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Abstract

In this paper, we propose a new clustered reconfigurable interconnect network (CRIN) BIST to improve the embedding
probabilities of random-pattern-resistant-patterns. The proposed method uses a scan—cell reordering technique based on the
signal probabilities of given test cubes and specific hardware blocks that increases the.embedding probabilities of care bit
clustered scan chain test cubes. We have developed a simulated annealing based algorithm that maximizes the embedding
probabilities of scan chain test cubes to reorder scan cells, and an iterative algorithm for synthesizing the CRIN hardware.
Experimental results demonstrate that the proposed CRIN BIST technique achieves complete fault coverage with lower
storage requirement and shorter testing time in comparison with the conventional methods.

Keywords : Deterministic Logic BIST, embedded core testing
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Fig. 2. An example of enhancing embedding probability.
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INPUT : Deterministic pattern set Tp, Tiy, Tiow, IPT, K1, Initial scan cell order S;
OUTPUT : Reordered scan cell S}, Reordered deterministic pattern set Tp'

Calculate signal probability of each scancell S, ... (@
Reorder scan cells and group AND-chains, OR-chains, and LFSR-chains  ...... ®)
For each group {

T=To;

sv = Deterministic pattern set Tp corresponding current S; ;

Compute coste(svy; - L. ©

while (T > Tioy) {
if (ro cost reduction in the last IPT iterations) break ;
Jor (i=0; i<IPT; i++) {
(max, min )= Find_swap_targefsv); ... @
(s, sv)) = movement(max, min, sv, s; 00000 .. (e
Compute cost O(sv') ;
AC=Osv)- U
FAC<0){
sv=sv'isi=s/;
}
else {
P =€ scmrs
if (random(0,1) < p) sv = sv';
else movement(max, min, sv', ;") ;
}
}
T=KrxT;
}
}

et e
Ip'=sv';

a3 3 Mz 27 4 Auix gnelF
Fig. 3. New scan cell reordering algorithm.
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(A) Scan cell reordering :

10 TIXXXXX01X0X0XXXXX10000X :
1 C2 i XXT1X0IXT0XX XX XXXX0XXX01
|

10, IXXOXOIXXXXXX 10X IXXXXXXX :
:C;  XXXXX0IX1IXXT0XXXXXXXXX01 |
1Cs: XXXXX0IXXO0X1IXXIXXXXXXXX1 :

(B) Scan chain test cubes :

1C5: 0101 IXXXXXXIXXXXXXX00XXX |

1C;: 00X00X0010X XX IXXIXXXXXX]1
1 €2 OXXXXXXXXX01X0101XXX11XX

1Cy: XXXXXXXXIX0X0X0XXI1XXIXX

[}
i
1 C3: XXX00XXX0XXO0XXIXXXX1XX11 :
1
!
1

1 Cs 1 OXXXXXOXXXOXXXXX1XX111XX

1Co : XXXXXXXXXXOXIXX0XXX111XX i

C; C; C3 Cy Cs Cs
AND - 11 00X0 0XXX XXX0 XXXX 0XXX XXXX
Chains __t: _0X00_ ___XXXX___OXXX___ XXXX __ XXOX __ XXXX __
LFSR- 130 10XX XX0t 0XX0 1X0X XX0X XX0X
Chains _ _ty: X1XX X010 XXX __ OXO0X__ _ XXXX __1XX0 __
OR - t51 1IXXX 1XXX XXX1 X11X 1XX1 XXX1
Chains 5 XXXI1 11XX XX11 X1XX 11XX 11XX
(C) Outputs of pattern generator :
P P2 Ps3 P4 bs Ps
1 xi 6110 0100 0111 1010 1100 1000
LFSR x2 1011 0010 0011 1101 0110 0100
3 X3 0101 1001 0001 1110 1011 0010
4 __ X4 1010 1100 1000 1111 0101 1001
;- xT&%7 7001 T T T 0160 T T T 70000 T 1610 T T T 0100 T 1000™
AND- 2 x1&x; 0100 0000 0001 1010 10600 0000
Block 3 x2&x, 1010 0000 0000 1101 0100 0000
e __4__xl&x 0010 ___ 0000 0011 1000 0100 0000
1 x[xs” T 1110 AR LU S S S TS ¥ U ST B 111}
OR- 3 x| x3 0111 1101 o111l 1110 1111 1010
Block 3 xz | x4 1011 1110 1011 1111 0111 1101
4 x7|x; 1111 0110 0111 1111 1110 1100
(D) Pattern matching procedure
(c) ps : None
End of confi. 1
. Pattern simulation : None
Init.) (a) p;: Cy (b)p:: Cy Init.
ConnAND«(1) : (1,2,3,4) (1,2,3,4) (1,2,3,4) (1,2,3,4
ConnAND(2) : (1,2,3,4) (2,3.4) 2,3,4) (1,2,3,4)
ConnLFSRi(1) : (1,2,3,4) 2,3) @) (1,2,3,4)
ConnLFSRi(2) : (1,2,3,4) 1,3) ) (1,2,3,4)
ConnOR(1) : 1,2,3,4) (1,2) (1 (1,2,3,4)
ConnOR(2) : (1,2,3,4) (1,2) (1,2) (1,2,3,4)
(e) ps : None

