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Studies on Design and High Level Synthesis for
Strong Testability of Data Paths*

Hiroki Wada

Abstract

Along with the improvement in semiconductor technology, the scale of logic
circuits is increasing. Also design costs and testing costs of the circuits are in-
creasing.

In order to reduce the design cost, the design of a circuit is incrementally
refined by using computer-aided-design(CAD) systems. By using a logic synthesis
system, a logic circuit is synthesized from the register-transfer level(RTL) circuit
written by designers. An RTL circuit consists of two sub-circuits. One is called a
data path which processes data. The other is called a controller which regulates
the data path. The data path is represented as a structure consists of modules
and signals. Modules are sub-circuits such as an adder, multiplexer or register.
The controller is represented as a finite state machine. Recently , high level
synthesis systems are proposed in order to reduce the design cost of RTL circuits.
By using a high level synthesis system, an RTL circuit is synthesized from the
behavioral description written by designers. A behavioral description denotes the
function of a circuit in the form of a procedure.

The testing of a logic circuit consists of test generation and test application.
Test generation means to generate an input sequence which makes different re-

sponses according to the existence of a fault. Such an input sequence is called

* Doctor’s Thesis, Department of Information Processing, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DT9861028, March 12, 2001.
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a "test sequence”. Test application means to decide the existence of faults from
the responses of a test sequence. If a fault has no test sequence, it is called re-
dundant. Fault efficiency denotes the ratio of the number of faults detected or
proved redundant to the total number of target faults under test generation.

For combinational circuits which have no flip-flop(FF), there are several algo-
rithms to achieve 100% fault efficiency with reasonable time. On the other hand,
for a sequential circuit, since search space of test generation algorithm depends
on the number of internal states represented by FFs of the circuit, sequential
test generation is time consuming problem. To ease the complexity of sequential
test generation, design-for-testability (DFT) techniques are often proposed. The
most commonly used DFT techniques are scan-based approaches. Scan tech-
niques replaces some FFs in a sequential circuit into scan FFs which can be
controlled /observed from outside of the circuit. Since these scan FFs can be con-
sidered to be primary inputs/outputs, test generation time for a circuit with scan
design is greatly reduced. However, scan techniques have disadvantages such as
increased test application time, hardware overhead etc.

Recently, non-scan DF'T methods are proposed. Values of FF's are justified and
observed through data transmission paths used for normal operation. Unlike to
scan mechanism, no additional data transmission path is needed. Therefore, the
hardware overhead caused by enhancement in testability is suppressed when the
DFT is applied to the data path which is the major part of the entire circuit.
However, the paths have to be easily selected in terms of the test generation cost.

In this paper, the concept of "strong testability” for a module in a data path
is introduced as the condition that the module is easily tested. For the strongly
testable module, arbitrary values are justified from primary inputs to the module
and arbitrary responses of the module are observed at a primary output. If all
modules in a data path are strongly testable, the test sequence with complete
fault efficiency can be easily generated. Next, a new DF'T method that translates

arbitrary data path into strongly testable one is proposed. A new high-level



synthesis for testability method that generates a data path of which all operational
modules are strongly testable is also proposed. These proposed methods enhance

the testability of resulting data paths with low cost concerned with testing.

Keywords:

strong testability, design-for-testability, high level synthesis for testability , reg-

ister transfar level data paths
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022 00/0000DFTOOOOOOO

233 0OO0OOOO

gogbbobuogdg,ooobboooo.obb,bbboooobbbouogon
oboooobuoob,bogbbooobooboo bFroooboooboon, o
gobboboobboodooooooboobooboboog,bbbbobodoooon
O000000000oo0o00oo. (booUoooooUoooOooooooOQ
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O00). 0000, 0000000000000 00D0OoC0O000UUoDooOoO
000000000 000o0ooO0oooooOn)oOoUooooOO. 022060
goboogoag.

