a changed oscillation waveform. To detect the
faults, the duty cycle of the changed waveform needs
to be measured. The circuit of Fig. 2(b) can be used to
do the job.

For the stuck-at faults occurring at the sensitized
paths, they can be detected if they stuck-at the logic
values that make the sensitized path input to the recon-
vergent gate be at the controlling value, i.e., “0” if the
reconvergent gate is an AND or NAND gate, and “1”

The procedure to select the oscillation ring sensitized
paths is as follows:

OSCILLATION RING SENSITIZATION
While(there is an unselected line)

{ Selectaprimary target line;
SECOND: For all candidate paths

if the reconvergent gate is an OR or NOR gate. _{Setvalues of off-path inputs;
Because of the difficulty mentioned above caused by~ f (sensitizable())
the multiple sensitized path oscillation ring, it is desir- { Update test conditions;
able to form the oscillation ring with only one sensitized Break;
path whenever it is possible in order to facilitate this
test scheme. }
Flunk.mark();

/* Multiple oscillation ring */

5. Implementation and Test Organization ) ) o
If (there is an unselected line which is

A. Flunk Lines not flunk line)
{ Select a secondary target line;
To completely test a circuit, we have to find a set of sen- Go to SECOND;
sitizable paths to cover, at least once, all circuit lines. }
First we find a primary sensitizing path by finding the Record test conditions;
necessary input pattern. Then we attempt to find other Update selected line;
compatible secondary paths for the same pattern. As Reset flunk lines;
mentioned previously, it is desirable to find as many }

secondary paths as possible to increase the detection
efficiency. However, to find the optimum number of This procedure starts with first selecting an unse-
compatible paths is a non-trivial problem. In the fol- lectedline asaprimarytargetline. All the paths, includ-
lowing, flunk linesare first introduced. ing the target line, which do not pass through any flunk
When a pattern to sensitize a primary oscillation path line are candidate paths. They are potentially sensiti-
is generated, the values on some circuit lines are fixed zable. When a candidate primary path is selected, the
and they can not be selected to be secondary paths anyvalues of off-path inputs are set to be non-controlling
more. We define these lines to thenk linesunder the values to sensitize the path. These non-controlling
generated pattern. A compatible secondary path canvalues are justified to primary inputs by an algorithm
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like the “BACK” algorithm [22] which is commonly
used in test pattern generation. If the selected candi-

paths, the first type of flunk lines whose values have
been set are marked and pushed iBtackfl. The

date path is not sensitizable, another candidate path issecond type of lines whose neighboring inputs are

selected until a sensitizing path is found or all the can-

oscillating are also marked and pushed into the stack

didate paths fail to be sensitized. Once a sensitized pathStackfl. After the two types of flunk lines are pushed

is found, the flunk lines are marked and the procedure
tries to find other compatible secondary sensitizable
paths. Once a test pattern for sensitizing multiple paths

into Stackfl, one of flunk lines, liné, is removed from
Stackfl to find the third type of flunk lines. If a new
flunk line is found, it is pushed int8tackfl. The pro-

is generated, then the test conditions, including the test cess to find the third type of flunk lines is divided into

pattern, the primary input, the primary output, and in-
version parities of paths, are recorded. This process
continues until all lines have been selected.

In the above procedure, flunk line marking greatly
reduces the unfruitful backtraking associated with
finding compatible secondary paths. The procedure
Flunk.mark( ) is described as follows:

Flunk-mark( )
{ For all the lines whose valueis 0 or 1
Marki as a flunk line and Push
(i, Stackfl);
For all the lines whose value is OSCI
For all side-inputg of i
Mark j as a flunk line and Push
(j,Stackfl);
While (Stackfl is not empty)
{ i =Pop Gtackfl);
Backward: If (i isa FOB ofa FOS )
If (all FOBs of j are flunk lines)
Mark j as a flunk line and
Push (j, Stackfl );
Else
For all gate inputg of i
Mark j as a flunk line and
Push(j, Stackfl );
If (i isaFOS)
For all FOBsj of i
Mark j as a flunk line and
Push (j, Stackfl);
Else If (gate outpuf of i is not a flunk
line)
If (all of gate inputs ofj are flunk
lines)
Mark j as a flunk line and
Push(j, Stackfl);

