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Abstract: We use a DFT technique based on clocktake advantage of the resulting structure, so that most
freezing and clock partitioning, to model a sequential cir-faults are detected with combinational techniques, which
cuit as a set of overlapping pipelines. Our DFT techniqueare several orders of magnitude faster than the sequential
does not introduce any delay penalty and has small areanes. Our DFT technique does not introduce any delay
overhead. We present a novel sequential ATPG algorithnpenalty, has small area overhead, and the generated tests
that uses this model to detect most faults by using combimay be applied at speed. Our preliminary results are
national techniques. Preliminary results are encouraging.encouraging.

1. Motivation 2. Relevant Prior Work

Automatic test-pattern generation (ATPG) for sequen-  In the conventional way to test a sequential circuit, the
tial circuits is an extremely expensive computational pro-clock is activated and the state is changed with every
cess, so that ATPG algorithms working on complexapplied input vector, so in any state only one vector is
circuits can spend many hours of CPU time and still obtainapplied. But there may be several vectors that detect dif-
poor results in terms of fault coverage. Among the factordeerent faults in the current state. For example, several fault
that make this problem difficult [Abramovici et al. 1990] effects could have been propagated to flip-flops (FFs), and
are: they may be propagated to primary outputs (POs) by dif-
ferent vectors. Similarly, the current state may be neces-
sary to activate several other faults that may need different
vectors to propagate their fault effects to POs. But with
conventional testing, we can apply only one vector before
the state is changed, so many fault-detection opportunities
* the existence of illegal states, which may cause the may have to wait for the next time when the current state

ATPG a|g0rithm to waste a lot of time trying to justify will be reached. Thelock freezingnethod, introduced in
them; [Abramovici et al. 1992] and further enhanced in [Santoso
) ) et al. 1999], temporarily suspends the sequential behavior
* the existence of untestable faults, which the ATPG 4t the circuit by freezing its clock, and several vectors may
algorithm identifies as untestable by failing to generatee gpplied without changing the current state. These vec-
test sequences that detect them; for each untestable tgf,s can be generated only by combinational ATPG algo-
get fault the algorithm must complete an exhaustive  rithms. In this way, the current state is fully exploited
search. before it is changed. This method does not require any

Because of the difficulty of the sequential ATPG DFT. However, in general, a circuit has many more FFs
problem, the electronics industry has given up the idea thahan primary inputs (Pls), and because all FFs are frozen,
complex circuits can be tested without intrusive design forthe ATPG algorithm working with one time-frame is quite
testability (DFT) techniques, such as scan design, whictgonstrained in what it can accomplish. After all the faults
significantly modify the design to make its buried FFsthat can be detected in the current frozen state have been
more controllable and observable in test mode. Howevertargeted, the sequential behavior of the circuit is enabled
scan-type DFT techniques introduce delay penaltieggain, and the application of the next vector is accompa-
resulting in performance degradation, and area overheadied by a clock pulse. Note that clock freezing does not
causing additional power consumption and decrease@hange the difficulty of controlling the state transitions of
yield; moreover, scan tests are not directly compatiblethe sequential circuit.

with at-speed testing. In the normal operation of a sequential circuit, the
In this paper, we use a DFT technique based on clocigame clock usually controls a large number of REieck
control and we introduce a novel testing paradigm thafartitioning, introduced in [Agrawal et al. 1991] and fur-
allows the circuit to be modeled as a set of overlappingther developed in [Einspar et al. 1993][Baeg and Rogers
pipelines. We also present a new ATPG algorithm that cad993][Einspar et al. 1996][Rajan et al. 1996][Einspar et al.

* the need to work with a model consisting of an iterative
array of time-frames whose number is, in the worst
case, an exponential function of the number of flip-
flops (FFs) in the circuit;



LOAD_EV T CLOCK cuit become easier to test. Clock partitioning is also useful
LOAD_EV for delay-fault testing [Fang and Gupta 1994]. Although the

sequential circuit with partitioned clocks is easier to test,

ATPG for the transformed circuit still requires sequential

M . 05 - algorithms.
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——CEVl — , il We combine clock partitioning with clock freezing to

decompose the original circuit into several overlapping
pipelines so that the test generator works with one pipeline
at a time. The main advantage is that all or most faults in a
D Ok pipeline can be detected only by combinational algorithms
c [Gupta et al. 1990].