End of confi. 2
Pattern simulation : Cs5, Cq

() ps: Cs Init. *ps: Cs
“@ (1,2,3,4) (1,2,3,4)
1,2,3,4) (1,2,3,4) (1,2,3,4)
) (1,2,3,4) 2,3)
1) (1,2,3,4) 3)
(1,2,3,4) (1,2,3,4) (2)
(1,2,3) (1,2,3,4) (2)

% 6 CRIN &4 HARS of
Fio. 6. An example of CRIN synthesis.
Abs sk v AT Mo FE Gt 3uA TR rembss prmist
stage 1 2

pes ol&38te] AiTbEsitt Ao o] dAlolA 6749
HZE FHE A7) 98 F 74 55 3701 ¢
7helol & F H2E Hvle] 52 67|t} o] oA
Be Q7 FAHL (ComAND(1), ComnANDi(2),
ConnAND(3)} = {1, 4, 1}, {CommANDAD),
ConnANDA2), ComANDA3)} = {2, 1, 1),
{ConnLFSR(1), ConnLFSR/(2), ConnLFSRi{(3)} = {4,
2, 2}, {ConnLFSRA1), ConnLFSRA2), ConnLFSRA3)}
= {1, 1, 3}, {ConnORy(1), ConnOR«(2), ConnORK(3)} =
{1, 1, 2, 2832 {ConnLFSRA1), ConnLFSRA2),
ConnLFSRA3)} = {1, 1, 2}l =&l AAl7)e} ZF 2704

(825)

From OR Block
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|
]
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S gl B = So
z5 Zs a8 g8
29 2o Zg e
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B = =3 =
g & g5 g & g5
FN ExY 1= EXS
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Fig. 7. An example of CRIN configuration.
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V. 48 g3

olfl FolA & ISCAS'89 wWlxlvla 3= dis] &
=EdA ALE CRIN WAE A4 §2E 7199 &
4E SR8 2394 AL 20 4 AR A4
&% T = 50, Tiw = 0.1, K; = 097, 283 IPT =
5009 setvlE o MAsATh = 2 ¥ A
£9¥ H2E FEE J2J 2E 230 &L E
Ao 2 to|ud] s & (dynamic compaction) 374
2ol SynopsysAhe] TetraMax ATPG T2 & o] &
3to] Ar&alglTh. LFSRE A x’+lix+19] BATIEA
& 7K, LFSRY A= AQS gro2 MA3A.
AND EE37 OR £52 47 6471¢9] 2-94¥ AND Al
o|EEF 64719 2-93 OR AlP|EEE TAHNLH,
Zt BF U] AolE9 44" LFSRY 2Ho]x9 XA
2 2Ho]A] Alele] A7} 74 W & A9 2 o)A
g WA AEste BAe ARSI § 23 Y £
A7t LFSRe] 2Ho|X & v o (1, 64), (1, 63), (2,
64), (1, 62), (2, 63), (3, 64) ... FAE& =) =y
o] e =9 A& AT [4AA AR ¥
% FYsHA Al°|EF 7R (gate equivalent value)E

fu

AHEH HAE MEQ NIHEO I8 F clustered reconfigurable interconnection network W&E XA HAE J1Y S84 9

