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Abstract--We present currently the first approach to test wave
pipelined circuits. Wave faults are identified and well mod-
eled. The fault coverage is obtained by statistics and fault pro-
babilities. We also present the robust wave test, and give a TG
algorithm, by testing wave pipelined and ISCAS combinational
circuits, capable of reaching on average 85.8% fault coverage.

1. INTRODUCTION

Wave pipelining is a technique to boost the operating
speed of combination circuits. By using internal capacitance
as data storage and balancing delays on physical paths, three
to four times of speed-up is observed in [1], and an order of
speed-up is even reported. Recent researches related to this
technique are generally classified in two categories: the syn-
thesis ones [1,2,3], and the analysis ones [4,5,6,7,8,9,10,11].
The synthesis of wave pipelined circuits aims at achieving
maximal pipelining. There are methods proposed to help au-
tomate the insertion of delay elements {1,3], and exhibition
of the design processes. Among these works, [7] also dis-
cusses the area-time trade-offs that can be made for the de-
sign of wave pipelined circuits, which provides an
economical point of view. The analysis of wave pipelined
circuits concerns with the optimum clocking schemes for
circuits with level-sensitive latches. In [11], the analysis fur-
ther extends to circuits with multiple stages of pipelining
and feedback loops.

While these papers have provided ways toward the design
and analysis of wave pipelined circuits, they rarely pay
attentions to the testing issues of wave pipelined circuits, or
only provide simulations results. The difficulties lic on the
operating mode and the complexity of testing all possible
faults in the circuits. For the first difficulty, one sees several
waves traversing the combinational circuit simultaneously
during its normal operation. Without proper modeling,
traditional delay-fault testing is not able to detect faults of
successive transitions in the circuits. In addition, the high
speed of wave pipelining may require the MCM technique
[12] to facilitate at-speed testing. As for the second one, the
major type of faults in the wave pipelined circuits, in addi-
tion to the stuck-at and delay faults, is that two successive
waves come too close to stabilize the signal on a node. Since
waves may come through all paths, such a fault ( hereafier
as the wave faults ) involves more than one path for an ac-
tivation. It is thus important to determine which paths are
relevant to the fault and should be elected for testing. Such
difficulties make testing wave pipelined circuits a complex
problem, and require the following issues be properly han-
dled: 1) The identification and well modeling of faults in
wave pipelined circuits. 2) Provision of reliable fault cover-
age calculations that reflect real situations in live circuits. 3)

Robust test whose correctness is not invalidated by hazards,
and 4) TG algorithms electing paths for efficient test.

Traditional testing for the timing of combinational cir-
cuits uses the delay fault models [13,14,15,16,17,18]. Two
fault models have been proposed: The gate delay fault model
[19,20] assumes lumped delay at a faulty gate, while the
path delay fault model [21,22] aims at paths which have
larger propagation delays than the clock periods. However,
to effectively test wave pipelined circuits, a hybrid model is
used. In this paper, we concentrate on the faults caused by
successive waves along the path, named as the wave faults.
In brief, a wave fault is caused on a node if of which a for-
mer signal transition ( the first wave ) is invalidated by an
immediate following signal transition ( the second wave ) in
the opposite direction. This fault results in a spike, or even
no transition at all, instead of a stable signal level between
transitions. Since there are two transitions under consider-
ation for this fault, at least two paths from primary input
lines (PI's) to the node are involved, with each correspond-
ing to a transition. The activated fault is then propagated to-
ward the primary output lines (PO's) through a propagation
path. From the primary output lines we can observe the wa-
veform and determine whether the fault exists. Note that
even both the transitions on a node are valid and there is no
wave fault, the path delay on the propagation path may still
be too long or too short and fails to satisfy the timing re-
quirements on the PO's. The resulting errors may be set-up
or hold-time errors, which we classify as the wave delay
Jaults. From these observations, we propose a wave pipelin-
ing test with the following features:

1. Statistical modeling for wave faults. The probability
that faults will occur differs from gates to gates in a
circuit. It is thus desired that faults more likely to
happen be tested first.

2. Reliable fault coverage. Instead of using the ratio of
testable gates over total gates as the fault coverage,
the fault probabilities take parts as weights during
calculation, resulting in a more reliable fault cover-
age.

3. Robust test. Under the assumption of single wave
fault, we are able to maintain the correctness of tests
without the affectation of hazards. The robust test
criterion also provides the ‘minimal' conditions for
propagation of off-path sensitizing input transitions.

4. Heuristic TG algorithm. Proposed algorithm is a di-
rect search process that uses an objective to guide
forward and backward propagation to go through
the paths most likely to activate the wave faults and
wave delay faults.
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For the rest of this paper, the basic wave pipelining con-
cepts are presented in Section 2. Test for wave pipelined cir-
cuits is proposed in Section 3. In this section, we will present
the wave fault model, statistical fault coverage, the robust test
for wave faults, and the proposed TG algorithm. In Section 4,
some preliminary experimenting results are presented.
Finally, we make concluding remarks in Section 5.