To test a fault in the pipeline shown in Figure 2a, we
apply one input vector, then we clock twice; as a result, the
effect of the input vector propagates throughout the entire
1999], is a DFT technique that divides the FFs sharing theircuit. Since the registers serve only to transmit the data, we
same clock into several groups, so that in test mode eactan make thentransparentfor ATPG, and model the pipe-
group can be independently clocked. Figure 1 illustrates théne by a combinational circuit as shown in Figure 2b. Thus
clock control logic, derived from the techniques presented irthe application of every combinational vector generated on
[Rajan et al. 1996]. In normal modeNM=1 and this model has to be accompanied by clocking of all trans-
LOAD_E\=0, so thatCLOCK propagates to all FFs. To parentregisters; the number of required clocks is equal to the
avoid clock skewing, clock gating occurs within every FF, sosequential depth of the pipeline.
the routing of CLOCK to FFs is not changed. (FFs that are
always clocked will have their enabling input tied to logic 1.)

In test modeNM=0, and the clock propagation is under the
control ofK enabling signal&N,. The FFs controlled by the
same enabling signal are in the same group (Figure 1 shows
only one FF per group). The enabling valieg that deter-
mine the clock partitioning in test mode are stored in a sepa-
rate set oK FFs. These FFs are loaded from a seKd?Is
when theLOAD_EVsignal is asserted. At the same time, the
clocking of all other FFs is disabled, so tkePls that supply >
the enabling values may be arbitrarily selected. This scheme

can provide a large number of enabling signals with only one b)
additional pin.
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Figure 1. Clock control logic
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For a circuit withN FFs, the main component of the area Figure 2. Pipeline and ATPG model

overhead of this DFT technique is th¢ clock-enabling o .

AND gates, which is less than the area overhead in scan '€ Pipeline in Figure 2 idalanced as every path
design. This overhead is not needed if clock skewing in tesP&tween two combinational blocks and C; goes through
mode can be controlled [Rajan et al. 1996]. In addition, wethe same number of registers. In a balanced pipeline, a com-
haveK FFs andk OR gates, but usuallg << N, so this over- ~ binational ATPG algorithm can detect every fault detectable
head is negligible. Note that the operating frequency of thdn the original circuit. In an unbalanced pipeline, some faults
circuit is not affected by the clock control mechanism, sinceuntestable in the combinational model may be detected in the
no delays are introduced in data paths. Unlike scan desig®riginal pipeline.

Clock partitioning increases the testability of the in Figure 3a [Gupta et al. 1990] as an example. Here we do
sequential circuit, by reducing dependency among FF valuegock partitioning by allocating an independent clock to each
and introducing many more state transitions in the state trarfegister in the block diagram. To create pipelines we have to
sition graph, thus making states that are illegal or difficult tocut all the feedback loops in the original circuit. Any loop-
reach easier to reach in test mode. As a result, some faulf$itting algorithm used to select scan FFs for partial scan
that were impossible or difficult to detect in the original cir- design can be used here. Instead of cutting a feedback loop
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Figure 3. Overlapping Pipelines

by scanning registers, we temporarily freeze the clocks for  For example, in Figure 3&;, Ry, andRs are frozen reg-
some of the registers along the loop; these registers are saigters Ry andR, are transparent, ari is a capture register.
to befrozenand are shown as dark in Figure 3. In this circuit 5 capture register feeds only invisible logiey), so it cannot

we have five different ways to cut the loops, so we can Crealg, sed to detect faults in the current pipeline. But we can

five different (balanced) pipelines. Note tt&{ is frozen in useRg to capture fault effects to be propagated in the future

cvery p|peI|_ne,.wh|Ie any other register is fro_zen only in atin a pipeline where it will be frozen (Figure 3b). Similarly, in
most two pipelines. In the same way as partial scan can b

used to create balanced pipelines [Gupta et al. 1990], we caEnIgure 3dRg, Ry, andRs are frozen register;, andRg are

also use selective clock freezing to achieve the same resuldransparent, ang .'S g capture _f99'§tef- F'gwe_ 4 illustrates
the model of a pipeline (the invisible logic is shown as