AH8-39tE n-9938 NAND £+ NOR AlolEd] djs)
A 05n, 283 JwE tsiA = 059 AESFTH
FE ARSI, =3 Ed2nA AolEd disA
05 28x SHEFA dEidE 49 AESIT
A& L3t A9 AE A A¥ A€
Wixula I 2EL RE A7 AU oyt YT &
¥ (balanced) 27 A& Zeria 7ML
g2 i 327 A9 28 AAE
MaxSkipPattern S €7} 500022 4AHAS o,
¥ 2= 71€9 RIN ¥ AHS¢ 48 A94E st
H, & 3& & =§dA A CRIN 7|H& A& 4
g 24732 9u@r}. ‘No. of configurations’ E-& Hx
E FH AE TpE Asted 9838 F 74 8
epdc}, Hl2E O 32 UM & R e
‘No. of BIST patterns’ ¥l EAIHo] glen, o=
100% 13AEES BAster 8% HAE A3
g ZAZ AL8E 4 gk E3 ‘Scan chain groups’
gl el B3 o] £AEL B =EA AL
N2 24 A Az g oFA dojd
AND-Chain, LFSR-Chain, &]3 OR-Chain® &
z}z} bl ‘Storage requirement ¥ £AE 7

A1

i

E 2 7i=e RN ofat Mg Z3t (3270 A7 HQl, MaxSkioPatiern = 5000)
Table 2. Experimental results using the previous RIN'¥ (32 scan chains, MaxSkipPattern = 5000).
No. of f Length | No. of No. of Storage Hardware
test of scan | scan No. of BIST requirement overhead Encoding |
Circuit | cubes chain cells Configurations patterns (bits) (percentage) | efficiency
$5378 1285 7 214 16 257188 272 11.24% 44.54
§9234 1557 8 247 32 517733 544 10.95% 35.55
$13207 3221 22 700 10 205859 170 2.30% 140.20
s15850 3257 20 611 36 588317 612 6.57% 45.71
$35932 74717 56 1763 4 27055 60 0.34% 523.20
$38417 7691 52 1664 243 2065818 4374 17.52% 19.96
538584 12216 46 1464 20 518498 360 1.50% 247.47
Average =] [m] d 52 597210 913 7.20% 150.95
E 3 HcHE CRINoi o3t 48 Za (3270 27 Agl, MaxSkipPattem = 5000)
Table 3.  Experimental results using the proposed CRIN (32 scan chains, MaxSkipPatiem = 5000).
Storage |-
No. of | Length | No. of No. of Storage Hardware Test time | requirement
test | of scan| scan No. of BIST | Scan chain | requirement | overhead | Encoding | Reduction | reduction
Circuit | cubes ; chain | cels | Configurations | pattems | groups (bits) (percentage) | efficiency | (percentage) | (petcentage) |
s5378 | 1285 7 214 11 186503 | (11, 18,3) 187 15.05% 64.78 27.48% 31.25%
s9234 | 1557 8 247 16 296770 | (12,12,7) R 9.20% 71.10 42.68% 50.00%
s13207 | 3221 p2) 700 6 157895 | (18,11,3) 108 3.5% 22069 | 23.30% 36.47%
s15850 | 3257 20 611 25 356231 | (16,12,4) 450 6.5006 | 617 39.45% _ 2647%
$35932 | 477 56 1763 3 19983 | (17,13,2) 45 1.06% 697.60 26.14% 25.00%
s38417 | 7691 52 1664 133 1225964 | (12,17,3) 234 10.54% 36.47 40.65% 45.2™%
s38584 | 12216 | - 46 1464 8 265469 | (9,19,4) 144 1.39% ~618.68. 48.80% 60.00%
Average| O 0 O 29 358402 | (14,15,9) 514 6.76% 253,07 35.50% 39.21%
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£ 4 71z ANl osh Me 23} (3274 A7 H9l, MaxSkipPattern
= 1000)

Table 4. Experimental results using the previous RINUIS] {32 scan chains,
MaxSkipPattern = 1000).

