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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.
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stuck at fault, hazard-free path delay fault, multiple reconvergent fanout, flunk lines

1. Introduction

Testing digital logic circuits, especially for high per-
formance microprocessors which work at a high speed,
is a difficult and expensive task. Due to the difficulty,
most testing primarily focuses on stuck-at faults. How-
ever, with the increasing performance and complexity
of logic circuits, stuck-at fault testing becomes insuffi-
cient to guarantee an acceptable quality level of proper
system operation. Delay fault testing is one of possible
exercises to improve the testing efficiency to guaran-
tee the logic circuit quality. There is much research on

delay fault testing [1–14]. For example, the fault mod-
els treated include gate delay fault models, path de-
lay faults, robust delay faults, non-robust delay faults,
and hazard-free delay faults [4–14]. However, for all
the approaches treated, the testing setup is rather com-
plicated, i.e., it needs two sets of latches, each with a
separately precisely controllable clockings to apply the
initialization-excitation test pattern pairs and read out
test result respectively [4]. In addition, to implement
the above delay testing schemes to microprocessors, a
scan design for testability needs to be incorporated to
shift patterns into and out of the circuit, making the
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testing be very inefficient, i.e., take much test applica-
tion time.

An oscillation ring, cascaded by odd number of in-
verters, has been used to evaluate the speed of inte-
grated circuits [15]. It has also been used to generate
control voltage sets, to extract circuit transconductance,
phase noise [16–18]. This paper proposes a new test
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
scheme requires minimal extra hardware overhead but
eliminates the use of a tester and can test the circuits
at working speed of the microprocessor. In addition,
the scheme, when modified a little bit, can be used to
measure the working speed of the circuit. The scheme
is based on the use of oscillation rings, i.e., the out-
puts of the circuit under test are connected to some
of inputs of the circuit with odd inversion parity to
form oscillation rings. Under appropriate input pattern
to the un-connected inputs, the oscillation rings will os-
cillate. If faults exist on the paths of oscillation rings,
no oscillation will occur. Observing the outputs of the

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.

oscillation rings, one can tell whether the circuit works
normally or not. A similar approach was employed to
test analog circuits [21], for which the circuit under test
is converted to an oscillation circuit. During the test
mode, the faults which cause a deviation of the oscilla-
tion frequency from its tolerance band are considered
detected.

2. Oscillation Ring Test

To explain this oscillation ring test scheme, an example
circuit, C17, of Fig. 1(a) is used for demonstration. For
circuit C17, A, B, C, D, and E are primary inputs, P and
Q are primary outputs, and there are 34 stuck-at faults,
34 gate delay faults, and 22 path delay faults. For
this circuit, we first consider path CGIJLMP which
is shown in bold line in Fig. 1(b). This path is first
selected to be sensitized. Its output P is to be connected
to the input C. To make the path oscillate, the values
of off-path inputs must be set to be non-controlling
values to sensitize the path. So B, D, and H are set
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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., C↑ (C stuck-at 1),
C↓(C stuckat 0), G↑, G↓, I↑, I↓, J↑, J↓, L↑, L↓, M↑, M↓,
P↑, and P↓, 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
in Fig. 1(c), which can be sensitized under the same test
pattern. Observing the output at line Q, one can also
tell whether additional faults, N↑, N↓, Q↑ and Q↓, ex-
ist. This path CGIJLNQ is called thecompatible path
to the path CGIJLMP. 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 CGIJLNQ, E
is set to 0 by justification, as shown in Fig. 1(c). The
pattern is 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
pattern is (A, B, C, D, E)= (0, 1, Q, 1, 0). To improve
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 C↑, C↓, G↑, G↓, I↑,
I↓, J↑, J↓, L↑, L↓, M↑, M↓, N↑, N↓, P↑, P↓, Q↑ and Q↓,
if there are stuck-at faults whose fault effects change
the values of the off-path inputs, i.e., faults B↓, D↓,
H↓ and O↓, the formed ring will not oscillate either.
Hence, B↓, D↓, H↓ and O↓ are also detected by this ring.
Furthermore, in the circuit, the existence of either A↑
or E↑ faults will dynamically block oscillation of the
ring or the path NQ. This will be explained as follows:
It is assumed that A↑ ( or E↑) 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 E↑ can
be detected by oscillation test for the pattern (A, B, C,
D, E)= (0, 1, P, 1, 0) or (0, 1, Q, 1, 0). However, it is
interesting to note that patterns (A, B, C, D, E)= (0,
1, 0, 1, 0) and (0, 1, 1, 1, 0) can not detect A↑ and E↑.