Forward:

}

As mentioned previously, there are three types of
flunk lines. Under the test pattern to sensitize selected

two phases, Backward and Forward. The Backward
phase advances froimbackward to its fanout stem or
gate inputs. Suppose thas a fanout branch, its fanout
stemj is marked as flunk line if all of associated fanout
branches of are flunk lines. Otherwise (i.€.js nota
fanout branch), is the only exit line of its gate inputs

so all the associated gate inpytare marked as flunk
lines. The Forward phase advances friofarward to

its fanout branches or gate output. Supposeitlsaa
fanout stem, all of its fanout branch¢sre marked as
flunk lines. Otherwise (i.ei,is not a fanout stem), its
gate outpuf is marked as flunk line if all the associated
gate inputsj are flunk lines.

When a compatible secondary sensitized path is
found, the test conditions, including the revised test
pattern, the additional associated primary input, the pri-
mary output and the inversion parity of the secondary
selected path, are updated. At the end of the proce-
dures, all the circuit lines are either marked as sensi-
tized paths or flunk lines.

C. Oscillation Ring Test Organization

A simple implementation of the oscillation ring test
scheme is shown in Fig. 4. The purpose of the input
stage is to feed the test patterns to the circuit-under-
test. The output stage is to generate a detection signal
when faults are detected. Both the input stage and the

Input stage

'D*
=

T

Merged test pattern

Output stage

Circuit
under test

Host

Observation

Connection

Fig. 4. Test organization of oscillation ring.
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output stage are controlled by a test controller host.

. . . . - Table 1 Experimental oscillation ring test results.
The input stage basically is a multiplexer network with

XOR gates which are both controlled by the test con-  Circut . . CPU time
. . name #ine  #lineu #Hinea #pattern (sec)
troller. The multiplexer network connects the primary
outputs with primary inputs and the XOR gates pro- c17 17 0 0 0.00
vide the required odd inversion parity. This input stage s27¢ 26 0 0 0.02
can be implemented by a PLA. The output stage iS 74181 192 0 0 a1 0.40
an “OR” function of all detectors that are activated by 545 208 0 0 38 0.39
the controller according to the test pattern. For atest oo 298 1 0 35 093
pattern, only the detectors whose associated primary s344c 335 0 0 32 106
outputs connected to primary inputs are activated. The '
, " . C L7 s349c 340 4 0 31 1.12
detector could be a simple transition counting circuit
At : . $382¢ 382 3 0 35 1.14
to detect the oscillation of primary outputs. The in-
put stage/output stage setup could be external to the S386¢ 366 0 0 89 1.35
circuit-under-test or be built-in with the circuit-under- ~ s400c 400 16 0 35 Lar
test. However, for a microprocessor for which the scan s420c 420 0 0 63 119
design is used, it introduces additional delay of a mul- ¢432 419 1 0 86 527.41
tiplexers and an XOR gate to the scan cell. s4d4c 444 67 0 38 1.88
s499c 477 0 0 115 157
c499 491 137 0 93 280.19
6. Experimental Results and Discussion s510c 510 2 0 92 2.15
s526¢ 526 5 0 74 2.48
Fig. 5 shows the complete oscillation ring test for the gg35¢ 635 0 0 64 202
C17 circuit, where the feedback connections, inver- g4, 637 3 0 51 397
Slk?n parl_tles of the feedll_)acl(<j pa;hs, test pat_ternsf, fand s713c 713 79 0 52 5756
observation outputs are listed. The test consists of four . 820 8 0 182 6.06
patterns to detect all stuck-at faults and all gate delay
s838¢c 838 0 0 110 412
faults. These four patterns can also detect 14 path delay 880 o o 48 597
faults which is 64% of the total path delay faults. For '
the first three patterns, two sensitized paths are found S938¢ 938 0 0 187 13.69
and both outputs P and Q are observation outputs. For $953¢ 953 2 0 125 5.87
the first pattern, both P and Q are connected to inputs s967c 964 3 0 133 6.13
A and E, respectively to form two separate oscillation s991c 974 31 0 76 87.92
rings. s1196c 1196 69 0 178 14.46
The procedures outlined in Section 3B have been s1238c 1238 262 0 107 12.44
implemented a a C program called “Ortest”. It was s$1269c 1261 24 0 71 590.43
applied to the ISCAS benchmark circuits [23, 24] t0 1355 1347 727 170 68 *
generate complete oscillation ring tests. Table 1 shows ;o0 1493 58 0 67 230.67
the results for this experiment. The results weregener- oo 14e0 24 0 28 16.79
ated on a SUN 4/75 Sparc 2 workstation. In the table,
s1494c 1494 40 0 230 16.58
' _ _ _ s1512c 1494 37 0 102 58.65
Connection  Inversion parity ~ Test pattern  Observation 1908 1896 20 187 159 .
ABCDE ABCDE ABCDE PQ c2670 2046 36 0 155 296.29
P---Q 0---0 -010- yes yes s3271c 3252 134 0 67 7,446.70
-P--- -0--- 0-x00 yes yes s3330c 3330 1 0 275 123.65
--Q-- --1-- 10-11 yes yes s3384c 3375 105 0 96 2,080.15
---P- ---1- 011-x yes no Sum 39063 3738

