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Handling the Pin Overhead Problem of DFTs for a combinational circuit as a means to make the circuit fully testable
High-Quality and At-Speed Tests and diagnosable by a test set of small cardinality. In [9], techniques
were proposed to reduce pin overhead by connecting two observation

Dong Xiang and Hideo Fujiwara points with aNAND gate. A scheme was also proposed to reduce the

number of extra pins of control points by controlling all extra inputs
via a single pin in [10], where each control point was implemented

ol : by an exclusive-or gate. The first scheme may still introduce some
(DFT) and built—in self-test design has been an unsolved problem fora “;. . . . .
long time. A new algorithm is proposed to connect extra pins of control aliasing, while the second scheme can still produce many conflicts at

test points with primary inputs. An economical test point structure is in-  the extra pin during signal requirement justification. Fujinetral.[6]
troduced, in which only one gate delay is added to the corresponding func- proposed the use of a reasonable number of extra inputs to simplify
tional paths inserted into a control test point. Unlike almost all of the pre- testing by augmenting a machine so that it contains the synchronizing

vious nonscan DFT methods which do not handle pin overhead well, this o L . ;
method allows at most three extra pins. Techniques are presentedtoconnectsequence and the distinguishing sequence, through which an easily

an extra input of a control test point to a primary input in order to avoid  testable sequential machine can be designed.
conflicts produced by the newly generated reconvergent fanouts. Similar

techniques are _proposed_to connect more than one control input with the B. The Pin Overhead Problem

same PI. Sufficient experimental results are presented to demonstrate the

Abstract—The pin overhead problem of nonscan design for testability

effectiveness of the method. The pin overhead problem was not handled well by almost all of the
Index Terms—Conflict, delay overhead, inversion parity, nonscan design Preévious methods. Previous methods add_ressed this problem in seve_ral
for testability, pin overhead, sequential depth for testability. ways. 1) Many methods, such as [18], did not address the extra pin

overhead reduction problem. 2) Connect the extra pins with an extra
register [3], [8], [13], [21]. As for nonscan DFT, the scheme needs
|. INTRODUCTION to shift in values of a test at extra control inputs and shift out the re-

Scan design makes the scanned flip—flops controllable and obsegRonses at the observation points [3] like scan design, which requires
able directly [5], [23], which reduces the test generation problem fgore test cycles. Test points are inserted into scan designed circuits in
that of a combinational circuit. Test application time of scanned cit13] and [21], where extra pins of control points are connected with
cuits is more than that in a nonscan design environment due to shiftfg Pseudorandom test generator. These methods have to control the
tests and responses through scan chains. Greater testability impré&gt point number in order to limit the test input number. 3) Control all
ment can be obtained when control points and observation points 8¥éra inputs by a single extra pin [11], [12]. This technique cannot im-
inserted into different points and places away from the inputs and ofove testability of a circuit effectively when the number of test points
puts of flip—flops unlike scan design. Nonscan design can provide large enough because numerous contradictory signal requirements
at-speed test, low test application cost, and effectively enhance te§@y occur at the extra pin during ATPG or testing. 4) Control all extra
bility at the expense of more complex automatic test pattern geneg@ntrol inputs as controlling values (1 for 1-control points and 0 for
tion (ATPG) compared with ATPG of full scan designed circuits. Alsd-control points) during testing and noncontrolling values in opera-
the ATPG cost for well-designed circuits should be acceptable. It wi@nal mode [3], [12], [15]. This technique can cause bad fault coverage
shown that one can have more confidence in the stuck-at fault cover@§&ause all extra control inputs are assigned fixed values during ATPG
metric when used with at-speed tests rather than with scan design [P4[testing. 5) Instead of inserting test points into the circuit, test multi-
The key to the test point insertion problem should be: 1) how to plagéexers are utilized to improve testability [4], [20], where all test mul-
test points, and 2) the way to handle the extra pins of test points. Vilexers are controlled by the same control input. This scheme makes

focus on the scheme to handle extra pins of control test points. all subcircuits, preceding the places inserted test multiplexers, unob-
servable. 6) Multiplex extra observation points with primary outputs