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

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↘, I↗, I↘, J↗, J↘, L↗,
L↘, M↗, M↘, N↗, N↘, P↗, P↘, Q↗, and Q↘, and
path delay faults CGIJLMP↗ (slow-to-rise path delay
fault), CGIJLNQ↗, CGIJLMP↘ (slow-to-fall path de-
lay fault), and CGIJLNQ↘. 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, E)=
(0, 1, P, 1, 0) or (0, 1, Q, 1, 0) is applied to the circuit,
the formed ring and sensitized path detect 26 stuck-at
faults, 18 gate delay faults, and 4 path delay faults. The
test efficiency is high.

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, it is also possible that an
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(a)

(b)

Fig. 2. (a) 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
path. Fig. 3 show such cases that two reconvengent
fanout branches form the oscillation ring. In Fig. 3(a),
the two fanout branch paths reconverge at an AND gate.
For this case, if the path delay,11, of path 1 is less

(a)

(b)

Fig. 3. The oscillation ring formed by two sensitized paths with the reconvergent gate to be
(a) AND gate, and (b) OR gate.

than the path delay,12, of path 2, but12 < 211, the
duration of the “0” (or “1”) half cycle of the oscillation
waveform at the output of the AND (or NAND) gate
will be determined by12 and that of the “1” (or “0”)
half cycle will be determined by11. This is because
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for an AND (NAND) gate, “0” is the controlling value.
However, if12 > 211, the “1” (“0”) duration of the
waveform at the AND (NAND) gate output became
irregular, because the oscillation waveform may travel
aroundpath 1more than twice. Similarly, if the two
fanout branch paths reconverge at an OR (or NOR)
gate, as shown in Fig. 3(b), the above results still exist
except that the waveform polarities exchange. In the
above, it has been assumed that the rising path delay
and the falling path delay ofpath 1(or path 2) are the
same.

For the oscillation rings formed by multiple sensi-
tized paths, the gate delay faults and the path delay
faults occurring at one of the above sensitized paths
can not be detected since its effect will be masked by
the other path, i.e., the oscillation ring still oscillates
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”
if the reconvergent gate is an OR or NOR gate.

Because of the difficulty mentioned above caused by
the multiple sensitized path oscillation ring, it is desir-
able to form the oscillation ring with only one sensitized
path whenever it is possible in order to facilitate this
test scheme.

5. Implementation and Test Organization

A. Flunk Lines

To completely test a circuit, we have to find a set of sen-
sitizable paths to cover, at least once, all circuit lines.
First we find a primary sensitizing path by finding the
necessary input pattern. Then we attempt to find other
compatible secondary paths for the same pattern. As
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
compatible paths is a non-trivial problem. In the fol-
lowing, flunk linesare first introduced.

When a pattern to sensitize a primary oscillation path
is generated, the values on some circuit lines are fixed
and they can not be selected to be secondary paths any-
more. We define these lines to beflunk linesunder the
generated pattern. A compatible secondary path can

not pass through any flunk line. Identifying flunk lines
greatly reduces the search time for secondary paths.

There are three types of flunk lines. The first is the
line whose value has been set to sensitize the selected
path(s). In Fig. 1(b), A, B, D, and H are such lines. The
second type of flunk line is the line whose neighbor-
ing inputs are oscillating lines implied by the selected
oscillation rings. In Fig. 1(b), E and O are such lines.
The third type lines are the lines whose succeeding exit
lines are flunk lines. As an example, consider lines F
and K in Fig. 1(b), their only succeeding exit lines are
H and O respectively, which are flunk lines, so they are
flunk lines.