No. of | Length | No. of No. of Storage Hardware
test | of scan| scan No. of BIST | requirement| overhead | Encoding

Circuit | cubes | chain | cells | Configurations | patterns (bits) (percentage) | efficiency |
s5378 | 1285 7 214 19 73223 285 13.31% 42.51
$9234 { 1557 8 247 39 117432 585 13.35% 33.06
513207 | 3221 22 700 12 62201 192 2.69% 124.14
515850 | 3257 20 611 49 140379 735 8.81% 38.06
535932 | 7477 56 1763 3 13982 45 0.25% 697.60
s38417 | 7691 52 1664 262 492428 4192 19.00% 20.83
538584 { 12216 | 46 1464 25 174695 400 1.86% 222.73
Average| O 0 0 58 153477 919 8.47% 168.42

E 5 HtEl CRINol 2t M3 Z3t 3274 A7 &2l MaxSkipPattem = 1000)
Table 5. Experimental results using the proposed CRIN (32 scan chains, MaxSkipPattern = 1000).

) n Storage
No. of | Length | No. of No. of Storage Hardware Test time | requirement
test | of scan| scan No. of BIST | Scan chain | requirement | overhead | Encoding | Reduction reduction
Circuit | cubes | chain | cells | Configurations | patterns | groups (bits) (percentage) | efficiency | (percentage) | (percentage)
85378 | 1285 7 214 14 66831 11,18, 3) 210 17.05% 57.69 8.73% 26.32%
$9234 | 1557 8 247 21 86700 | (12,12, 7) 336 10.88% 57.56 26.17% 42.56%
513207 | 3221 22 700 9 54524 | (18,11, 3) 153 4.29% 155.78 12.34% 20.31%
515850 | 3257 20 611 32 103137 | (16,12,4) 512 7.72% 54.64 26.53% 30.34%
s35932 | 7477 56 1763 3 11553 | (17,13,2) 45 1.06% 697.60 17.37% 0.00%
$38417 | 7691 52 1664 152 352559 {(12,17,3) 2432 11.92% 35.90 28.40% 41.98%
538584 | 12216 | 46 1464 12 91444 | (9,19,4) 204 1.69% 436.72 47.66% 49.00%
Average| O u] a 35 109535 | (14,15,4 556 7.80% 213.70 23.8%% 30.07%

TFAoA Aol & HEl exte] ARE Agseu HAE 73S Manp7he] AND, 2832 Mor7Hel OR
ged AF IR 4 Yehidh Jdzd zE AolER 1AF WEY 3t=do] BE5S 92 d)
(encoding efficiency)& EHI2E FB AEd Tdd 7f o] B7HQl st=do] EF9 AMgdE B, F
AU ES Fad AFFT vlE vz AMNHAY ® TY £8 aHH R F3Y = enFes
29 Yyed 71E RING A8 A9t [14][15]9 A4 238 72%004 675%% EOE AL A¥AHE B
43 237t b9 olfe Ao AeE HAE FH ot} 71Ee A7 Aol w3, Atd CRIN W&
AES} LFSRY EAtHat4 18] LFSRY A =7t A A BAE 7|ME HEE AR 3B% #AEAZE T
E t27] dio|th. 2 AgdA AHSE HAE FH ow ATt 39% AL F Ut
of e THHEY] F& [14][15]9 gl A= H2E i 3271 32749 270 AAS 7HAH,
HiE FH AEY I3IE FAHES FHY BT MaxSkipPattern©] 100022 A9 A% ¥ 4= 7|
2 AgolN AHeH HAE Fu HEd FANEE £ RINo| Wid 48 Z32 ¥ 5 #2kd CRINO| 9%
20106670918 wral, [14][15]9) Aol AH&E HAE Ay 4d3es  RAEH CAdd b 2o
TFHY & F 13812700tk MaxSkipPattern©] 500030 3$-9) A7 nt}, B3 &
W3E AH HAES 58O 9 T 2o 1F T4 & F7HIEo, ‘No' of BIST patterns’ €
A2€E 24sked Zad H2E Zolg d=9of o] A2 HrtEE HEE AR ®ol ASHUES
3= oA B ARt £ =FolA At B 4 itk 334177 $386859] 7MY 279 32
CRINZ M2& 270 A Aujz] dueE 72998 A A¢E CRIN 7| 7]1E9] A7 A} vla
AguEe AAFES =d F dE D& =9 3 sl=dlol 2= 71 flol, A9 4% HXE

flo

B2g AT ABHOE 100% 1 TFAEES AT AF% A9 50%e AT Ak Tk A%
eysted Bad F THY 4E E AT B g 2 B 5 Ak
= 29702 9 4 vk A" CRIN W3E A4 ¥ 6 %7 %8181 % 9 H2E oY 327}