or boundary scanned connections for embedded systems in a boundary
o ) - ) _scan environment [4], [7], [23]. This technique makes the primary out-
Test point insertion for testability has been studied extensiveyis in the original circuit or boundary scan connections unobservable
during the past decades [3], [6], [9], [10], [15], [16], [18]-[24]. Itqyring testing. 7) Muradali and Rajski [16] proposed a self-driven test
has been utilized in various designs for testability (DFT) topiCoint insertion method for nonscan designed circuits. The method [16]
such as nonscan DFT, scan-based built-in self-test (BIST) [13], [24hove the control inputs of control test points via internal controllability
establishment of cost-free scan paths [12], BIST design and nonsggfhs. It also adopted observability cells by switching the observa-
DFT for RTL circuits [4], [8], and nonscan DFT and BIST for SOCstjon points into some observability points inside the circuit. However,
Hayes and Friedman [9] and [10] proposed insertion of test pointsfey did not consider possible negative effects of reconvergences of the
predecessors with the test points when driving control points by some
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at-speed testing by combining an aliasing minimization technique [1#. Summary of nscan
Itis found that aliasing seems to be trivial when two exclu&ve-orchams-rhei controllability C;(i) of nodel should reflect the potential

are utilized to cqnnect observatiqn p_oints. Touba and Mc(_:luskey [?ﬁl],lmber of conflicts (or possibility to cause conflicts) and the number

of theAND gate, which is connected with two or more primary inputSyg 5 t1t is the easiest path to propagate the fault effect on the node to
Xiang et al. [24] proposed a nonscan DFT method based on a coyyimary output. We define different observabilities for different fault
flict-analysis-based testability measure cabiedflict Anewtestpoint ogacisp andD. Lines outside of the EFEP path that feed the gates in
structure was utilized, which makes the proposed method economigal e ep path are called sensitization lines. Assume observabilities of

in area, delay, and pin overheads by connecting extra pins with prima{y.;essors of a node have been calculated. The EFEP path of the node

inputs. can be obtained as follows: if the node has only one successor, add the
o _ node into the EFEP path; otherwise, add the fanout branch with the least
C. Organization of This Paper observability measure into the EFEP path. The above process should

Technigues are proposed to connect extra inputs of control poif@htinue until a primary_output is reached, which forms the EFEP path
with the primary inputs in order to avoid potential conflicts generate?f the fault. ObservabilityO 4(v) (v € {D. D}) reflects the number
by the new reconvergent fanouts, where the potential conflicts may ggﬁ_confllcts _(or possibility to cause conflicts) or the number of clock
erate new redundant faults. Sequential depth for testability and inv&YC!es required to propagate a fault effealong the EFEP path. The

sion parity are utilized to connect extra inputs of control points with prEFEF, p?;h caphbe partltltogetd into tsterr; segTetnts, WC; re a ste:n Sletg-
mary inputs. Our method tries to avoid new reconvergent fanouts whi ntis the path segment between wo fanout stems. We can caiculate

may cause new untestable faults, if possible. More than one extra twﬁhc_ontrollablllty measures as follows. Consider a 2-inpub gate
ith inputs A, B, and an outpuy,

can be connected with the same primary input, which makes the pro-
posed method able to obtain even better testability improvement than
scan design. C,(0) = min(C4(0), Cr(0))

In the rest of this paper, definitions and summarynstan[24] are . .
presented in Section Il. A procedure to select test points is presented in Cy(1) =Ca(1)+ Co(1) +p
Section Ill. Techniques to avoid negative effects when connecting extra
inputs of control points for nonscan DFT are introduced in Section IWherep = 10 - n, n is the number of reconvergent fanoutin the
Good applications of the proposed method and experimental resultseireuit with inv, (A, s) # inv,(B, s), and none of them is 00; also
presented in Section V. seq, (A, s) = seq, (B, s). Here 10 is an empirical constant. Calcu-
lations of other types of gates are similar. Calculation of observability
includes interdependence between fault effect activation and fault ef-
fect propagation. More details of tleenflict measure can be found in
A. Definitions and Notation [24].

A signal requiremenis a 2-tuple( 4. v), which means a nodd is The nonscan DFT methatscanselects test points based on tos-
required to be assigned a valugwherev € {1, 0, x }. Thenoncon- flict measure an_d the selective tracing algorithm_._The selective tracing
trolling value v of inputs of a gate with an outpytis that the value of scheme can be |Ilustrateq as follows: cor?t_rollablllty qf the output of a
y can be determined only when all inputs arewsehe outputy of the gate should be updated .|f. the con.trollablllty of one input of the gate.
gate can be determined if only one of its inputs is setaretrolling gets changed. Observability of an input of a gate should be updated if

value. The controlling and noncontrolling values of/ gate are 0 observability of its output is changed or another input of the same gate

and 1, respectively. The main cause of conflict is reconvergent fanoﬁfsts changed controllability with respect to the noncontrolling value.

