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Abstract— This paper introduces a novel BIST-quality
metric termed as the FiF — FoF (Fan-in-Factor & Fan-out-
Factor) defined on FSM-states. Based on the FiF — FoF
analysis, an efficient scheme is presented that ensures
all state codes appear with uniform likelyhood at the
present state (PS) lines during the test phase. This re-
sults in higher fault efficiency in a BIST structure. Ex-
perimental results on MCNC benchmarks show that the
scheme improves fault efficiency of sequential circuits
significantly, with marginal area overhead.

I. Introduction

Pseudo random pattern generators (PRPGs) report
poor fault efficiencies in sequential circuits so that it
is difficult to design efficient BIST for them[1], [2].
Attempts were made to improve the BIST quality of
sequential circuits [3], [4]. In [5] a synthesis scheme
based on degree-of-freedom (DOF) analysis in FSM-
states targeting BIST quality and gate area is reported.

In this paper we propose a new metric, FiF —
FoF (Fan-in-Factor & Fan-out-Factor), to quantify
the BIST quality of an FSM state. A state encoding
scheme, based on the F'iF'— FoF analysis, is presented
that makes all state codes equalliy likely to appear on
PS lines during the test phase that results in higher
fault efficiency.

Rest of the paper is organized as follows. The causes
of poor BIST quality of sequential machines are anal-
ysed in Section II. In Section III the concept of Fan-
in-Factor & Fan-out-Factor has been introduced. The
proposed BIST scheme of FSMs targeting improved
testability is presented in Section IV. Section V reports
the experimental results and is followed by Section VI
that concludes the paper.

II. Causes of Low BIST Quality

The general structure of a synchronous sequential
machine (FSM) is shown in Fig.1. It consists of a com-
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Fig.1. The structure of a sequential machine

binational circuit (CC) and the system register (SR).
The outputs y1,y2, -- -,y from the £ memory elements
of SR define the present state (PS) of the machine.

FSMs have low BIST quality due to three kinds of
states, viz., the unreachable states, the hard-to-reach
states, and the hard-to-exit states [5]. We now explain
the aforementioned factors.

A. The Unreachable States

In the STG of an FSM, if there are n states, then
at least k flip-flops are required to encode the n states,
where 2F=1 < n < 2%, Out of 2 number of state codes,
only n of them will be assigned to the states of the FSM.
The remaining (2¥ —n) unused codes are referred to as
the unreachable states of FSM.

Ezample 1: Fig.2.b shows a random state code as-
signment for the FSM in Fig.2.a. The codes 000, 011
and 110 represent the unreachable states. O

B. The Hard-to-reach States

An FSM may contain a large number of states with
very few transitions falling on them. These are called
the hard-to-reach states.

Ezample 2: In Fig.2.a there is only one incoming
transition on the state S3, whereas, there are four out-
going transitions from this state. Therefore, Ss is rec-
ognized to be a hard-to-reach state. O
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state encoding for it

C. The Hard-to-Ezit States

Again, some states have too many self loops. They
act like a sink in the sense that once the FSM reaches
such a state, it tends to remain there indefinitely. These
are the hard-to-exit states.

Example 3: In Fig.2.a the state Sy has one outgoing
transition and four incoming transitions. Thus, Sy is a
hard-to-exit state. O

ITITI. The FiF — FoF Analysis

The criterion of designing sequential machines with
improved BIST quality is to make all state codes appear
at the PS lines with equal probability during testing.
To achieve this should ensure that during testing a)
The unreachable state codes appear at the PS lines,
and b) The hard-to-reach (hard-to-ezit) states are easy
to reach (exit).

A. FiF — FoF: A New BIST metric

The FiF (FoF) value of an FSM state denotes the
ease with which it can be reached (left).

Definition 1: For each state S, reachability(S) is the
number of edges incident on S from outside.

Definition 2: For each state S of an FSM, emitabil-
ity(S) is the number of edges exit from S.

Definition 8: For each state S of an FSM, Fan-in-
Factor of S, denoted as FiF(S), is the ratio of reach-
ability(S) and emitability(S). Therefore, FiF(S) =
reachability(S) [ emitability(S).

Definition 4: For each state S of an FSM, Fan-
out-Factor of S, denoted as FoF(S), is the ra-
tio of emitability(S) and reachability(S). Therefore,
FoF(S) = emitability(S) /reachability(S).