Fig. 5. The complete oscillation ring tests for circuit C17. *More than one day.
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the circuits with the postfix ¢ are the combinational robust path delay faults at the working speed of the cir-
part of the ISCAS sequential benchmark circuits. For cuit. A procedure to find multiple number of sensitized
each circuit, the number of total linedi@), the num- paths has also been presented. Experimental results
ber of lines which are hazard free robustly path delay show that the number of patterns to cover all the lines
fault untestable (#he_u), the number of lines which  of a circuit is approximately only one tenths of the total
were aborted during the test generatiolingta), and number of the circuit lines. One biggest advantage of
the number of patterns fféttern), are listed. The con-  this test scheme is that it can test the circuit at speed.
dition for hazard free robustly path delay fault testing It can also be used to measure the maximum speed
is so strict that many paths are untestable. Due to the of a given microprocessor. This is done by measuring
strict condition of robustly hazard free path delay fault the maximum frequency of the set of the critical paths
testing, finding sensitized paths sometimes involve ex- (longest paths) of the microprocessor.

tensive backtracking and can exceed a certain limit of

CPU time. In those cases the line is aborted. This is

the reason, the computation time for circuits c1355 and

1908 exceeded one day. Theatternlisted are the ~ References

number of patterns which CC_)V€I‘ all the lines, except 1. AKK. Pramanick and S.M. Reddy, “On the Detection of Delay
the unteStabk_e and aborted lines. The number of test Faults,”Proc. of International Test’ConferencE%S, pp. 845-
patterns required to all the stuck-at faults and gate de-  ggg.

lay faults are much smaller. For example, to detect 2. v.S. lyengar, B.K. Rosen, and I. Spillinger, “Delay Test Gener-
stuck-at faults for circuit 74181, only 15 patterns are ation 1-Concepts and Coverage Metridabc. of International
needed. However, ittakes 41 pattems to detect all path I/egt EZ:E;‘:”;?SR%SZ% Saiz_?eA&Waicukauski on Comput
Qelay faUItS_ which cover aj” C,Ir,CUIt lines. Note that, ing the Sizes'ofDetected belay Faull§EE Trans.’On CAD-9

in general, it only takes a significantly smaller number pp. 299-312, 1990.

of patterns, approximately one tenths of the total cir- 4. G.L. Smith, “Model for Delay Faults Based upon PattRgc.
cuit lines, to cover all the circuit lines for a circuit. In of International Test Conferenc&985, pp. 342-349.

the scan design of a high performance microprocessor, 3 W-N- Lee, S.M. Reddy, and S.K. Sahni, *On Path Selection in
this means that the number of patterns needed to be fg&b'na"onal Cireuits,1EEE Trans. on CAD-Bpp. 56-63,
shifted into inputs of the scanned combinational cir- g s m. Reddy, C.J. Lin, and S. Patil, “On Automatic Test Pat-
cuits is small. Also, this number of test patterns only tern Generation for the Detection of Path Delay FauRsgc.
hazard- free robustly tested a subset of the total number  of International Conference on Computer Aided Desit#87,

of delay paths. In practice, it can choose a setof critical _ PP: 284-287.