234 DFTUOUOUOO0

00000 /O00opooo0oo0o0U0oooooooo,000ooo DFTO
goooog.

gobbooodgo.-obobbbbobboooo,bbbbbbbbbbobbbn
gbobooooob.bobo,bbuogobbudpuubpbbg
OO00leE 0D00D00OO0O00O0OOO0OODODODOOOOpOODL-O
O00000000D0O0ODODO. 0002000000000 M(DOOO =y,
000 000)00000p000 ¢ DOUODODOUODOO,MOOOO
z=f—(y) 000000 00,MOO0O0OODOOOO MOOO feFyO
gobbooooobbo,z000000 cUOOO0LOOOO. OO0
Ub0c00bodbuoooboobuodgbb0oobogoo.gobbo
gb1ooggbobbodugob1oboilgogobbogdg,bougogoo
oooboobooooboo.ogbuobbob e00bbo,MDOODO
o000 f0b0Db0Oy-z00000000. 0D0D0OO0ODOOOO M
ooob01obooboooobo Mm*Oboob,oobooboMMbOboooO
00000 M*O0000000000 (M*O000000 «,y/,00000
ZOOOD0OWOyO /00000000000 :000000). 00
0000 M*0000, 000000000 @Oo000y -72/0)000
0000000 THRUOOO, 0000000000 (DOOOO 2 -2
0)0O0ODO0O0O00O00O0 THRU*OOO.

gbobodogobbboooobbodugbbbuooobbbo,ebdd
O0000000000. 00000000 dd0bDOoDoOooooooooon

32000000000 2000000100000000000000,000000000
Oe=(y,2)00000.
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z,y00,d00002z000)000,d00000000000,y0000
O00000000000oooo,00d0dd0y0ooooo(o00,do
O0000000)000000O0. 000000000 ooooooooo
gbobooooobobo,ggbobbdooobbboooobobobooan.

gooboboboboobobbbbboodoooooo. bbooooouoaa
googobo,opgbobugbboobbooboboonobooboboo
ooobdb.oboboobobobo0THRUOODOODODOOD
gboboogobboog.gobboooobbbuooobbooog,o
gobobbobobobbbbbboddooooooooooooobb. o
oooooooobooooooooobooobobobo0obUoTHRUODO
gooboboboobobbbbboodooooo. bbobbooooouoooa
oooboodobooobo0o THRU*OOOOODOODOOobDOoOobOoOooD
00000 (DODoo0o0)0Dooo0UO0DO. ocoooooDoooooo
gbobooogobboooobbbuoooobbooog.

gbobooooob: bbouggbbuoobobuooobbooobboogan
gobobobobobobbbbbbdododooooooooooob. oogo
gbouogbobuog,gbbugbbuoobbuogobbuoobboobboo
gobo,gggobbobbbodgo,oodgooooobooboobboogo
gooboboboboobbbbbododoooooooo. oooouoguo
(P2)DCOC0000000DODOOCOOOOO0OOODODOOOOOOOO
gbb. dooooooooobbobbbbbbbboooouuooo
gbobobbobobobbbbbbuoodooooooooooooobb. o
gbobbooogobbooooobbbooooon.

00 1: 20000000 M(OOO 2z,yO00O0)00000O0,20000
O00y0O00000000000000D0O0O000O00 (O 2.3(a)).

00220000000 MOOO w,»,000 w0ODO (v,w)0JOOOOO
0)00000 (v,w)DODOODOO sO000O0O0O0O0OOOOOOO
000000000000 00. O (v,ww)OODOOOODOOODOOO
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023 00000000

0000000,000000000000s0000000000
00000000000 s0s00000000000000000
000000000000000 (0 23(b). 0230b)000000
Pl-a-b—u000s00000.00s000000000000
000000000 s0s0000000000000000000
000000000000000 (vyw)0000000000000
000000,00000000000000PI—c—d—z—y—v
ooooo.

0000 MOOOO00 20000 depth(z)0 200000000000
0,crlPI(z)0 c000000000000000000000000. O
0000 (v,w)000 depth(v) O depth(w) 00 000000000000
000000 7'000.0000000000000000000000
0oooooo.
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e 00020000000 MOOOOO«,y,00000 200, (z,2)
000000000000000)0000, depth(z) = depth(y) O
O ctriPI(z) = ctrlPI(y)) 00000,00000 200000000
0000 ROOOODOO0O0O0O00 (O 2.3(a)).

e 0000000 ROOO 2 000y000)00000000000
000000 M(O0O00 w0000 wO0,w,w)0000000)0
000000,RO0000000000 (0 2.3(b)).