Example 4: In Fig.3, the number of incoming
edges on Si (Fig.3.a) and S» (Fig.3.b) are 5
and 1 respectively. hence, reachability(S;)=5, and

reachability=1
emitability=3
FiF(S2)=-1/3-033
FoF(S2)=3f1=3.00

reachability=5
emitability—=1
FiF(S4)=5/1=5.00
FoF(S1)=1/5=-0.20

a. A high FiF low FoF state b. A low FiF high FoF state

Fig. 3. Calculation of FiF-FoF wvalues
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reachability(S2 )=1. Moreover, emitability(S;)=1.
Thus, FiF(S;) = 5/1 = 5. Similarly, FoF(S;) =
1/5 = 0.20. For Sy the FiF and FoF values are 0.33
and 3 respectively (Fig.3.b). O

IV. The FiF — FoF Based BIST Scheme
The proposed FiF — FoF based BIST scheme is
presented below.

A. Handling the unreachable states

To ensure mobility between unreachable and reach-
able, the reachable state codes are assigned from 0 to
n — 1. This way, all unreachable states lie between n to
2% so that, for every unreachable state there is a reach-
able state with MSB as 0 [5]. To input an unreachable
state to CC, we propose to add a control primary input
(CPI) at the MSB of PS lines. The CPI is implemented
with an XOR as shown in Fig.5. One input to XOR
is the MSB of PS lines and the other one is the CPI.
Since the reachable states do appear on the PS lines,
unreachable state codes can be fed to CC by keeping
CPI as 1. In test mode, the CPI is fed from the PRPG,
whereas, for normal functioning the CPI is kept 0.

B. FiF — FoF Based State Encoding

The key idea is to establish a pair of transitions be-
tween two states, one with high FiF & low FoF values
and the other with low FiF & high FoF values (Fig.4).
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Fig. 5. BISTed FSM with two CTPls

There is no direct transition between S; and S, in
the original FSM. The artificial transitions (shown in
dotted lines) are active only during testing. These tran-
sitions are achieved by directly manipulating the out-
puts of SR, without any primary input pattern.

Consider two states (Shi,Sho), Shi € Hpir and
Sho € Hpop. To ensure an easy mobility between Sp;
& Sy, pair, the codes Cp; and Cp, are assigned to Sp;
and Sy, respectively, such that Cp; and C}, differ only
in a single bit (say, the LSB). If another control point
with XOR is added at the LSB of the PS line, then the
FSM may switch between Sp; and Sp,,. This makes the
pair, as a whole, quite easy to reach and exit.

The above technique can not properly handle the
states with FiF(.) = FoF(.) = 1. For such states,
reachability(.) = emitability(.), so that it is not pos-
sible to distinguish among such states with respect
to their BIST qualities. For such states, instead of
their FiF — FoF values, we take reachability(.) +
emitability(.) as the BIST mesure. In the proposed
scheme, states with |FiF(.) — FoF(.)| < €, where € is a
predefined small positive value, say 0.2, are considered
for such treatment. Fig.5 shows the resulting FSM.

Thus, by adding two control points, at MSB and
the LSB, we can ensure mobility between 2¢~2 pairs of
states. Here is the complete algorithm.

Algorithm 1: Encode_with_FiF-FoF

Input: Description of sequential machine as a STT or STG.
Output: A state encoding with enhanced BIST quality
Step 1: Find the number of states n and k, 28=1 < n < 2k
Step 2: Compute FiF — FoF values for all the states.

Step 3: Consider the states with |FiF(.) — FoF(.)] < e.
Compute their BIST qualities as reachability(.) + emitability(.).
Make a pair (S;, S;) such that S; has the highest BIST quality
and S; has the lowest BIST quality. Repeat the process for all
states in the same category.

Step 4: Create two lists of the states Si,---,Sz. One in
ascending order of FiF and another in ascending order of FoF

values with the states left after Step 3. Let the sorted lists be
Shi Ghi ... Sk and Sho,She, ..., Sho.
Step 5: Make the BIST-pairs (SP?,SP°) until all states are
exhausted.
Step 5: Let C'S is the code set containing codes
{0,1,---,(n — 1)}. Decide the bit position p (say,
LSB) where second control point is to be inserted

Step 6: Take a pair of code C1 & C3 from {CS}, where
C1 and C: differ only in the p*" bit position.
Assign codes C1 & C3 to a BIST-pair of states.
Repeat the process for all BIST-pairs.