B. The Selection of a Sensitization Path

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

OSCILLATION RING SENSITIZATION

While(there is an unselected line)
{ Select a primary target line;
SECOND: For all candidate paths

{ Set values of off-path inputs;
If (sensitizable( ))
{ Update test conditions;

Break;
}

}
Flunk mark( );

/* Multiple oscillation ring */
If (there is an unselected line which is

not flunk line)
{ Select a secondary target line;

Go to SECOND;
}
Record test conditions;
Update selected line;
Reset flunk lines;

}

This procedure starts with first selecting an unse-
lected line as a primary target line. All the paths, includ-
ing the target line, which do not pass through any flunk
line are candidate paths. They are potentially sensiti-
zable. When a candidate primary path is selected, the
values of off-path inputs are set to be non-controlling
values to sensitize the path. These non-controlling
values 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-
date path is not sensitizable, another candidate path is
selected until a sensitizing path is found or all the can-
didate paths fail to be sensitized. Once a sensitized path
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
is generated, then the test conditions, including the test
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 linesi whose value is 0 or 1

Mark i as a flunk line and Push
( i, Stackfl );

For all the linesi whose value is OSCI
For all side-inputsj of i

Mark j as a flunk line and Push
( j , Stackfl );

While (Stackfl is not empty)
{ i = Pop (Stackfl);

Backward: If (i is a FOB of a FOSj )
If ( all FOBs of j are flunk lines )

Mark j as a flunk line and
Push ( j , Stackfl );

Else
For all gate inputsj of i

Mark j as a flunk line and
Push( j , Stackfl );

Forward: If ( i is a FOS )
For all FOBs j of i

Mark j as a flunk line and
Push ( j , Stackfl );

Else If (gate outputj 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 );

}
}

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

paths, the first type of flunk lines whose values have
been set are marked and pushed intoStackfl. The
second type of lines whose neighboring inputs are
oscillating are also marked and pushed into the stack
Stackfl. After the two types of flunk lines are pushed
into Stackfl, one of flunk lines, linei , is removed from
Stackfl to find the third type of flunk lines. If a new
flunk line is found, it is pushed intoStackfl. The pro-
cess to find the third type of flunk lines is divided into
two phases, Backward and Forward. The Backward
phase advances fromi backward to its fanout stem or
gate inputs. Suppose thati is a fanout branch, its fanout
stem j is marked as flunk line if all of associated fanout
branches ofj are flunk lines. Otherwise (i.e.,i is not a
fanout branch),i is the only exit line of its gate inputsj ,
so all the associated gate inputsj are marked as flunk
lines. The Forward phase advances fromi forward to
its fanout branches or gate output. Suppose thati is a
fanout stem, all of its fanout branchesj are marked as
flunk lines. Otherwise (i.e.,i is not a fanout stem), its
gate outputj 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

Fig. 4. Test organization of oscillation ring.
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output stage are controlled by a test controller host.
The input stage basically is a multiplexer network with
XOR gates which are both controlled by the test con-
troller. The multiplexer network connects the primary
outputs with primary inputs and the XOR gates pro-
vide the required odd inversion parity. This input stage
can be implemented by a PLA. The output stage is
an “OR” function of all detectors that are activated by
the controller according to the test pattern. For a test
pattern, only the detectors whose associated primary
outputs connected to primary inputs are activated. The
detector could be a simple transition counting circuit
to detect the oscillation of primary outputs. The in-
put stage/output stage setup could be external to the
circuit-under-test or be built-in with the circuit-under-
test. However, for a microprocessor for which the scan
design is used, it introduces additional delay of a mul-
tiplexers and an XOR gate to the scan cell.

6. Experimental Results and Discussion

Fig. 5 shows the complete oscillation ring test for the
C17 circuit, where the feedback connections, inver-
sion parities of the feedback paths, test patterns, and
observation outputs are listed. The test consists of four
patterns to detect all stuck-at faults and all gate delay
faults. These four patterns can also detect 14 path delay
faults which is 64% of the total path delay faults. For
the first three patterns, two sensitized paths are found
and both outputs P and Q are observation outputs. For
the first pattern, both P and Q are connected to inputs
A and E, respectively to form two separate oscillation
rings.

The procedures outlined in Section 3B have been
implemented as a C program called “Ortest”. It was
applied to the ISCAS benchmark circuits [23, 24] to
generate complete oscillation ring tests. Table 1 shows
the results for this experiment. The results were gener-
ated on a SUN 4/75 Sparc 2 workstation. In the table,

Connection Inversion parity Test pattern Observation

A B C D E A B C D E A B C D E P Q

P - - - Q 0 - - - 0 - 0 1 0 - yes yes

- P- - - - 0 - - - 0 - x 0 0 yes yes

- - Q - - - - 1 - - 1 0 - 1 1 yes yes

- - - P - - - - 1 - 0 1 1 - x yes no

Fig. 5. The complete oscillation ring tests for circuit C17.