— depth(u) = depth(v)
— T'oo0odooooodywDOODOOO
— ctrlPI(u) = ctrlPI(x)

O00000000000oo,021(d)00000D000O 22(c)0000O0O
000000 . 0220000000000 000UUOUOOUOOOOOOOg.

24, 0JO0O0oooobooooood

goooooooooboboboboooboooooboobooboboo M
gobo,0bbuogogbbouoooobboboooob.obo,buogon
gboboog,ugg,ggobooog.

Mo200000000,MO000000D000DOO0OO,MOODOODO
0000000 (pOOD0)0D000 MODODOOOOOOO. MOODOOOOO
O0,p000000000O00O0O0DOO0ODLO, MOOODOODODOOOO
gobbobD. odd,uguoudd oo, udoooooooobn
gbogboogbbuodgbb.oobbuobbuodbbudb epbbogon
gobboboboboobobbbbooudud epbgogoooooooonbn
oooooboooboobo, bbb b0 MOOOODDOO. O
gboboodboogobooobooobbodbbooobooobooon
gobh,dggbbododobobdooobboboooobbobuooan.

1. 00000000:00,MO00000C0OOOODOOCODOOOOOO,(O
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O00D0)MDODODODOODODOODOOOOOOOOOOOOOO.OOOoOoo
gbobobboboboobbbbbbooouooooodg. booooguaogo
goboggo.

024 000 3000000

021(x)000000000000000 24000. Cpathl,Cpath20 O
000,0path00000,Spathl 00 00O000O.

.goboooboobobu-3400b0oboob,ooboMOOODO
gooboooooboboboooa,obbo,bbooooobobobogao
00000, 00000000000C0CC00000O0 (D000 24000
O CpathlO Spathl OO0 DOOO0O0OO0OOOOOODOOODOOOOODOOO
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025 000 (3)000000 (000000000)

O00) 00000000000 00ooooooooooooo.

1.0000000: MO20000000 (000 2,y, 000 200,00
00000000 (z,2)00000000000000CDOOO)OOO
O0,000000 ep,y DUOOOODO ep, OO ¢p, U ep, IO O
Joooboooooboobobobobbboobobbobbobo. boDOep,
gooboooobobobboodrbbboooobbbooooo
Jddr01000bbooooobooboboonboo. og,g
00000000 booo0oboboooobDboooobboooo
gooboooo.

2.0000000: 00000000000000000. 0000000
000000000O0000on ji,---,5% 00,0 5;000000 sp
000.00,,0000000000000MO000000000
0ooooo0. sp,---,sp 000000000O000. 00000
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000000000/00001!(00,000000000 540000
0000000000000/00000000000000000
OLOO,LO00000sy,0000000000000L 000
L*000sp,000000000000000000, ;00000
00000000000000000000»000. Dr0 jiods
00000000,2)0000000000000000 0000
0000,3)0000000000000000000,,;,01000
0000 (000000 LO0000000000000000 10
00)000s,000000000000000000000000
ooooo.

bbb sp,000oggbobbbbogooobbbobooooonn
gbooogbobo.goboo,bodoobooobobooob 1o
go,0bodbbdoooboooboboobbuooobobooobor
gboob.ggbobuogobogobobo20bbodg,gbbboon
OO0 MOODOOooOoOOoooDOooooooodbobooboooo,onoon
gboooobbooodgbb,boogbobuooobo-gbo. gogn
Orgbooboboobbooboboobgdbbobobog, daon
oooorwoodbooboboboooooobooboboboooo
goboo.

O000o0oo0ooooooooooooog J=(j,---,:) 0000
g, dgggooobobobobobobbbbbddooooooono
gooddododdooooooooo,bbobobobbbbbbobn
O, 00b0bob.Jobobobobonbboo,0bobobonbon
O0000DO0oO0 O(n)OD0OD. DOOODDODOOUODOOOOOOO
O000O0O(r)000.025002400000000000000
O. SpathlO Cpathl OO ODOOO0OODOODOOODOO0O OpathOODO
gbob400000boboboooobobobooonn.