L i . 7. K.T. Cheng and H.C. Chen, “Classification and Identification
paths of the circuits to form oscillation rings to test. of Nonrobust Untestable Path Delay Fault€EE Trans. on

CAD-15 pp. 1027-1034, 1996.
. 8. E.S. Park and M.R. Mercer, “Robust and Nonrobust Tests for
7. Conclusion Path Delay Faults in a Combinational Circulfoc. of Interna-
tional Test Conference 987, pp. 1027-1034.
In this paper, a new test scheme, based on the con- 9. M.C.Lin, J.E. Chen, and C.L. Lee, “TRANS: A Fast and Mem-
cept of oscillation rings to detect faults for combina- ory Efficient Path Delay Fault SimulatorProc. of European
. . . . . . Conference on Design Automation and T&é894, pp. 508-512.
tional circuits (or scan type of circuits) is proposed 10. K. Fuchs, M. Pabst, and T. Rossel, “RESIST: A Recursive Test
a_nd qemonStrated- The SChem_e Conn?CtS Ol_JtpUtS Qf the  pattern Generation Algorithm for Path Delay Faults Considering
circuit-under-test to its inputs with odd inversion parity Various Test ClassedEEE Trans. on CAD-13p. 1550-1562,
and applies an appropriate input pattern to the uncon-  1994. N
nected inputs to sensitize paths of the circuit making 11. J. Savir and W.H. McAnney, “Random Pattern Testability of
them oscillation rinas. By observing whether ,the out- Delay Fault,” Proc. of International Test Conferenc4986,
_ gs. by 9 pp. 163-173.

puts oscillate or not at the target frequency one cantell 12, A k. Pramanick and S.M. Reddy, “Sufficient Multiple Path
whether the circuitis working properly or not. The test- Propagating Tests for Delay Faultdgurnal of Electronic Test-
ing scheme needs simple added hardware which can  ing: Theory and Applications/ol. 7, pp. 157-167, 1995.
be applied externally or built internally in the circuit 13- S- Kundu, S.M. Reddy, and N.K. Jha, “Design of Robustly

h | d to test mi The testi Testable Combinational Circuitsf[EEE Trans. on CAD-10
W _e_n employed 1o tes _mlc_roprocessors. e testing pp. 1036-1048, 1991.
efficiency of the scheme is high. It can detect all stuck- 14, |. Pomeranz, S.M. Reddy, and P. Uppaluri, “EST: A Non-

atfaults, all gate delay faults and part of the hazard-free  enumerative Test Generation Method for Path Delay Faults in



Combinational Circuits,Proc. of International Conference on
Design Automation1993, pp. 439-445.

S.D. Lohitand H.R. Thomas, “Application of Ring Oscillators to
Characterize Transmission Lines in VLSI Circuit&EE Trans

on Component, Packaging, and Manufacturing Technologies
part-B, Vol. 18, pp. 651-657, 1995.

K. Kurita, T. Hotta, T. Nakano, and N. Kitamura, “PLL-
Based BiCMOS on-Chip Clock Generator for Very High-Speed
Microprocessor,IEEE JSSC-26pp. 585-589, 1991.

M. Kaneko and K. Sakaguchi, “Oscillation Fault Diagnosis for
Analog Circuits Based on Boundary Search with Perturbation
Model,” IEEE Int. Symp. on Circuits and Systemp. 93-96,
1994.