. . : . . ore than one control point can be connected with the same primary
with nonuniform inversion parities.

- . . . . ) ipput, which makes the nonscan design for testability method get even
Definition 1: Inversion parity of a path is defined as the number q . .
. . in th th modulo 2. | . ity (A, B) (v etter fault coverage than scan design. However, [24] did not present
Inversions in the path modulo <. fnversion pam_m ol . ) v € . the scheme to connect control points with primary inputs.
{0, 1}) between two nodes is defined as inversion parity information

of the easiest path set froBto A in order to justify the signal require-
ment(B, v).
The easiest way mentioned in Definition 1 and later in this paper isThe following procedure is utilized to select test points. In the pro-
determined by theonflictmeasure [24]. A simplified metric is utilized cedurencpandnopare the number of control points selected and the
to estimaténv, (A, B). Inversion paritynv,(A4, B)isrepresented by number of observation points selected up to now. Calculation of the
a two binary bit number in this paper: 1) 00; 2) 01; 3) 10; 4) 11, whickonflictmeasure can be completed in less than a half hour for all iscas89
means: 1) there is no path from to B or no signal requirement on and iscas93 benchmark circuits using an Ultra 10 workstation. The pro-
nodeA in order to meet signal requiremeii, v); 2) the easiest way posed method updates testability of the corresponding part using the se-
to justify (B, v) passes is only a path of odd inversion parity fronkective tracing scheme after each test point has been selected. Equation
A to B; 3) the easiest way to justifyB, v) passes is only a path of (1) is the gain function used to select test points. In f1)s the fault
even inversion parity from to B; 4) the easiest way to justifyB, v) S€t with ghanged controll_a_bili_ty if a test point is inserted into a_node,
passes is at least one path of even inversion parity and one path of &tfdr (1) is the controllability improvement of fault /i, AO 4 (v) is
inversion parity fromA to B, respectively. the observability improvement of the fault {s D for fault A/0, and
Definiion 2: Sequential depth for testabilityseq, (1, s) 2 for fault4/1)
(v € {0,1}) from a fanout sterrs to a linel is defined as the
number of clock cycles required to justify a signal requirermént) TG = Z (AC:(A) + AO4(v)). 1)
at line! to the fanout stem in the easiest way. Afier

Il. PRELIMINARIES

IIl. TESTPOINT SELECTION
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Fig. 1. Low-overhead nonscan DFT.

In the following procedure, TIC is the test point insertion candidate se 5 _D ,,,,,,
Procedure Test-Point-Selection o A
1) Calculate theonflict measure as illustrated in [24]. L F K,
2) While test point selection still has not been completed, do: A D
a) for each element € TIC, calculate testability gain ac- A D s
cording to (1) and the selective tracing procedure as state | D N
above; k
b) selectthe node with the most testability gain, and insert th 2 AL ! p
selected test point into the circuit; }
¢) update theconflict measure with respect to the test point o—s vl

selected, update sequential depth for testability and inve B e I

sion parity, update the TIC set. }
3) Connect extra pins of control points with Pls using techniques ir €5 - ¢
troduced later in the paper and randomly place observation poin.. E
into the exclusive-or trees. . Fig. 2. Avoidance of conflicts generated by fault effect propagation.
It should be noted that the process for this method to select test points
is different fromnscan The selective tracing method updates sequen-
tial depth for testability, inversion parity, and testability measures aftﬁ'fput of an 1-control point is connected with thap gate directly,
each test point is selected. Teenflictmeasure is calculated only once hile the extra input of a 0-control point is connected with the
during the whole process of DFT. gate via an inverter. All switching gates are connected with a single

extra inputest The circuit is set to the test mode whent = 1, while
IV. TESTPOINT CONNECTION FORLOW-OVERHEAD NONSCANDFT it is set to the operational modetifst = . Techniques are proposed