3. 00000000 0: 0000ooooo0o0oooooo (boogono)o
gboboogobboooobbou. gobbbuoodg,oobbbdo
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(MOOOOOOOOOOOO M)ODooooooooooooooooo
ooobobobo.bobooboboboobobobob 34000
gbobbodoooobbbooobobobboooobobobo.g2100 250
goboogooobooooa.

0o 1

oooo 1 3 4
0000 || (ooooo) THRU ooo
0o 2

oooo 1 3 4
0000 || (00000) | (000000)| 000
0o 3

oooo 1 2 4
0000 || (ooooo) ooo oooo
0o 4

oooo 5 6

oooo THRU* (0oooo)

021 000000

2,5, 0OO0OO

gbogboooboogboobuooboobobbobo,bobboobobo
O0,0000000000.0000000000GCDO,0O4thIIRO,0 PaulinO
OODO0ORISCOOOOODOOOOO,000000O0,Db0DO0ODODODO
gbooodgba,bbuoobo3gobooab. 2200000000000
goo.

0000000: 000000 ((@00FSY)000000000O00O000O0O0
gbobodgboboooboboobobooobbodbbooobooobooon

4 Full Scan
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GCD | 4thIIR | Paulin | RISCOOODOO
goo 2 1 2 1
goo 1 1 2 3
gobooo 3 12 7 40
MUX O 3 3 8 84
goobooood 2 d 7 19
goobooood 3 0 0 )

022 00000000

guoodgoo. bbb ooooobooobbbboobooa
godoboodoobooobobuo. oo bbooobboooooo
000000000 (Trs) 00O,

0000 (00ST°)00,00000000000000000000000
gobobobooooobbobuoooobo,ooboboboniybbb.bbooooo
000 (OO MUX)OOO/OOODODOQoOoOooooOooooooooooDoD. o
000000000000 MUXOOOOODOO (Dooooooooooo
0),000000000000000000000, 000000000000
gobbobbdoooobobtoooooubboboooooobbboooo.
gooodbboobboobboobboouo 1, 0b,0bbo0bbUOoon
00 Ty 0 T+ 7,000,

00,0000000000 Autologic II( Mentor Graphics ), 00000000
00O TestGen( Sunrise ) 0 O O, SUN SPARCstation 20( SuperSPARC 75MHz
)OO0o0O0O0000000 (booooo0ob0).0oboo23000.

gggtdobbbodggoobbboooooboboboobbooooag.
guooobooodooobbogooobobboooobobobbuoooo,ga
guobboddgbboooobbooobboobobuoobbuooobboa.
godddoooobbbbooooogoobooobbbboooooo.

5 Strongly Testable
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GCD 4thIIR Paulin RICSOOOO0O
T, =0.2 T, =0.2 T, =0.2 T, =14
bit | Tsr | Trs || Tsr | Trs | Tsr | Trs | Tsr Trs
8 1.1 ] 0.5 0.8 | 0.7 1.2 | 14 — —
16 | 1.6 | 1.7 1.3 | 2.2 2.8 | 4.5 — —
32| 5.8 | 7.5 || 14.2|33.7 || 11.3 182 | 58.65 | 5174097

023 0000000 (OO:0O)

ggdddd.ddddddddddddoooooooooLLL O
gboogdboboobbodo. bbogbbuooboboobobooobbootb,
obobodoboobooboobobb.ogobg24000.

e 0ODODO (ST)
(000000000000 x000000000000)0000000

gbobouoooon

e J00DODOO (FS)
(0000000)x (0000000 +1)+(0000000)
000,(0000000)=(000000000)

gbobodgbboogooboobbooobooobbuoobboobboon
gboubobogoboobggobo. oo, ogbbugbbooboooboan
gbobouoooobbooooobobod.