B. Razavi, “A Study of Phase Noise in CMOS OscillatoliSEE
JSSC-31pp. 331-343, 1995.

W.C. Wu, “Delay Testing and Fault Simulation for Digital Cir-
cuits,” Ph.D. Thesis, Department of Electronics Engineering,
National Chiao Tung University, June 1997.

W.C.Wu, C.L. Lee, J.E. Chen, and M. Abadir, “Oscillation Ring
Delay Test for High Performance Microprocessor,” presented
in 1st Int. Workshop on Microprocessor Test and Verification,
1998.

K. Arabi and B. Kaminska, “Oscillation-Based Test Strategy for
Analog and Mixed-Signal Integrated Circuit$toc. of VLSI
Test Symp1996.

W.T. Cheng, “The BACK Algorithm for Sequential Test Gen-
eration,”International Conference on Computer-Aided-Design
1991, pp. 214-218.

F.Berglezand H. Fujiwara, “Neutral Netlist of 10 Combinational
Benchmark Circuits and a Target Translator in FORTRAN,”
Special Session on ATPG and Fault Simulati®EE Int. Symp.
On Circuits and System$985.

F. Berglez, D. Brglez, and K. Kozminski, “Combinational Pro-
files of Sequential Benchmark CircuitdEEE Int. Symp. On
Circuits and Systemgp. 1929-1934, 1989.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wen Ching Wu was born in llan, Taiwan on October 15, 1966.
He received the BS, MS, and Ph.D. degrees in electronic engi-
neering from National Chiao Tung University, HsinChu, Taiwan.

Oscillation Ring Delay Test 155

Chung Len Leeobtained his B.S. from National Taiwan University

in 1968 and M.S. and Ph.D. from Carnegie Mellon University in
1971 and 1975 respectively, all in Electrical Engineering. He has
been with Department of Electronics Engineering, National Chiao
Tung University since 1975, engaging in teaching and research in the
fields of semiconductor devices, integrated circuits, VLSI, computer
aided design and testing. He has supervised over 100 M.S. and Ph.D.
students to complete their thesis and has published over 200 papersin
the above areas. He has been involved in various technical activities
in the above areas in Taiwan as well as in Asia. He is on the editorial
board of JETTA.

Ming Shae Wuwas bornin 1969 in Taiwan. He received his B.S. and
M.S. in Electronics Engineering at National Chiao Tung University.
Now he is a Ph.D. student at National Chiao Tung University and
mainly studying in the testing of VLSI circuits.

Jwu E. Chenis an associate professor in the Department of Electrical
Engineering, Chung-Hua University, Taiwan. His research interests
include VLSI testing, yield analysis, test management and behavior
and psychology of testing. He received B.S., M.S. and PhD degrees
in electronics engineering from the National Chiao Tung University,
Taiwan. He is a member of the IEEE and the computer society.

Magdy S. Abadir received the B.S. degree with honors in Computer
Science from the University of Alexandria, Egypt in 1978, the M.S.
degree in Computer Science from the University of Saskatchewan,
Saskatoon, Canada, in 1981, and the Ph.D. degree in Electrical En-
gineering from the University of Southern California, Los Angeles,
in 1986. Currently he is the Chief Technologist for verification and
Manager of the Test and Logic Verification Methodology and Tools
group at Motorola’s PowerPC Design Center (Somerset) in Austin,
Texas. Prior to that he was the General Manager of Best IC Labs in
Austin Texas (a Burn-in and Test Engineering firm). From 1986 to
1994 he worked at the Microelectronics and Computer Technology
Corporation (MCC) as a senior member of the technical staff. Dr.
Abadir has co-founded and chaired a series of international work-
shops on the economics of design, test and manufacturing and on

Since 1997 he has been with the Electronics Research & Service microprocessor test and verification. He has co-edited several books

Organization/Industrial Technology Research Institute, Chutung,
Taiwan, where he is currently a testing engineer.

His principal areas of interest include fault simulation, delay test-
ing, mixed-signal testing, and design for testability.

on those subjects, and he also published over 70 technical journal
and conference papers in the areas of test economics, design for
test, computer-aided design, high-level test generation, and design
verification and economics.