2. WAVEPIPELINING MODEL

Information about the timing models for wave pipelining
can be found in [1,3,5,7]. In this section, we review some im-
portant properties in the fault aspect.

A typical wave pipelined circuit, when operating at a cer-
tain instant has several concurrent waves propagating along
the combinational circuit, as shown in Fig.1. Each wave is
formed by the transitions caused from the simultaneous
stimulus on the output leads of the input latches. It propa-
gates toward the POs along the gates in i, and may cause
some of them to change their output states. Before the wave
can reach the output latches, another stimulus may be acti-
vated by the control signals of the input latches. The second
wave is then generated and immediately follows the former
wave. After a wave has completely reached the POs, the con-
trol signals of the output latches will help store the output
states of the PO's in the latches. In general, a single phase
system capable of holding n waves will require n clock peri-
ods for a wave to propagate from the input latches to the out-
put latches. For a multiphase system, the propagation time
required will be added with the phase difference between the
control signals of the input and output latches. To make sure
that the wave pipelined circuit will function correctly, any
wave shall not surpass its former wave; otherwise, a fault
will occur.

Since in this paper, we aim at the testing issues instead of
design or synthesis issues, a brief summary of the timing
models is given as follows.

1.The gate delay model describes a gate g by four delays
to quantify the bounds on its rise and fall delays:

11 11 1 3
g2l Tamx , Tghise, Tgtase )

2.0n each input lead (i) of a gate, the data arrival time,
or input assertion time (I4), describes the timing on
the input part of the gate:

3rd wave 2nd wave Ist wave

input latches CuT

Fig.1 Concurrent waves propagating on a wavepipelining circuit.

output latches
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3.While on the output lead of a gate, we have the output
assertion times (O4) to describe the timing on the out-
put part of the gate:

04g™!!, oaglal!, odgtise, oAgils? 3)

4.The path delay model is calculated based on the rela-
tion of input/output assertion times of gates. Taking
the NAND gate for example, the input/output timing
relation can be described as follows:

OAg:f,{I =min( IAgi;{,f")+ Tgﬁil )
04gtH! = nax(I4gitis)+ Tgmax. )
0Agﬂ§"=min([Agiﬂ[)+ Tg:{:e 6)
O0Aghise = max(IAg ity y+ Tgkise ™

From the relations, the short/long path delays can be
obtained by using the ASAP/ALAP algorithms.

5.From the input/output assertion time relationship, the
minimum wave length WLy;, is also defined on each
node including PIs, POs, and output leads of gates.
The minimum wave length defines the separation re-
quired to keep successive waves on a node from poten-
tial overlapping. The minimum wave length on the
output lead of a gate, for example, is

Wlgain = max(OAGLiSe — OAGEISe, Ohglan’ - 04glen’) (®)

To ensure all nodes from wave overlapping, the clock
period cycle_time is bounded by all minimum wave
lengths of the primary output terminals:

cycle timezmax(Flyin) ¢))

The timing errors in a wave pipelined circuit are in
fact the delay faults. The hold time errors are caused
by short path delay faults, while the set-up time errors
are by long path delay faults. Refer to Fig.2, we formu-
late the set-up time (U) and hold time requirements on
the input leads (/) of the output latches respectively as
follows:

U< fall-Af—IAlnax 10)
fall+Af< [Alnin+cycle time (11)

where fall and Af are the fall time and its deviation of the
control signal (phase) of the output latches.

setup time error in cycle i-1
hold time error in cycle i

control phase ___ | |\ %

assertion times ——

cycle! i) i U
Fig.2 Set-up and hold time errors in a wavepipelining circuit.
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Fig.3 Wave faults (a)example circuit and emphasized paths, (b)timing
diagrams on focused nodes.

In this formulation, it assumes but is not limited to level-
sensitive latches, which are on when the control signals go
high, and closes at the falling edges of the control signals.

3 WAVE FAULT TESTING
3.1 Wave Fault Models

Focusing on an internal node of a circuit, a wave fault can
be viewed as the result of internal delay faults. Consider the
circuit in Fig.3(a), where we have two path A-E-G-H
(as Ly ) and D-F-G-H (as Lx). Let (A,B,C,D) at TO, T1, T2
be (0,0,1,1), (1,0,1,1), (1,0,1,0). The internal node G is ex-
pected to have a rise transition after a fall one, and accord-
ingly 0-1-0 transitions at H, as shown in Fig.3(b). To
correctly latch the signal of H at T4 and TS5, both transitions
at H must satisfy the setup and hold time requirements.