Ghosh and Jha [8] connected control ports of test multiplexers with _avoid new _untest_able faults when connecting extra pins of control
PI ports in order to reduce pin overhead of nonscan DFT for RTROINS with primary inputs.
circuits. Dey and Potkonjak [4] presented techniques to avoid gen-
erating equal weight reconvergent fanout regions when inserting thst
multiplexers and connecting them with the same PI port. This tech-Assume a 0-control test point is inserted into nédas shown in
nique is a little pessimistic because not all equal weight reconvergéiig. 2, whose extra input is connected with a primary input through
fanouts cause conflicts during ATPG. It is possible for a large numbaswitching gate. A new fanout is generated a he new reconvergent
of different control points to share the same Pl in gate-level circuittanout may cause problems to some testable faults during fault effect
Fig. 1 presents the general DFT structure of the proposed methptbpagation. It is necessary to check whether fault effect propagation

Avoidance of Conflicts Generated by Fault Effect Propagation

Noded, ..., l;, ..., l;, ..., I, areinserted into a control test point,of faults at the fanout branche$, and A, and fanout sten! gen-
respectively. Control points, ..., I; share the same primary inputerates conflicts. Faults on all reconvergent fanout stems and branches
PI, ..., andlj, ..., I share the same primary inp#t/,, respec- along the EFEP paths betwekenor k> andA are also checked. Poten-

tively. An AND gate is used as a switching logic, which is connectetil conflicts caused by fault effect propagation along the EFEP path
with all control points sharing the same PI. Similarly, @R gate or are checked. The EFEP path is determined bycthdlict measure as
other types of gates can also be used as the switching logic. The estated earlier. Let the EFEP path of a faultlay/0 be Ao 1 —E—-G—k-.
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First, fault effect ofd, /0 should be activated. That is to sayshould converges with Pl and all the reconvergences are unequal weight ones.
be assigned 1. LineS, D, andF' should be assigned 1, 1, and 0, red) Try to find a PI, where the sequential depth for testability from Pl to
spectivelySequential depth for testability utilized to check potential [ is equal to 0 and the reconvergence is of uniform inversion parity. e)
conflicts. No conflict occurs if the easiest way to justify signal requiréefry to find a PI, wheré converges with Pl and all the reconvergences
ments(C, 1),(D, 1),and(F, 0) has no signal requirementsdn and are of equal weight and uniform inversion parity.

seq, (C, S),seq; (D, S),andseq,(F, S) are notequal to the numbers Procedureonnect-control-inpuselects a primary input to connect

of flip—flops in the path segment$,—i;, A.—,—F, andA4;—;—E—G, the extra input of a control test point, which generates unequal weight
respectively. Inversion parity is used to check potential conflicts if omeconvergences. It selects a primary input to connect the extra input of a

of the above pairs has equal value as illustrated as follows. control point, which generates reconvergences with uniform inversion
It is clear thatinv; (42, 4) = 10. Therefore, the fault effect parity if the above condition is not met.
propagation condition of faulti, /0 is not met if one ofinv, (C, A4), Procedure Connect-Control-Inpyt

invy (D, A), andinve(F, A) is not 10 or 00 and the corresponding 1y Connect the control inputof the control test point with a pri-
sequential depth for testability conditions are not satisfied. Different mary input4, wherel does not converge with and is not reach-
faults at the same line may have different EFEP paths. Let the EFEP  gple from A if possible.

path of fault42/1 be A~,-D'—r. It is necessary to check whether ) select the primary inputt as a candidate to connect the extra

invo (42, A) andinv, (E’, A) are compatible. It should be noted that control inputi of control point!, where the fault effect prop-
invo(Ay, A) = 01. To meet the fault effect propagation condition of agation conditions as illustrated in Fig. 2 are met. If the fault
M ! A . ; ! .

fault 42 /1, inv1(E’, A) should be 00 or 01 ifeq, (E’, A) is equal effect propagation conditions are met, check the signal require-

to the number of flip—flops in the EFEP path betweérand D’ in ment justification conditions as follows.

this case. Similar schemes can be adopted to check potential conflictg) Connect the extra input of a control test point with a primary

when propagating fault effects on link, . input A to avoid newly generated conflicts callednnect-for-
The possible conflicts when propagating fault effects of faults on line different-weight-reconvergenge

A should be checked as follows. Let the EFEP path of faylt (i € 4) When the above schemes cannot select a matching primary input

