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Abstract

Recently, to reduce test cost by efficiently compressing test patterns for SOCs(System-on-a-chip), different compression

techniques have been proposed including the FDR(Frequency-directed run-length) algorithm. FDR is extended to
EFDR(Extended-FDR), SAFDR(Shifted-Alternate-FDR) and VPDFDR(Variable Prefix Dual-FDR) to improve the compression
ratio. In this paper, a frequency-ordered modification is proposed to further augment the compression ratios of FDR, EFDR,
SAFRD and VPDFDR. The compression ratio can be maximized by using frequency-ordered method and consequently the
overall manufacturing test cost and time can be reduced significantly.
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// Test Vector
101100000001 O0O0OT1O0
000100000OD0OO0OO0O1O0O00O
0000000001 O0OO0OO0OO0OO0ODO
01 00001000O0OO0OO0OO0OO0ODQO
001 000000O0OO0O0OO0OO0CDO0T1
agl 1. 7|2 H2E HEt
Fig. 1. COriginal test set.
= 1. FDR Code
Table 1. FDR Code.
Run . .
Group Prefix Tail Codeword
length
0 0 00
A 0
1 1 01
2 00 1000
Ay 3 10 01 1001
4 10 1010
5 11 1011
6 000 110000
7 001 110001
Az 3 110 010 110010
13 111 110111

o 2bit7} ¥ Eofdrh. 18] 3 Run-length7t j&I
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// Test Vector Partitioning
1 01 1 0000O0O0OO0T1 001
0000O01 0000O0O0OO0OO0OT1 000
00000O0OO0OO0OO01 0000O0O0OO0T1
00001 00000O0O0OO0OO0O0O0T1
000000O0O0OO0OO0O0O0T1
// Encoded Test Vector
00 01 00 110010 1 00
0 1010 110010 11011
0 110001 1010 11011
0 110110

Compression = 32%

a3 2. FDRE XM 3% d-d& 51 L4EE ololH

Fig. 2. FDR applying group divided Run-length &
compressed data bit conclusion.

Lt. Extended FDR
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¥ 2. Extended FDR Code
Table 2. Extended FDR Code
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// Test Vector Partitioning
10 110 000000O01 001
00001 000000O0O0O0O1 000
00000O0O0OO0O01 0000O0O0OO0T1
00001 0O000000O0O0OO0O0OT
00000000O0O0CO0O011
// Encoded Test Vector
1 00 1 01 01011 001 0
1001 0110001 011010
1 0110000 01001 011
0100 0110101

Compression =26%

O3 3. EFDRES MEst d-d& OF1 oA=E oolH

Fig. 3. EFDR applying group divided Run-length &
compressed data bit conclusion
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C}. Shift Alternate FDR

SAFDR €182 =3t FDR &ug 3o 7)ykat &

E 3. Shifted Alternate FDR Code
Table 3. Shifted Alternate FDR Code.

Run Group
Run ) ) Codeword | Codeword Group Tail Codeword
G Pref Tail -
roup length e a Runs of Os | Runs of 1s length Prefix
1 0 000 100 Al 1 0 0 0
Al 0 9 01
2 1 001 101
3 00 | 01000 11000 3 00 1000
4 01 1001
A2 4 10 01 01001 11001 A9 10
5 10 01010 11010 5 10 1010
6 11 01011 11011 6 11 1011
7 000 0110000 1110000 7 000 110000
8 001 0110001 1110001 8 001 110001
A3 9 110 010 0110010 1110010 A3 9 110 010 110010
14 111 | 0110111 | 1110111 14 111 110111
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SAFDR applying group divided Run-length &
compressed data bit conclusion.
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E 4. Variable Prefix Dual FDR Code
Table 4. Variable Prefix Dual FDR Code.
Run Group )
Group ] Tail Codeword
length Prefix
1 0 100
2 10 1 101
Al 3 0 010
01
4 1 011
5 00 11000
6 01 11001
110
7 10 11010
8 11 11011
A2
9 00 00100
10 01 00101
001
11 10 00110
12 11 00111
// Test Vector Partitioning
1 0 11 00O0O0O0O0OO0 1 00
1 0000 1 00O0O0O0OO0OO OO 1
000O0OO0OO0OOOOOODO 1 0000
000 1 0000 1 00O0O0OO0ODO
00O0O00O0 1 000O0O0OO0OO0OO0OO0OODO
0 1
// Encoded Test Vector
1 1 00 1 00 1 01 1 1001
1 00 1 01 1 00 011 1 00
1 1011 1 00 00111 1 00
11010 110 011 1 00 0
0110 110 00111 1 00
Compression = 5%
% 5 VPDFDRZ2 XMg¢%h ©-"da JFn b= o
NEREIEE
Fig. 5. VPDFDR applying group divided Run-length &
compressed data bit conclusion.
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Algorithm : Frequecy-ordered