To classify the wave faults, we define the 0-1-0 and 1-0-1
wave faults as follows. ‘

Definition 1: A gate has a 0-1-0 fault if the 0-1 (rise)
transition and the following 1-0 (fall) transition fail to
happen. Likewise, A gate has a /-0-1 fault if the 1-0
(fall) transition and the following 0-1 (rise) transition fail
to happen.

Since wave pipelining suggests the use of simple gates, we
may enumerate the fault activation for two-input NAND and
NOR gates. However, we note that the activation can also be
applied to complex gates.

3.2 Statistical Model and Fault Coverage

Since device parameter variations are often caused by ran-
dom fluctuations during fabrication, the gate delays can be
described as distributions instead of exact values. By the
Central Limit Theorem, each min/max rise/fall delay of
gates of the same type can be viewed as a normal distribution
with a mean and a standard deviation. Using the path delay
model of the wave pipelined circuits {described in Section 2),
the assertion times at a node are also normal distributions.
For example,

H=HEAM 04! Y=y + -4y (12)

A= ++2 13)

where Z is the standard deviation, m, ..., #, the minimum

rise or fall delays of gates on the path, and 2, ..., z, their
corresponding standard deviations.

fault possibility
Fig. 4 Wave fault probability.

With these assertion time distributions, we can further de-
fine the wave fault probability for a node, and based on the

fault probability, the wave fauit coverage of a test.

Definition 2: Let fx;) be the latest assertion time dis-
tribution (p.d.f.) of a certain transition direction at some
node, and f{x2) be the earliest assertion time distribu-
tion (p.d.f.) of the opposite direction in the next cycle,
the fault probability is defined as the probability that the
transition in the former cycle is invalidated by that of
the later cycle. As suggested in Fig.4, the probability is
an integration of these p.d.f.'s:

p=]" f(x1)- Axp)dt (14)

To derive the fault probability, let #;, #; and 7}, 72, be
the means and standard deviations of p.d.f. f{x)) and Axy),
we have:

[fix)- fxpydt=[z—e -H) /28~ -h)/ 22
_-?
= ————-————-—1 é Z(ZLI’*Z%)

V2REZ (15)

Definition 3: We define the wave fault coverage as the
ratio of the sum of wave fault probabilities of the nodes
that can be tested, over the sum of wave fault probabili-
ties of all nodes in the circuit under test. That is,
Y pjlj: testable

2plvi

JSault coverage = (16)

As the formula shows, the wave fault coverage behaves
like weighted SSF coverage, where the fault probabilities are
the weights. Note that the faults encompass the 0-1-0 and
1-0-1 wave faults, and the faults must be propagated to the
PO's for observation, the delay faults on the propagation
paths may mask the wave faults. However, the test is still
valid since a fault has been observed.

3.3 Robust Test and Test Generation

As explained in Section 3.1, we apply three vectors
Vo, Vi, ¥y at time Ty, Ty, T to the input of CUT to activate
the focused wave fault, and sample the output at 7y, 75 for
signal transitions. It is assumed that at time 77 and 73, there
are no transients or hazards on primary input lines.
Furthermore, it is noted that in wave pipelining, we use only
one or two-input gates. For each wave fault, there are two
disjoint physical paths, denoted by L; and Ly, separately
connects a primary input to the faulty site, and another
physical path, denoted by L3, that connects the site to a pri-
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mary output line. For simplicity, we denote these paths as a
whole by the wave-path L. These paths are said to have
faults if on the primary output line of wave-path L, the corre-
sponding transitions are not observed at time 74 and T5. By
this, we mean both the wave faults and wave delay faults.

To help afford hazard free test and to provide the minimal
signal conditions to propagate required transitions, we define
the robust wave fault test as follows:

Definition 4: A three-pattern <¥y, ¥;, F2> is said to be
a robust wave fault test for a wave-path L if and only,
when L is faulty and test <Fy, /;, Vo> is applied, the
circuit output is different from the expected state at
sampling time 7y, 75, independent of the input asser-
tion times of the off-path sensitizing signals.

Without detailed proof here, we can determine the signal
values of the off-path gate input leads to achieve robust wave
fault test by the following theorem.

Theorem 1: A three-pattern <W;, /1, /2> is a robust
wave fault test if and only if 1) <V, 1, > will
launch the desired transitions at the input leads of the
wave-path L at time 7;, T, and 2) at each gate on path
L, the off-path sensitizing inputs have logic values that
are covered by the values indicated in Tab.1.

In this table, we are free to assume that A and C have the
control of the first transitions at 77, and that B and D have
the control at 7. The symbol T and { stand for the rise and
fall transition, while Sy and S for stable at 0 and 1 logic
level. In some papers, ‘4 or Sp' is refer to as lp, and *T or
S ' as I/ . The symbol 'x' means ‘don't care' condition for a
signal subject to its previous condition. For example, a signal
of logic 1 at 77 may not rise at 73 assuming there is no tran-
sients or hazards on primary input lines. Also note that we
do not consider the cases where only one gate input signal
takes both transitions to activate the wave fault. Since in
such undesirable cases, detected fault is in fact a stuck-at
fault and not a wave fault.