{0, 1}) be A=A, —E-G—h>. The fault effect propagation condition to connect the extra input of the control point, ahnect-for-

has been metifathv,(C, A),inv,(D, A), andinve(F, A) are equal uniform-inversion-parity).

to 00. Otherwise, the following conditions should be checked if any
one of them is unequal to 00. Latv,(C, A) # 00, then no conflict
occurs if all paths fromd to C' have uniform inversion parity as that
of the path segment—i; in the EFEP path ofi/1. Let the EFEP path
of A/0 still be A—A>,—; —E—-G—k> andinv, (C, A) # 00. No conflict
occurs if all paths from! to C' have uniform inversion parity as that of 1) Connect the control input (or iz) of the 0-(or 1-)control test
the path segmemt—i, . pointl, (orl2) with a primary input4, whereA does not con-
verge withl, (or I») andl, (or l.) is reachable fromd with
seq, (C, A) # 0 [or seqy(C', A) # 0] if possible.

Connect the control input of a 1-control point, with a pri-
mary inputA, wherel, is unreachable from, but does converge
Techniques are used to check whether potential conflicts occur when ~ With A at anAND or NAND gatek] (or OR or NOR gateks) with
justifying the signal requirements that need to assign noncontrolling ~ sed; (F", 4) # seq, (D', A) [orseqq(E', A) # seqq(G', 4)]

values to all inputs at the reconvergent points of the newly generated  if possible.
fanouts after the above fault effect propagation conditions have been3) Connect control input of a 0-control point, with a primary

In the rest of this section, we shall illustrate the procedures based on
Fig. 3. A 1-control test point with an extra inpist and 0-control test
point with an extra input, are inserted intd, and!,, respectively.
Procedure Connect-for-Different-Weight-Reconvergéyce

B. Avoidance of Conflicts Generated by Signal Requirement 5
Justification

~

met. When the extra input of a 0-control point; is connected with input 4, wherel, is unreachable fromi, but does converge
a primary inputA (it is similar for an 1-control point), two different with 4 at anAND or NAND gatek; (or OR or NOR gatek:) with
classes of conflicts should be avoided: a) meeting the signal require-  sed; (D, A) # seq; (F, A) [or seqa(E, A) # seqqy (G, A)]if
ment that needs to assign noncontrolling values on all its inputs at possible.

should generate no conflict at the fanout stérand b) signal require- ~ 4) Connect the control input. of the 1-control pointl.
ments that need to assign noncontrolling values on all inputs of the With a primary input 4, where I, is reachable fromA

convergent points such &s andk: betweeri; andA should generate with seqq(C’, A) # 0, and I; converges with4 at
no conflict. an AND or NAND gate k; (or OR or NOR gate k5) with
Let a O-control test point be inserted into node two different seqy (D', A) # seqy (F', A) [orseqq (E', A) # seqo(G', A)]

classes of conflicts should be avoided in order to connect the extrainput  if Possible. o . . .
i1 of I, with a primary input4 (or a pseudoprimary input) as shown in  5) Connectthe controlinput of a 0-control point; with a primary

Fig. 2. First, signal requirements,, 1) and(C, 1) should generate no input A with seq, (C', A) # 0, andC’ converges with4 at an
conflict atA if 7, is reachable fromi in the original circuit. Second, AND OFNAND gatek; (Or OROr NORgateks) with seq, (D, A) #
assumeé; converges withd at ananD gatek; or anorgatek., a signal seq, (F, A) [or seq, (G, A) # seq,(F, A)] if possible.
requirementk., 0) or (k1, 1) should generate no conflict at. The procedure connect-for-different-weight-reconvergefre

The idea of finding a matching primary input for the extra input o€onnects extra inputs of control test points with primary inputs,
a control point can be illustrated as follows: a) First, our method trigghich does not generate equal weight reconvergences. The procedure
to find a PI which is not convergent with the notlimserted a control connect-for-uniform-inversion-reconvergefé adopted to connect
point, and! is unreachable from the PI in the original circuit. b) Trythe extra inputi of a control point! with a primary input, which
to find a PI, where the sequential depth for testability fréthi to { generates only reconvergent fanouts with uniform inversion parity.
is unequal to 0 if is reachable from PI. ¢) Try to find a PI, whefre The following techniques are utilized. a) Connect the extra irput
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Fig. 3. Avoidance of conflicts generated by signal requirement justification.

with a primary inputA, where! is unreachable fromi. b) Connect
the extra input of I with a primary inputA4, wherel is reachable from
A but does not converge with. ¢) Connect the extra inputof I with
a primary inputd, wherel is reachable fromi and converges witht
via uniform inversion parity paths.