Input : 1. Run-length entries L
2. Frequency of Run-length entries F from test vector
3. No. of entries allowed N

Output : Codeword entries C

For the following n decision;
forifrom I ton;
forj from i+l ton;
if(F;< F)
replace F;with Fj;
replace L; with L;;
fori from 1 to n;
C; correspond to L,

=
Fig.

Frequency-ordered Z112|&

6.
6. Frequency-ordered algorithm.
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3. Decompression Architecture
HAE HolH 4F 7|eS AFEgl ug gage
g2 o|t},

29 9% FDRY tl#y %% yephith FDR &L

geor =" "HAE dHolH7l YauyE Fdt
Tar= WA 71213 ¥3E Tegre CSRAFS &
3 e S Edste] 7o) s E = Cores H&
Egit,

13 102 FOFDR AHg Al 223 vig 223 v
TFzolth. WAl FDRS AHE Al FSM3} 7+&-H
ol-gsto] tay FxE A €t kAW FOFDR
g8l A FHH, BE s ofEHe]7] wiTo]
7hAQ1 Wi Z#e] Faste 1y 109 Ay TF2E
Zr=t} Input @2 J=zEH HES JHS on)st
o, vy 2Ae A AEH7] A A FAaHS 2
Hr} Bit-ine w5 2AClA vy Q1sdE Fh Sync

to wu &

—Decoder

Core
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Fig. 9. Decompression Architecture
out A
bit-in >
input Mappin sync
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Logic

3% 10. FOFDR AR Al st C|IHSt ojE 23
Fig. 10. The mapping logic and Decoder Used for FO.
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Fig. 11. Number of state using FDR and FOFDR for
the ISCAS benchmark circuit $5379, s9234.
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Table 5. Compression of FDR & FOFDR.
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SAFDR, VPDFDR ¢3¢ 01%%3 HoEh
2 =ToA 7]Ee gy nn Aeket FOFDR

< AAE 1%9A4 BA= 3%9 H2E 4555 3

Al7)e APAHE HofFr

£ 62 7H7te 32| tE =Y | HE vESFE
Ho]ZTh CRDS HEH o7 U HESFS fiu g B
o]z}, HH Ao R of %R =& GEE HHS B
o]5m, EFDR %125 4<% A9ksk FOFDRS AR&-8}
HAAE 4%0] A BAE 11%29] HAE 4EE )
A& RojFETh

ISCAS % Compression Ratio
CirCuit | FDR |Proposed| CRD | EFDR |Proposed| CRD |SAFDR |Proposed| CRD [VPDFDR|Proposed| CRD
S5378 4803 | 4933 | 1.30 | 51.97 | 5439 | 241 | 499 | 5093 | 098 | 4799 | 5010 | 211
59234 4364 | 4409 | 045 | 4592 | 4942 | 350 | 4506 | 45,72 | 066 | 4758 | 5052 | 294
S13207 | 8131 | 8239 | 1.08 | 81.8 | 8367 | 1.82 || 8011 | 81.34 | 123 | 8223 | 8362 | 146
S15850 | 6621 | 6665 | 044 | 6799 | 6923 | 123 | 6563 | 6620 | 057 | 6775 | 6950 | 176
S33417 | 4327 | 4463 | 1.36 | 6057 | 6347 | 290 | 6064 | 6191 | 137 | 6230 | 65.05 | 276
S38B4 | 6093 | 61.07 | 015 | 6291 | 6441 | 150 | 61.09 | 6129 | 020 | 6396 | 6446 | 050
CRD : Compression Ratio Difference
¥ 6. FDRI FOFDRel & H|EFLl &EE

Table 6. Encoded bit and Compression of FDR & FOFDR.