000000000000: 000000000 (org.),0000QoOOO (FS)
0,000000000000000 (STHhOOoooooooo,000000
oo0.00b,00bobooobobooboboobkitgbgo 3b00b, O

000000 99.99%0000000000.(000000000000000000000

O00ooO0ooooooon)
000000 99.97% 0000000000 (0000000000000D0D0D00D0O00

oooooooooOOoDOO0O)
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GCD 4thIIR Paulin RISCOODOODO
bit | ST | FS ST FS ST FS ST FS
8 | 254 | 1299 | 852 | 2715 | 1137 | 2792 - -
16 || 470 | 5732 | 1392 | 8105 | 1503 | 8587 - -
32 || 760 | 22794 | 2600 | 71224 | 2512 | 24524 | 8505 | 1006154

024 000000 (@QWO:0000)

gbobooooooobbsgbo,bbuouoooobbboooooobn
O000040000000. D000 25000. 000,000%0HO0000

goo.
DFTOOU0ODODOO —DFTODOODOOO

DrFrTOD0OUOO0D0OO
gboboogbbuoobbuoobbboobbuooobooobboobooon

OOoboooDooboooo. 4hllROOCOODOO0OODOOOODOODOOOO
Oo00o0o0oobOobOobobobuoboo. bgbo4hlIROODOOOODOOOO
(100 10000000000)0000O000O0OOOOO0OOOODO0OOOQ
gobbobobobobbbboooodgo, oo ooooooobooDot
gbooboodboogbbuoobbooobboobbooobooobooon
gooo.
gbbogoboooboobboobbuoobbooobbooobboon
goog,0buodbogbboobogbuoobboobooboobob. on
gboboogboboooboobooobooobbodbbooobooobooon
OO0DODO0. 4hlIROOSO000000000000 3000000000
g, gggbobbogbboboobbbugbbboooboooobbagn.
gobobobbobbbdoooooobobob,oo0oobobboboboboooon
gobobdoooobbooooobbooooobbuoooonoo.

x 100(%)
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2.6. OO0

gbobog,gbogbbuodbooobuooboboobobob,ooboon
gboogobuogoboobboo,ogb,bboobbobobooboboon
gboogbboobogbuoobooboboobooboo.ob,bo0boon
gbobooggbbuogobboogbboobbuoobboobbuooobooon
gboboboooogoboobo,googbbboooog,ooobbob,n
gobbbbo3tdd,bgddgoooooobbboobbboooooooon
goboooogooog.

gogddoobbb, oo ooobobobbobobbbb. oobo
g,iugggbbbboggogbbbbooooooboo, 2030000400
gbobobo200000000bbobbouoooobobooboboog,oobn
gobbodogoobbbooooobobooooooboog.
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GCD

org. ST FS
bit || #FF | #gate | #gate | %OH | #gate | %OH
8 24 259 267 3.1 283 9.3
16 48 529 545 3.0 677 28.0
32 96 873 905 3.7 1161 33.0
4thIIR
org. ST FS
bit || #FF | #gate | #gate | %OH | #gate | %OH
8 96 350 510 45.7 636 81.7
16 192 1192 1512 26.8 1768 48.3
32 || 384 4316 4641 7.5 5468 26.7
Paulin
org. ST FS
bit || #FF | #gate | #gate | %OH | #gate | %OH
8 56 1152 1184 2.8 1240 7.6
16 112 3848 3912 1.7 4042 5.0
32 || 224 | 13848 | 13976 0.9 14200 2.5
RISCOOOO0O
org. ST FS
bit || #FF | #gate | #gate | %OH | #gate | %OH
32 || 1280 | 58158 | 64497 | 10.9 | 67870 | 16.7

025 000000040oobooo
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3.1. OO0OnO
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O0RILOODOO0O0OOOOO000O0O0OO00000O0O00000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000