Procedure Connect-for-Uniform-Inversion-Paiity

1) Connect the control input of the 1-control test poink with
a primary input4, wherel, is unreachable fromd, but does
converge with4A at anAND or NAND gatek; (or OR or NOR
gateks) with seq, (D', A) = seq, (F', A) [or seq, (D', A) =
seq,(F', A)] andinvy (F', A) = 0 [or invo(G', 4) = 0], if
possible.

Connect the control input of a 0-control point; with a pri-
mary inputA, wherel, is unreachable fromd, but does con-
verge with A at anAND or NAND k; (Or OR Or NOR k2) with
seq; (D, A) = seqq(F, A) [or seq, (E, A) = seq; (G, A)]
and one ofinvi(D, A) andinv(F, A) [or inve(E, A) and
invo(G, A)]is 0, if possible.

Connect the extra control input (or i2) of the 0-control (or
1-control) test point; (or I2) with a primary input4, where
11 (or l3) does not converge withd and, (or I;) is reach-
able fromA with seq, (C, A) = 0 [or seq,(C’, A) = 0] and
invy(C, A) = 0 [orinve(C’, A) = 0] for a 0-control (or an
1-control) test point if possible.

Connect the control input; of the 1-control pointl> with
a primary input A, where l; is reachable fromA with
seqo(C’, A) = 0 andinve(C’, 4) = 0, andl, converges
with A at anAND or NAND gatek; (or OR or NOR gatek’) with
seq; (D', A) = seq, (F', A) [or seqq(E', A) = seqq (G, A)]
and one ofinvo(F’, A) orinve(D’, A) [or inve(E’, A) and
invo(G’, 4)]is 0, if possible.

2)

3)

4)

5) Connect the control input of the 0-control point; with a pri-
mary input4, wherel; is reachable fromi with seq, (C, A) =
0 andinv,(C, A) = 0, and/, converges with4 at anAND or
NAND k; (Or OROrNORgateks) withseq; (D, A) = seq, (F, A)
[or seqo(G, A) = seqy(E, A)] and one ofinv: (D, A) and
inv((F, A) [orinve(G, A) andinve(E, A)]is 0, if possible.

C. Sharing Primary Inputs

When the number of control points is greater than the number of pri-
mary inputs, more than one control point can be connected with the
same PI. Let two control points with extra inputsandi. be inserted
intol; andiz, respectively, anéh andl» converge at gate with inputs
a andb (e andb are reachable frorh andl., respectively) as shown
in Fig. 3. The following schemes can be adopted to reduce as many as
possible negative effects of newly generated reconvergent fanouts. a)
Two control points are connected with the same primary input if they
do not converge in the original circuit. b) Two control points can be
connected with the same primary input if both points converge with
unequal sequential depth for testability. ) Two control points are con-
nected with the same primary input if they converge at a gate with one
of the reconvergent fanout branches of 0 inversion parity.

Procedure Share-Primary-Input

1) Connect extra inputs andi, of control pointsl; andl, with
the same primary input, wherel; and/; do not converge in the
original circuit if possible.