3.4 Wave Fault TG Algorithm
To facilitate the TG process, a preparation task is neces-
sary to calculate the assertion times and the fault probability

according to Equ.4-6, 11-14. All faults, together with their
transitions to justify the activation are then lined up in a

Table 1: Sensitizing input transitions.

0-1-0 wave fault 1-0-1 wave fault
Transition | NAND NOR NAND NOR
tmestep |A|B|C] D |A] B [C[D
T, 111 LorSO| 1 |TorST|T |
T, 11T 1]x 1 x i 11!

priority queue Q with the fault most likely to happen in the
front. The TG algorithm then each time gets an item from
the fault priority queue for test, and accumulates the fault
coverage according to Equ.16. Proposed TG algorithm is as
follows; note that Imply will perform the maximum implica-
tion and maintain a W-frontier. Similar to the D-frontier, the
W-frontier contains gates ready for forward propagation.

TG()
begin
if (error at PO ) then return SUCCESS
if ( test not possible )
then return FAILURE
(&, ty, t) = Objective()
Backtrace(k, ty , ty)
Imply()
return7G()
end

The procedure Backtrace is responsible for propagating
sensitizing transitions toward PI according to Tab.l. Note
that Backtrace will assign sensitizing transitions for gate
output leads, if there is a conflict of transition assignments
(e.g., both rise and fall on the same line at the same time,)
the Backtrace fails.

Backtrace(k, ty, ty)
/* map objective into PI transition assignments */
begin
if ( ConflictCheck(k) ) = FAILURE then
return FAILURE
if & is a PI then
perform PI transition assignment
return SUCCESS
for every input (f) of &
obtain sensitizing transitions £;,Zp by
Tab.1
if Backtrace(j, tj, tj2) = FAILURE then
return FAILURE
return SUCCESS
end

The Objective procedure in TG algorithm handles the for-
ward propagation tasks. It chooses the shortest paths to PO's
for short path delay faults (hold time errors,) and the longest
paths to PO's for long path delay faults (set-up time errors.)

Objective()
begin
if test for short path delay faults then
select from W-frontier a gate g with smallest
OAg min -
if test for long path delay faults then
select from W-frontier a gate g with largest
OAgnax
obtain sensitizing transitions £, £ forg

return (g, tg, tp)
end
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4, RESULTS

We tested three wave pipelined adders and three wave pi-
pelined Max-Min selectors, together with ISCAS combina-
tional benchmarks c432, c499, and c¢1355, as listed in Tab.2.
In this table, we note that the fault coverage is obtained by
Equ.16, and not the ratio between testable and total gates.
The tested faults include both 0-1-0 and 1-0-1 wave faults,
and each fault includes the short and long path delay faults.
Circuit A162 is a 16 bit binary lookahead adder, A323 is a
32 bit ternary lookahead adder, and A324 isa 32 bit quadru-
ple lookahead adder. Circuit M162, M323, and M324 are the
Max-Min selectors of 16 bit binary, 32 bit ternary, and 32 bit
quadruple lookahead, respectively. From the results, we have
an average of 85.8\% fault coverage for circuits having less
than 1000 gates. We note that since the adder and Max-Min
selectors are designed for wave pipelining, there are less re-
convergent fanouts than that of the ISCAS benchmarks, re-
sulting in higher fault coverage. Compared with the adders,
the Max-Min selectors have more chances that reconvergent
fanouts cause transition assignment conflicts, their fault cov-
erage is in general less than that of the adders.

5. CONCLUSION

Wave pipelined circuits has been difficult to test since
there are not yet a fault model, neither a reliable fault cover-
age calculation for their tests. In this paper, we have pro-
posed a solution toward testing wave pipelined circuits. First
we give a formal definition, namely the wave fault, to model
potential faults in wave pipelined circuits. Second, we define
the probability of fault to happen using statistical models;
and based on the probability, the fault coverage. We also
present the robust wave test, and our test generation algo-
rithm. From inspecting the preliminary results of testing
wave pipelined circuits, an average of 89.3% fault coverage
has been achieved. Since testing wave pipelined circuits is a
very complex problem, such coverage is believed to be
acceptable.

Table 2: Wave fault testing results

circuit | number of number of fault
name gates testable faults | coverage
A162 192 351 92.4%
A323 538 903 93.3%
A324 680 1072 90.1%
M162 320 577 88.7%
M323 949 1547 82.1%
M324 1176 - -
432 160 311 74.7%
c499 202 395 81.2%
1355 546 844 83.9%
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