ISCAS
CirCuit

No. of
Test
Vector

No. of
Bits/
Vector

No. of
Total

% Compression Ratio & Encoded Bit

Bits

FDR

PFO

CRD

EFDR

PFO |CRD | SAFDR | PFO | CRD |VPDFDR| PFO | CRD

S5378

111

214

2374

123%6

12048

2.56

11419

108451 529 | 11900 [11666| 2.01 | 12366 |11864| 4.23

59234

159

247

39273

22148

21972

0.80

21250

19876 | 691 | 21588 |21330| 1.21 | 20597 |19443| 594

513207

236

700

165200

30880

29092

6.15

29992

26977 |11.18| 32864 |30836| 6.58 | 29366 |26953| 8.95

515850

126

611

76986

26016

25676

1.32

24643

23694 | 4.01 | 26460 |26022| 1.68 | 24833 |23480| 5.76

S38417

9

1664

164736

93452

91214

245

64962

60177 | 795 | 65012 |62756| 3.99 | 62107 |57568| 7.88

S38584

136

1464

199104

77798

77508

0.39

73853

70865 | 4.22 | 77480 |77080| 0.52 | 71761 |70765| 1.41

CRD : Compression Ratio Difference

PFO : Proposed Frequency-ordered

(1014)



[¢]

ooy Jy 2
B
o
ol

o

20144 58 MX3E ==X H 518 A 5 =
Journal of The Institute of Electronics and Information Engineers

3t

I
4

o2

to o >R

2

¥ 2

=

e
&

(1]

(2]

[3]

[4]

[5]

(6]

REFERENCES

Laung-Terng Wang, Xiaging Wen and Shianling
Wu, “Using Launch-on-Capture for Testing
BIST Designs Containing Synchronous and
Asynchronous Clock Domains” IEEE Trans.
Computer-Aided Design of Integrated Circuits
and Systems, pp. 229-312, Feb 2010.
Xtysovalantis Kavousianos, Emmanouil
Kalligeros, Dimitris Nikolos, “Optimal Selective
Huffman Coding for Test-Data Compression,”
IEEE Trans. on Computer, Vol. 56, no. 8, pp.
1146-1152, August 2007.

Shyue-Kung Lu, Hei-Ming Chuang, Guan-Ying
Lai, Bi-Ting LaiYa-Chen Huang, “Efficient Test
pattern Compression Techniques Based on
Complementary Huffman coding” IEEE Circuits
and Systems International Conference. ICTD
2009.

Chandra. A, Chakrabarty. K, “System-on-a—chip
test-data  compression and  decompression
architectures based on Golomb codes” IEEE
Trans, Computer-Aided Design of Integrated
Circuits and Systems, Vol, 20, pp. 355-368, Mar
2001.

Chandra, A, Chakrabarty, K, “Frequency-directed
run-length (FDR) codes with application to
system-on-a-chip test data compression” VLSI
Test Symposium, IEEE VTS 2001.

El-Maleh, AH.  “Test data compression for
system-on-a-chip using extended frequency
—directed run-length code”, Computers & Digital

(1015)

113
Vol. 51, NO. 5, May 2014

Techniques, IET, Vol. 2, pp. 155-163, May 2008.
Chandra. A, Chakrabarty. K, “Reduction of SOC
test data volume, scan power and testing time
using alternating run-length codes”, Design
Automation Conference, 2002. Proceedings. 39th,

Yang Yu, Zhiming Yang, Xiyuan Peng, “Test
Data Compression Based on Variable Prefix
Dual-Run-Length Code”, IEEE International
I2MTC, pp. 2537-2542, May 2012.

[8]

20123 ~2014
€l 53
A Bok

E, FPGA A 7>
2 £ A
20043 shFofsla A A FE
s s} 24,
2006 SHFdEa 7
\ 44 £,
N
7 ﬂmm 20061 ~201211 LG A SICH -
Ll 2 AT,
~ @A) seusta AFE T} whal
37 A
<FIAECE D SoC AA 2 HAE
Low Power Design>

ol

3z
I

€3 9

I

;*

20124

, Scan Design,

gt M F(HAIY)-wA A=
'). 198341 sFeku st A A} st x)
Al =9,
19834 ~ 198643 %/‘é/\} AZEY
s of i AT

1992\ Univ. of Messachusetts
x47]/74 E]J‘rsh,].
uhrl £,
~1994d IBM Microelectronics 91 12=¥l.
~dA ST HirE sty A,
H2E 34, Built- In Self Test

19923
19944
<FHAHAFL
Scan Design, ATPG, ASIC A,

Alzdl A g x o] &>




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