Table 1. Experimental oscillation ring test results.

Circuit CPU time
name #line #line u #line a #pattern (sec)

c17 17 0 0 4 0.00

s27c 26 0 0 6 0.02

c74181 192 0 0 41 0.40

s208c 208 0 0 38 0.39

s298c 298 1 0 35 0.93

s344c 335 0 0 32 1.06

s349c 340 4 0 31 1.12

s382c 382 3 0 35 1.14

s386c 386 0 0 89 1.35

s400c 400 16 0 35 1.47

s420c 420 0 0 63 1.19

c432 419 1 0 86 527.41

s444c 444 67 0 38 1.88

s499c 477 0 0 115 1.57

c499 491 137 0 93 280.19

s510c 510 2 0 92 2.15

s526c 526 5 0 74 2.48

s635c 635 0 0 64 2.02

s641c 637 3 0 51 3.27

s713c 713 79 0 52 57.56

s820c 820 8 0 182 6.06

s838c 838 0 0 110 4.12

c880 880 0 0 48 5.97

s938c 938 0 0 187 13.69

s953c 953 2 0 125 5.87

s967c 964 3 0 133 6.13

s991c 974 31 0 76 87.92

s1196c 1196 69 0 178 14.46

s1238c 1238 262 0 107 12.44

s1269c 1261 24 0 71 590.43

c1355 1347 727 170 68 *

s1423c 1423 58 0 67 230.67

s1488c 1488 24 0 228 16.79

s1494c 1494 40 0 230 16.58

s1512c 1494 37 0 102 58.65

c1908 1896 20 187 159 *

c2670 2046 36 0 155 296.29

s3271c 3252 134 0 67 7,446.70

s3330c 3330 1 0 275 123.65

s3384c 3375 105 0 96 2,080.15

Sum 39063 3738

*More than one day.
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the circuits with the postfix c are the combinational
part of the ISCAS sequential benchmark circuits. For
each circuit, the number of total lines (#line), the num-
ber of lines which are hazard free robustly path delay
fault untestable (#line u), the number of lines which
were aborted during the test generation (#line a), and
the number of patterns (#pattern), are listed. The con-
dition for hazard free robustly path delay fault testing
is so strict that many paths are untestable. Due to the
strict condition of robustly hazard free path delay fault
testing, finding sensitized paths sometimes involve ex-
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
c1908 exceeded one day. The #pattern listed are the
number of patterns which cover all the lines, except
the untestable and aborted lines. The number of test
patterns required to all the stuck-at faults and gate de-
lay faults are much smaller. For example, to detect
stuck-at faults for circuit c74181, only 15 patterns are
needed. However, it takes 41 patterns to detect all path
delay faults which cover all circuit lines. Note that,
in general, it only takes a significantly smaller number
of patterns, approximately one tenths of the total cir-
cuit lines, to cover all the circuit lines for a circuit. In
the scan design of a high performance microprocessor,
this means that the number of patterns needed to be
shifted into inputs of the scanned combinational cir-
cuits is small. Also, this number of test patterns only
hazard- free robustly tested a subset of the total number
of delay paths. In practice, it can choose a set of critical
paths of the circuits to form oscillation rings to test.

7. Conclusion

In this paper, a new test scheme, based on the con-
cept of oscillation rings to detect faults for combina-
tional circuits (or scan type of circuits) is proposed
and demonstrated. The scheme connects outputs of the
circuit-under-test to its inputs with odd inversion parity
and applies an appropriate input pattern to the uncon-
nected inputs to sensitize paths of the circuit, making
them oscillation rings. By observing whether the out-
puts oscillate or not at the target frequency one can tell
whether the circuit is working properly or not. The test-
ing scheme needs simple added hardware which can
be applied externally or built internally in the circuit
when employed to test microprocessors. The testing
efficiency of the scheme is high. It can detect all stuck-
at faults, all gate delay faults and part of the hazard-free

robust path delay faults at the working speed of the cir-
cuit. A procedure to find multiple number of sensitized
paths has also been presented. Experimental results
show that the number of patterns to cover all the lines
of a circuit is approximately only one tenths of the total
number of the circuit lines. One biggest advantage of
this test scheme is that it can test the circuit at speed.
It can also be used to measure the maximum speed
of a given microprocessor. This is done by measuring
the maximum frequency of the set of the critical paths
(longest paths) of the microprocessor.
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