(827



88

6. 71=2 RINI'IUSTol o3t Mg 23l (647 A7 FM2l, MaxSkipPattern = 5000)

Y ES HAE NMEQ NBHE 7|82 £ clustered reconfigurable interconnection network UZAE XA EHIAE 21 £84 9

k24
Table 6. Experimental results using the previous RIN'"“'""®! (64 scan chains, MaxSkipPattern = 5000).
No. of | Length | No. of No. of Storage Hardware
test | of scan| scan No. of BIST | requirement | overhead
Circuit | cubes | chain | cells | Configurations | patterns (bits) (percentage)
s13207 | 3221 11 700 7 362638 119 2.87%
s15850 | 3257 10 611 19 454698 323 6.42%
7. HcHE CRINoi ofst A8 Zut (6470 22 #|2l, MaxSkipPattern = 5000)

x

Table 7. Experimental results using the proposed CRIN (64 scan chains, MaxSkipPattern = HUlu).

Storage |
No. of| Length | No, of No. of Storage | Hardware - Testtine | requirement
test | of scan] scan No. of BIST | Scanchain| requirement} overhead | Encoding |- Reduction | reduction
Circuit | cubes | chain | cells | Configurations | patterns | _groups (bits) | (percentage) | efficiency | (percentage) | (percentage)
s13207 | 3221 11 700 6 115221 | (37,21,6) 18 4.60% 220.69 R.23% | 924%
s15850 | 3257 10 611 14 268587 | (32,23,9) 252 6.78% 11.02 40.93% 21.98%
3592 [ 7477 28 | 1763 3 20087 | 35,254 45 1277% | 697.60 | 56/% | 000%
s38417 | 7691 26 1664 82 832211 | (25,34.5 1476 1223% .16 37.18% 43.84%
s3854 | 12216 1464 7 31285 | (25,33,61 1% 1.76% 707.06 214% . 46.15%
Awerage| — - - 2 30972 1 (9,27,6) 401 5.34% 359.10 4.8% 24.4%
E 8 7l=o RIN'Ilo) o3t M8 Zn} (6474 A A 2l, MaxSkipPattem = 1000)
Table 8. Experimental results using the previous RIN''“!""®! (64 scan chains, MaxSkipPattem = 1000).
No. of | Length | No. of No. of Storage Hardware
test | of scan| scan No. of BIST | requirement | - overhead Encoding
Circuit | cubes | chain | cells | Configurations | patterns (bits) (percentage) | efficiency
$13207 | 3221 11 700 8 101413 128 3.28% | 186.20
s15850 | 3257 10 611 .23 104230 345 7.77% 81.09
835932 .| 7477 28 1763 5 14793 75 0.74% 418.56
s38417 | 7691 26 1664 173 352950 2768 23.94% 31.55
538584 | 12216 23 1464 15 192376 240 2.06% 371.21
Average - — — 44.8. 153152 711 7.56% 217.72
E O AcE CRINoil oigt &f 23t (64M 22 A 2l, MaxSkipPattern = 1000)
Table 9. Experimental results using the proposed CRIN (64 scan chains, MaxSkipPattern = 1000). -
i . Storage
No. of | Length | No. of No. of Storage | Hardware Test time | requirement
test {of scan| scan No. of BIST | Scan chain | requirement | overhead | Encoding | Reduction reduction
| Circuit | cubes | chain | cells | Configurations | patterns | groups (bits) (percentage) | efficiency | (percentage) | (percentage) |
513207 | 3221 11 700 6 58314 | (37,21, 6) 102 4.6%% 233.67 42.50% 20.31%
s15850 | 3257 10 611 17 77167 | (32,23,9) 272 7.64% 102.85 25.96% 21.16%
$35932 | 7477 28 1763 3 11133 | (35,254 45 1.27% 697.60 | 24.74% 40.00%
538417 | 7691 26 1664 112 201921 | (25,34,5) 1792 16.34% 4873 - 42.79% 35.26%
$38584 | 12216{ 23 1464 - 10 112697 | (25, 33, 6) 170 2.19% 524.06 41.42% 29.17%
Average| - — - 30 92246 | (29,27, 6) 476 643% - | 321.38 35.48% - 29.18%
647he] 27 Ade TFHF A9 U 4¥ AAs veldch, ®=¢ MaxSkipPattern©] 100022 445