2) Select the primary inputt as a candidate to connect the extra
control inputsy andi» of control pointd; and/», where the fault
effect propagation conditions as illustrated in Fig. 2 are met. If
the fault effect propagation conditions are met, check the signal
requirement justification conditions as follows.
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TABLE |
COMPARISONWITH nscan[24] ON THE ISCAS QRCUITS
circuit nscan ledft
tp/po FC/TE vec cpu | tp/po | ao FC/TE vec cpu
51423 40/2 | 93.6/94.6 607 | 2132 40/2 | 5.3 | 94.1/95.0 274 2078
85378 60/2 | 97.3/99.5 1337 | 6584 60/2 | 3.0 | 97.5/99.5 2599 6695
$9234 | 160/3 | 92.8/95.7 3685 8045 | 120/1 | 3.2 | 94.8/97.2 1884 | 2703
$9234.1 | 160/3 | 90.9/94.8 2946 0832 | 120/1 | 3.2 | 94.8/97.2 1884 2702
s13207 | 240/3 | 91.8/94.9 3927 | 13488 | 240/1 | 3.6 | 96.3/99.4 5044 | 16165
$13207.1 | 240/3 | 91.2/94.5 4023 | 15720 | 240/1 | 3.7 | 96.7/99.3 5059 | 20795
s15850 | 240/3 | 94.2/97.6 8583 8441 | 240/3 | 3.3 | 93.2/97.5 4007 7976
s15850.1 | 240/3 | 94.0/97.5 5151 9934 | 240/3 | 3.5 | 92.4/96.6 3097 | 10403
835932 | 200/3 | 90.9/100 318 1694 | 200/3 | 1.6 | 90.9/100 257 3325
838417 | 580/3 | 80.5/82.7 1531 | 36.5h | 580/3 | 3.3 | 85.7/87.6 9452 | 98317
538584 | 400/3 | 91.6/94.5 8908 | 59757 | 400/3 | 2.6 | 92.6/94.9 8820 | 52178
$38584.1 | 400/3 | 91.4/93.8 | 10043 | 63268 | 400/3 | 2.6 | 93.7/96.0 | 11205 | 40439
1001 100
95 o single control line 495
o : ledft
90 [ 90
80 [ 180
percentage
70 70
60 I 60
50 50
40 40
30 30
20 20
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Fig. 4. Testability improvement for s9234.1 with various number of test points.

both extra inputg; andi. with a primary input using the fol-
lowing schemes.
» Oneofinv,(a, {y)andinv, (b, I3) isOif r iSAND Or NAND.
* seq, (a, A) # seq, (b, A) if r is anAND Or NAND gate. * One ofinvg(a, l1) andinve (b, I2) is O if r is OR Or NOR.
* seqp(a, A) # seqy(b, A)if r is anoR or NOR gate. The exclusive-or chain scheme is adopted to connect all observation
4) When a primary input meeting the conditions in 2) and 3) is uipoints in all experiments of this paper. There may exist some aliasing
available,/; andl» converge at with inputsa andb; connect when the number of observation points is large and a single exclu-

3) When!; andl» converge at gate (with inputse andb, respec-
tively) in the original circuit, connect the extra inputsandis
with a primary inputd using the following schemes:
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Fig. 5. Testability improvement for s13207.1 with various number of test points.

sive-or chain is utilized [19]. It is found that one or two or a little morening on an Ultra 10 workstation. Table | shows the HITEC [17] test

exclusive-or trees are sufficient to avoid aliasing. generation results of the large iscas89 benchmark circuits compared
with the recent nonscan design methwmtan[24]. The systemcdft
V. EXPERIMENTAL RESULTS AND APPLICATIONS gets even better fault coverage for most circuits theean especially

The seven cases, as mentioned in Section I, for previous methodghf%ones that need a large nur_nber of control test points to get satisfac-
handle extra pins cannot get good enough results. Case 1) causes Jﬂ&é-fau“ coverage. As shown in Tapletp,, po, FC, TE, vec,, cp@,nd
ceptable pin overhead when the number of test points is large enou@ﬂrepresent the numpgr of test points, the number of extra pins, fault
therefore, their method cannot insert enough number of test points fGVerage (%), test efficiency (%), the number of test vectors, cpu time
good testability. Case 2) can cause test application and hardware o{&¢c0nds), and area overhead (%). Area estimation is presented based
head problems. Case 6) may cause problems during ATPG and tesgl?:ell libraryclass.libof SYNOPSYS. Routing complexity is still not
because some lines in the original circuit become unobservable in #8§{uded because of resource constraint. The number of test points can
mode. Cases 3)-5) generate similar results, which are unable to obRgrieduced when a better test generator is utilized.
good enough testability. The most important reasons why our methodrhe proposed method works very well for large circuits, which
outperforms almost all the above ones are: i) our method drives all cé¥¢ed a couple of control points to obtain good enough testability
trol points via primary inputs based on a new test point structure tHatprovement. The systeindft gets better fault coverage for circuits
can control all control test points by almost independent signals; iijsd423, s5378, s9234, s9234.1, s13207, s13207.1, s38417, s38584, and
very good testability measure callednflict is adopted to select test s38584.1. The system reaches much better fault coverage results for
points; iii) techniques are adopted to connect extra pins of the contfiok hard-to-test sequential circuits s9234, s9234.1, s13207, s13207.1,
test points with PIs to avoid negative effects; and iv) more than one camd s38417. The systefndft obtains a little worse fault coverage
trol point can be connected with the same PI, which makes our methtdnnscanfor circuits s15850 and s15850.1. Experimental results for
obtain even better fault coverage than scan design. nonscan designed s9234.1 and s13207.1 with various numbers of test
points are presented in Figs. 4 and 5 in order to show the potential of
Pls as testability improvement resources. In Tabladp nop ao, and