~ The test generator works with one pipeline at a time.gh,qed triangles); here one time frame correspondsm-
Given its frozen registers, the model for a pipeline is CoN~gntional time frames, whenis the sequential depth of the

structed as follows: pipeline. It is important to note that a register frozen in one
1. Treat the frozen FFs as PlIs with frozen values (that cannot p|s*
be changed by the test generator).
2. Exclude the “invisible” combinational logic that directly |:|-> - @3*
feeds only frozen registers. || 4
3. Model any register that is not frozen and feeds POs L |
(directly or indirectly) as transparent. L Eg? g
4. Any other register (not frozen and not transparent) is ;
flagged as aapture register POs V

Figure 4. ATPG model with one time-frame



pipeline may be transparent in another one; thus applying  eeeeeeeeeeessseeeeeeeessseeec e
combinational vector in one pipeline may change the state Stop when v
the frozen registers in all other pipelines. Ny > limit Incrementn,, & mark
| every pipe as usefu
Determine [ > N
clocking scheme Mark Pas not | [ select a useful pipf |~——mt
) useful :
Construct pipes ,
| — No more Select target faulf

every pipe as usef One sequence

ted N
generate f detected?

Setn, =1& mark‘II

Target as many af Nomore | Target faults in Stop \I{Vh?n Y
possible faults in two/more time- | 7« > limit Simulate the generate
one time-frame frame vectors :
P PRI l
Figure 5. High-level structure of PIPEXPRESS

Figure 7. Generating a sequence
Figure 5 outlines the high-level structure of our algo- . R
rithm, called PIPEXPRESS. The first block determines thd0rS: @1d the block on the right (detailed in Figure 7) gener-

clocking scheme by grouping together the FFs that will Sharéites one sequence of two or more vectors. The entire process

one of the independent clocks. Then the pipelines are cort® repeated after one such sequence has been generated.

structed as illustrated in Figure B¢ represents the number In Figure 6, PIPEXPRESS first selects a useful pipeline
of time frames in the current pipeline and is initially set to 1.and generates as many test vectors as possible. Every such
A pipeline is said to beisefulif it has undetected faults that combinational vector is simulated, dropping the detected
may be detected in the presence of input values a|readf?U|tS and keeping track of the faults still possible to detect in
assigned. Initially the only assigned input values are the valone time frame. When no more target faults are found, the
ues of the FFs in the frozen registers of the pipeline. PIPEXcurrent pipeline is marked as not useful. At the same time,
PRESS is opportunistic so that in every step it tries to detecny pipeline whose frozen register is a transparent or a cap-
as many faults as possible using the shortest possible te@,_{re re_g|ster of the current pipeline is checked for usefulness,
sequence. Test generation takes place in the two blocks at ti§#1Ce its state has been changed, and new fault effects may
bottom of Figure 5: the block on the left (detailed in be stored in its FFs or the new state may allow new faults to
Figure 6) generates as many as possible combinational vebe detected. The entire process is repeated until no more use-
ful pipeline can be found.

....................................................................................................... : In Figure 7, PIPEXPRESS is first trying to generate a
> sequence of two vectors for a useful pipeline, using the
Select a usefullNo more : model shown in Figure 8 for two time-frames (the number of
i i — > i I'to th ber of time-f If not suc-
| Mark pipes* pipe P vectors is equal to the number of time-franmgs. If not suc
' 7Y cessful,ng is incremented and the entire process repeated.
A i " . . ..
No mor A4 The transition between time-frames involves firing at least
Select target fault
= Pisy Pisy
f detected? N > o > >
i N I B I
Y _ oo | Lo |
SimulateP (one time framej | i X J Lo
with internal clocks > \gés g >
.............................................................. Y. POsy POs §