||t} MaxSkipPattern S}efwlE] gto] 500022 4

AHNE 5 & 62 71ES RIN dig 43 2HE
a3 % 72 AME CRIN 7194 o3 43 Z2%s

(828)
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10. 2t 74 & IFE 2| HAE #E FHof of

patterns per a configuration = 1000).

St AlS

- =20

Table 10. Experimental results for a fixed number of patterns per a configuration (32 scan chains, the number of

89

2R AW Aol Aojwaold & m{EH=1000)

previous work [14][15] Proposed approach
No. of | Length | No. of No. of | Hardware No. of Hardware Test time
test | of scan| scan No. of BIST overhead No. of BIST | Scanchain| overhead Reduction
Circuit | cubes | chain | cells § Configurations | patterns | (percentage) | Configurations | patterns | groups | (percentage) | (percentage) |
59234 1557 8 247 40 39043 14.41% 28 27029 | (12,12,7) 13.75% 30.77%
s13207 | 3221 2 700 17 16601 4.11% 12 11013 | (18,11, 3) 4.88% 33.66%
I 515850 | 3257 20 611 50 49050 9.41% 36 35129 | (16,12,4) 8.88% 28.38%
$35932 | 7477 56 1763 3 2178 0.25% 3 2202 | (17,13,2) 1.06% -1.10%
s38417 | 7691 52 1664 227 226379 16.67% 161 153198 | (12,17,3) 12.76% 32.33%
s38584 | 12216 46 1464 39 38039 3.03% 23 22033 | (9,19,4) 2.62% 42.08%
Avera 0 0 ] 63 61882 7.98% 44 41767 | (14,14, 4) 7.33% 27.69%
AU A9 0% AL Aokh Al %) B nFPEES DSk o} 1= AF A
ZE AR 259 27t slo qa Ae AR FL HAE AP YRE Fol
ABAA Y AL 2+ FAoNA <rtsior & dE AL E3le gFHUt Aot CR IN Wizd =HA
T& Uehlle Ar7t o AZE= Ao FHE 78 HAE 71 32 AFFH s=do] eHI=R
At AT [14]oA) A A3 nhe} o) 2y 74w} o AAAZLIH B HAE AHE 2AsE B4
o 1A4E 9] HAE dH S Uit Hre A% o glojd FIHel A WHE AT
FUE WesA @A B F 108 2 74 v 14
¥ 1000719 HAE Hel g A7lste HAE Ao JH Fa1Ed
o #g A AIE Vet 35932 WAnta 3=
gAY ZE 329 g A¢td CRIN 7|HL 7|& [1] P. H Bardel, W. Mcanney, and J. Savir,
o] A AR 2B%-42%2] HAE A7HE 7HE89 Built-in Test for VLSI Pseudo-Random
o} s35032 3| 2o] ML s1Ee @7 Agng o Technique, New York: Wgey, 1987. '
7 HAE Azl 2A® AL B 2~ ouh ole (21 V. D. Agrawal, C. R. Kime, and K. K. Salyja,
& H2E AR A AE 5 Ao oe “A  tutorial on built-in self-test part 1
s35932 327} A FRAAHNEAEHE S 7pA L A principles,” IEEE Design & Test of Computers,
%7] wFo|th vol. 10, pp. 73-82, Mar. 1993.
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o e B Az A AEH A FANES} A% [6] J.. A. Waicukauski, E. Lmd‘tiloom, E. B
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g 27 A HAE Fue AdgEs 2d 7 AT Generating Weighted Random Patterns,” IBM
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