A system called low-cost nonscan design for testabilitgff) has po represent the number of control points, the number of observation
been implemented based on the method presented in this paper paints, area overhead, and pin overhead, respectively.

A. Experimental Results
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TABLE I
DESIGN FORTESTABILITY RESULTSWITH lcdft
cir. | FFs | Pls | ncp | nop | pin FC TE | vec cpu | ao
s9234 | 211 | 36 | 160 0 119543 |97.75 | 1760 | 2565 | 4.2
s9234.1 | 211 | 36 | 160 0 119543 |97.75 | 1760 | 2635 | 4.2
s13207 | 638 | 62 | 240 0 1196.32 | 99.38 | 5044 | 16165 | 3.6
s13207.1 | 638 | 62 | 320 0 1197.27 | 98.82 | 6636 | 3721 | 4.9
s15850 | 534 | 77| 112 | 128 3 (93.21 | 97.46 | 4007 | 7976 | 3.3
s15850.1 | 534 | 77 | 110 | 130 3192.37 | 96.63 | 3097 | 10403 | 3.5
538417 | 1638 | 28 | 400 | 180 3 | 85.68 | 87.62 | 9452 | 98317 | 3.3
838417 | 1638 | 28 | 500 | 200 3] 89.80 | 92.06 | 8170 | 62911 | 4.1
538417 | 1638 { 28 | 600 | 200 3] 91.67 | 93.89 | 5988 | 48829 | 4.6
83271 116 | 26 18 0 199.82 100 | 298 984 | 1.6
83330 | 132 | 40| 50 0 119349 | 93.95| 805 | 4107 | 3.4
$3384 | 183 | 43| 40 0 11]96.59 | 96.71 137 | 2603 | 2.3
s4863 | 104 | 49t 30 0 1199.50 | 99.90 | 647 | 2521 | 1.6
s6669 | 239 | 83 18 0 1199.85 9985 413 335 1 0.6
B. Applications of the Proposed Method VI. CONCLUSION

Scan-Based BISTRandom testability may still be not good enough A new method was proposed to handle the pin overhead problem for
even for fully scanned circuits. Test points are inserted in order to g&inscan DFT, which connects extra pins of control points with primary
good enough testability. However, almost all previous methods do naputs by using an economical (in pin, delay, and area overheads) test
handle the extra pins well after test points have been inserted. Mospeint structure. Extra inputs were connected with Pls in order to avoid
the current methods connect the extra pins with the pseudorandom paiv untestable faults. The control test points contribute to delay over-
tern test generator. It is not good if the number of test points is larggead of the method, which were inserted away from the critical paths
which can make the number of test input unacceptable. The proposatkcessary. It was shown that the negative effects caused by the new
method can be adopted to connect extra pins of control test pointgdzonvergent fanouts generated by connecting control points with Pls
fully or partially scanned circuits. All pseudoprimary inputs and priare trivial and use of Pls as testability improvement resources is defi-
mary inputs can be connected with extra inputs of test points. nitely a good choice. The nonscan DFT method generates even better

Pin Overhead Reduction for Partial ReseMost of the previous fault coverage than scan design and presents at-speed testing.
partial reset methods control all partial reset signals via a single extra
pin, which cannot effectively improve testability of a circuit. The pro- ACKNOWLEDGMENT
posed method can also be applied to extra pin overhead reduction for
partial reset with a little modification. Partial reset signals are insertedD- Xiang would like to express his thanks to Prof. J. Patel of the
into data inputs (or outputs) of flip—flops and connected with primalyniversity of lllinois at Urbana Champaign for his kind encourage-
inputs using the proposed method. The partial reset technique hadngt- The authors would like to thank Y. Xu for implementation of the
attractive property, that is, at most one gate is inserted into any furfeéthod.
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