0000000000000OD (13)0000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0 [13]0
0000000000000000000000000000000 RTLO
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gbbodoooobboooobbbuoogood
1. ggobobbooooboobod
2.00000oobboboooobobboo
. 0ouooobbobooobobbbooobobbobooobon

gbobogdgbobooobooboboobbuoobobboobbobbuooobooaon
gbobooobbooobbo2no3agdgbobooobbouoobbooan
gboobobogdbbuogobooobbooobooobbuooobooon
gobogboodbbuooobooobbooobooobbuooobooon
goboodd
gbobbogoboodooobbobobboobboobbuooobboon
gobbbooospbobobobbbuooooobobbboobboouooooon
gboobobogdgbbuogobooobbooobooobbuooobooon
gbooboodgbbuogbuooobooobbooobooobbuooobooon
gobbooooobbooooobbodao
gogds32idogoooboboobodoooooobobboboooooon
gobbbbobuougooooo33goooonobooobbooooooon
gbooboodgbbuogbbobogbbuobooobooobbuooobooon
oboobog331ogbogoos400obo3300booonboonboooon
gobodooobbooooobossbbobouooboon

3.2. OO0

gboboobboobuoooboobboobbo0oboRILODOODDO
goooo

l. Jgdodogdd.: oo oooooobobbbbbbobo
gbobbobobbuouooooobbbobbdoooooonooboobbooo
Oo0o0o0oo0oboo0oobbo0o0 fOOO0DO0DO0OOD fOOODDOO
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OoooOoOoOoO0OO0O0O0»,00000000000000 000000
oobdbodrn, 0000000000004

2. 0000000: RTLOODODDOOoOoDbOoobooboobobooboooboo
gbobouoooon

. J0b0booob:b0o00bo0obobbOobbo0obo RTLOODbDOODO
gbobobouooogbobbuooooboo

4. 00DO00opob: bogobbobboobo0booboobboonoba
gbobbobobouooooobbbbbboouooobobobobboodgo
gbobboobbuougooobbbbobuodoooobboboobboogo
gbobbobbbuoooooobbbbbooooobbobobboogd
gbobobobobobbbddooooooboobobbbo20bbb0bo0gaa
goboogoobbooooboogo

gbbogoboodobboobboobooobboobboooboon
gbobodoodoobbooobbobboooobboboooobbboooon

3.2.1 0OU00O0oooooobobooooo

ggbbooobbuooobbooobbboooobbil1oob 200000
00 1000000000000®0

goboboboobooboboobuoobbuoovVioboo EODODOooDO
OO0 prpGO00O00O0O0ODO0O0O0O0OO

V = {(op,ts,te)|lop € OP,t, € T, t. € T}

DFG = (V,E) 000 {
E = {(vt, vp, p)|ve, v, € V,p € {0,1}}

00 v=(opty,t)000¢,0000000000¢00000000 opO
00000000000000PO00000000000000000TO0
0000000000000 0000+.000000000000000000

sOopooon
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00000000 vopdut, 00 vt, 0000Ve € V(ut, <vt,)000000
Oe=(v,u,p) 000 »,00000000000v,0p0000000000
0000000000 000000000 e,e000000000 e.vp, eO
e, 0000000000 epd0O0O
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3.2.2 0JO0O0OOOOO
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gboboogdgbbuoobuogobbobbooobbooobooobbooob
oo MOOOOOOOOoOobOOoooDbOoobOoOoobooooboooboo
gobooooobboooobboboooobooo

3.3. DrpUUOUO0O0Uooooooooon

gboboboobogppPO0DbObLObLObDOODPUOLDODOODLODO
O0[3|0000000000000000000000 MOOO0O 20000
oboboboo MMODODODOoOoObOoooo

e ID0U0O:0DODLOODLOODOUODL MO20000000D0O00DO
gooo

e IO0U0OD: MOUODOODODODLDOODOODODLDODODOODOODO

b1 0b0o0000obobooooooobooo
OO0bO0000obO0oboO0obO0obooO0ob0ooboOobDOob0 pFGOOOODODO
o0 ppOO00O0ODLOOODOODOODOO

e DFGUDOODO
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Yu,v € DOM (z)(u# v < f(u) # f(v))
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e U0 200000O:000D0UO0O0 z,y, UODODDOUOOO 20000
gbooou2000000o00

Yu,v € DOM(z)(3a € DOM(y)(u # v < f(u,a) # f(v,a)))
Yu,v € DOM (y)(Ja € DOM (z)(u # v < g(a,u) # g(a,v)))

ooooi1obobooooooooobooobo fOob0b0obo0ooOobOobOobOoon
g2000000bbogobboogbobbooobbbuooobbbooob
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