Figure 6. Generating combinational vectors Figure 8. ATPG model with two time-frames



one of the frozen clocks of the pipeline. PIPEXPRESS deterEvery time we remove the identified untestable faults from
mines the frozen clock(s) to be fired. Note that the state of #he set of target faults. The same faults would be much more
register that is frozen in every pipeline, such Bs in computationally expensive to target in test generation.
Figure 3, can be changed only in this way. Additional clock A
partitioning for the FFs of such a frozen register Would5' Prellmlnary Results

increase the testablllty of the circuit. Like before, the appll— We compare a pre”minary imp|ementati0n of PIPEX-
cation of a combinational vector in one time frame requiresPRESS with GATEST [Rudnick et al. 1997] and with a com-
clocking of all the transparent registers of the pipeline, andnercially available sequential ATPG that we will refer to as
we also clock the capture registers. When one sequence with ATPG. Both PIPEXPRESS and GATEST were run on a
ny vectors has been successfully generated, the state of thentium 11l 550 computer with 256Mb memory, while
current pipeline, as well as of any other pipeline whose fro-S_ATPG was run on a SPARC SUNW Ultra-Enterprise com-
zen register is transparent or a capture register in the curreputer; the two machines have comparable performance.
one, has been changed; then PIPEXPRESS returns to trying

e ; The circuits we used angiir8o andpcont2 taken from
to generate only combinational vectors (Figure 6). e b 2

[Chickermane et al. 1992]iir8o is an optimized finite-

Implementation Details impulse response filter (see Figure 9), whgt®ont2is a con-

troller circuit used in DSP applications. Table 1 gives the cir-

While PIPEXPRESS works with one pipeline at a time, cuits data. Fompiir8o, freezing the 8 FFs in the marked
the generated vectors are expanded to account for clockinggister is always required to cut the feedback loops, so we
of the transparent registers, and the resulting sequences &igve a single pipeline with 8 frozen FFs and 48 transparent
fault simulated for the entire circuit using the PROOFS faultFFs. (Note that a single pipeline is the worst structure for our
simulator [Niermann et al. 1992]. Note that in the test genermethod, since all the faults in the invisible logic can be
ation model, the POs are observed only after all the transpattetected only using models with several time frames.) Each
ent registers have been clocked, but in the fault simulatiomne of the frozen FFs has its independent clock, and the
model they are observed after every clock. This is equivalenfransparent registers are always clocked. Similarly, for
with applying several random vectors in between the “real’pcont2we have a single pipeline, with 16 frozen FFs with
vectors, and these vectors may detect additional faults. Th@dependent clocks and 8 transparent FFs.

results of PROOFS are ported back into the test generatornnput [
enable fault dropping and reporting the fault effects stored L L DT
registers. The two programs communicatesaekets g( L c c c
X)) - :
PIPEXPRESS is similar to the FAST algorithm [Abram- L ‘ OUTPUT
ovici et al. 1986]. When working with several time frames, i o @) 0 o

@
borrows concepts from the FASTEST algorithm [Kelsey € y

H—C
al. 1993]. The most important is backtracing all objectives t (X) : multiplier g(i) é é c
Pls (or backtrace-stop lines) without stopping at time-fram @) + adder ‘ ‘ ﬁ)
boundaries; this scheme avoids the state justification pra
lem and hence it never has to deal with illegal states. D register r

The existence of frozen values at the Pls of a pipeline
may preclude the activation and the observation of several Figure 9. piir8o block diagram (C = constant)
still undetected faults; PIPEXPRESS removes these faults
from the set of target faults for the pipeline, so that only
potentially detectable faults will be targeted. Faults whose Table 1. Circuit data
effects are stored in observable frozen FFs are also consipr=—— -
ered potentially detectable. The number of potentially Circuit |PIs |POs|Pipeg FFg Frz) Faults
detectable faults determines theefulnes®f the pipeline. |piir8o [[ 9] 8 | 1 | 56| § 19,93

Following its opportunistic strategy, PIPEXPRESS alwayqpcont2|| 9 | 8 1 | 24| 16 11,27
selects the most useful pipeline as the next one to work on.