Ezxample 5: Consider the FSM in Fig.2.a. The
list of states with descending order of FiF values
is {S4,S52,851,{53,55}}. That with descending or-
der of FoF values is {{Ss,S5},S1,52,54}. States
with same FiF or FoF values are enclosed in
braces. The set Ppysr of BIST-pairs is given by
Pprst = {(S4,53),(52,55)}. The pool of codes
C={000, ...,111}. The unreachable states are 101, 110
and 111. If the second control point is inserted at
p=LSB of the PS lines, then, a state assignment ac-
cording to the present scheme is given by: (000) — Sy,
(001) — S5, (010) — Sa, (011) — S5, (100) — S;. O

V. Experimental Results

The proposed scheme has been carried out in the
framework of SIS [7]. Extensive experimentation was
done on a large number of MCNC benchmark circuits
samples of which are reported here. Table I notes the
parameters of the MCNC benchmark circuits.

The results of the proposed scheme are reported in
Table II. Column 2 shows the number of test vec-
tors applied. An FSM, synthesized with the proposed
scheme, is tested with a fixed number of test vec-
tors generated by the cellular automata (CA) [6] based
PRPG that used to test the original circuit. The sin-
gle s-a fault coverage of the original circuit (synthesized
from SIS [7]) is shown in column 3 and 4. The results of
column 5 denote the fault coverage of the circuits syn-
thesized with the proposed scheme with two/one con-
trol point(s). Column 6 and 7 of Table II depicts the
area of the circuit synthesized through JEDI and from
proposed scheme with two/one control points (XORs).

The results shown in the Table I & II are obtained
through a set of similar logic optimization steps (avail-
able in SIS) for all the test cases. For fault simulation
the synthesized FSM is first converted to ‘blif’ format
and then to bench using public domain tool blif2bench.
All circuits are subjected to test after prior state min-
imization with stamina of SIS.

It is seen from Table II that the proposed scheme



TABLE II

EXPERIMENTAL RESULTS FOR MCNC BENCHMARKS

Circuit No. of Fault cov(%) with PRPG area
name test JEDI Proposed JEDI Proposed
vectors | m cell | (n+2/1) scheme (FSM+ scheme
TPG | cell TPG 2/1 XOR)

exl (+) 1000 68.22 76.59 91.62 345 354

5208 1200 40.53 56.83 82.98 184 129

5420 1000 50.51 61.62 76.83 157 147

5832 8000 41.88 46.05 90.28 450 442

51494 1200 42.89 51.54 95.09 892 901

styr (+) 2000 42.78 64.51 85.43 740 836

opus 700 57.78 63.89 85.86 153 156

kirkman (*) 7000 78.75 82.32 88.83 262 270.5

scf 10000 38.84 39.00 93.74 1072 1113

(*) one XOR used since no unreachable state exists for these circuits
(+) Flip-flops initialized to all Os

TABLE I
MCNC CircuUIT DESCRIPTIONS

Circuit # # # #FFs | Optimum
name PI | PO | states area
ex1 9 19 20 5 345
5208 11 2 18 5 184
s420 19 2 18 5 157
$832 18 19 25 5 450
51494 8 19 48 6 892
styr 9 10 30 5 740
opus 5 16 10 4 153
kirkman | 12 6 16 4 262
scf 27 | 56 121 7 1072

improves fault coverage by a significant amount for all
the circuits. The design targets only fault efficiency but
gate area. However, experimental results show little
area overhead.

For all cases simulation is done in the platform of

hope [8], and the fault coverage is expressed as

_ _Total no. of detected faults
faultcoverage = Total no. of faults in the CUT

VI. Conclusion

A technique, based on a novel BIST-characterising
metric FiF — FoF , is proposed in this paper to de-
sign sequential machines with enhanced BIST quality.
The design improves parameter values for a set of state
pairs to improve fault coverage in a BIST environment.
Experimental results show that the proposed method
improves the BIST quality of the synthesized machines
with occasional, marginal, area overhead.
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