(@]

N J7

Table 2 summarizes the main experimental results and

As preprocessing steps, we use: 1) the algorithmsaple 3 presents details on the faults detected by PIPEX-

FIRES [lyer et al. 1996] and FUNI [Long et al. 2000] to pRESS, showing the original number of faults, the faults

identify combinationally and sequentially untestable faultsiidentified as untestable in preprocessing, and the faults
2) the combinational test generator ATOM [Hamazoglu andetected by sequences of different length. Fmir8o,

Patel 1998] running on a full-scan model of the circuit to pJpPEXPRESS and GATEST detect comparable number of

identify the rest of the combinationally untestable faults.faylts (almost twice as many as S_ATPG); PIPEXPRESS is



Table 2. Results

GATEST S_ATPG PIPEXPRESS

Circuit

Fault cov. Time |Vector§ Fault cov. Time | Vectors Fault cov. Time \ectors
pirso || 15,083/15,288  59:33| 458 8,251/19,018 232:28 17  15045/15288 21.57 692 (L73X4)
pcont?| 6,810/7,426 12:20 143 4,874/11,254 131:07 D0 7,338/7|426 @46 224 (J12X2)

Table 3. PIPEXPRESS fault detection

1-vector seq| 2-vector seq. 3-vector sef]. 4-vector S€dyota|

Circuit |Priginal [ATOM FKIRES
No.| Detected No| Detected No. Detecteéd No. Detecte§Ctors
5

pirso || 19,934 4,501 2 5150 P8 1675 |15 8,020 O 0 |173
pcont2|| 11,274 3,616 231 23 4,113 |6 1,465 |19  1,709| 5 51 |112

about 3 times faster than GATEST, and about 10 times faster Patel, “A Comparative Study of Design for Testability
than S_ATPG. Each one of the 173 generated vectors has toMethods Using High-level and Gate-Level Descriptions,”

; _Proc. Intn’l. Conf. on CADpp. 620-624, November 1992.
be clocked 4 times to propagate through the transparent re inspar et al. 1993] K. L. Einspahr, S. C. Seth, and V. D.

isters. Forpcontz PIPEXPRESS detects 8% more faults "agraal “Clock Partitioning for Testability,Proc. 3rd
than GATEST and about 50% more than S_ATPG, while |EEE Great Lakes Symp. on VI.Bp.42--46, March 1993

being twice as fast as GATEST and more than 20 times fastdEinspar et al. 1996] K. L. Einspahr, S. C. Seth, and V. D.

than S ATPG. Agrawal, “Improving Circuit Testability by Clock Con-
- trol,” Proc. 6th IEEE Great Lakes Symposium on V/LSI
6. Conclusions pp.288--293, March 1996

[Einspar et al. 1999] K. L. Einspahr, S.K. Mehta, and S.C.

Our method has the potential of providing a very signifi- Seth, “A Synthesis for Testability Scheme for Finite State

; . ; ; Machines Using Clock Control,JEEE Transactions on
cant breakthrough in the field, as it offers a solution to an CAD, Vol. 18, No. 12, Dec., 1999

important problem that until now has been considered“:alng and Gupta 1994] W-C. Fang and S.K. Gupta, “Clock
impossible to solve without significantly changing the struc-" Grouping: A Low Cost DFT Methodology for Delay Test-
ture of the circuit in test mode. Our DFT technique is based ing,” Proc. 31st Design Automation Cqrgp. 94-99, 1994
on clock freezing and clock partitioning, introduces no delaylGupta et al. 1990] R. Gupta, R. Gupta, and M. A. Breuer,

; o ; v “The Ballast Methodology for Structured Partial Scan
penalties and small area overhead, and it is compatible with Design” IEEE Trans. on Gomputers/ol. 39, no. 4, pp.

at-speed testing. 538-544, April, 1990
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