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On the Adders with Minimum Tests

SELJI KAJIHARATT and T'SUTOMU SASAOf: Tt

This paper considers two types of n-bit adders, ripple carry adders and cascaded carry look-
ahead adders, with minimum tests for stuck-at fault models. In the first part, we present two
types of full adders consisting of five gates, and show their minimality: the adders contains
the minimum number of gates among adders consisting of only 2-input gates. We also prove
that one of the full adders can be tested by only three test patterns for single stuck-at faults.
We also present two types of 4-bit carry look-ahead adders, and prove that the sizes of the
minimum tests are 10 and 12 for single stuck-at faults. In the second part, we consider the
tests for the cascaded adders and show the followings: Single stuck-at faults in an n-bit ripple
carry adder can be detected by the same size of tests as those of a full adder, and six tests are
sufficient even for multiple stuck-at faults. For the 4m-bit cascaded carry look-ahead adders,
the sizes of the minimum tests are less than 12 for single stuck-at faults. Note that the sizes
of the minimal tests do not depend onthe value of n nor m. These tests are considerably
smaller than previously published ones.
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Fig.1 Full adder using AND, OR, EXOR gates.
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Fig.2 Full adder using AND, EXOR gates.
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Fig.3 Ripple carry adder.
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Fig.4 Carry look-ahead adder using AND, OR, EXOR

gates.
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Fig.5 Carry look-ahead adder using AND, EXOR gates.
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Fig.6 Proof of minimality of full adder.
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Table 1  Tests for the full adder in Flg. 1.

In Out

test | a b cin | S  Cout

t1 0 0 1 1 0

to 0o 1 0 1 0

t3 1 0 0 1 0

tg 1 1 x x 1

ts y ¥ 1 0 1

02 000000 20000000
Table 2 Tests for the full adder in FIg. 2.

In Out
test
t1
t2
t3

Cin S
1 0
0 1 0
1 1
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03 000000 1000000000
Table 3 Necessary Assignments for the full adder in

Fig. 1.
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Table 4 Tests for the carry look-ahead adder in Flg. 4.

In Out
test|ay az a3z aq by by by by co| cqa
t1 o 1 1 1 0 0 0 0 1 0
to 11 1 0 1 1 1 0 1 0
t3 1 0 0 0 1 0 1 1 1 0
ty 1 1 0 1 0 1 1 0 O 1
ts 1 1 1 0 1 0 0 1 O 1
tg o 0 0 o0 1 1 1 1 1 1
tr 11 0 1 1 1 0 0 1 0
tg o 1 1 0 1 0 1 1 O 1
tg 1 0 0 1 0 O O 1 1 1
tp |0 O O O 1 1 1 1 0 0

05 0000000000 s0000000
Table 5 Tests for the carry look-ahead adder in FIg. 5.
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test|ay az a3z aq by by by by co| cqa
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t12 1 0 1 1 1 1 0 1 O 1
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Table 6 Minimum tests for the ripple carry adder.
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Table 7 Minimum tests for multiple faults of the ripple

carry adder.
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Table 8 Tests for the 4m-bit carry look-ahead adder.

test|ay az a3z a4 by by by by cog as ag ay ag bs bg by bg
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T3 10 o o0 1 0 1 1 1 0 1 1 0 1 0 1 1

Ty $1 1 0 1 0 1 1 0 O O 1 1 1 O O O O

Ts 11 1 0 1 0 0 1 0 1 1 1 0 1 1 1 O

Ts o o0 o o0 1 11 1 1 0 O O O 1 1 1 1

T7 1 $P 0 1 1 1 0 O 1 O 1 1 O 1 O 1 1

Tg o 1 1 o0 1 o1 1 0 1 O O O 1 0 1 1

Tg 10 o 1 0o 0 0 1 1 1 0 O 1 0 0 0 1

Tip{0 0 0 o0 1 1 1 1 0 O O O O 1 1 1 1

7T977/0 11 0 1 0 1 1 0 1 1 O 1 1 1 0 O




Vol. 42 No. 4

gobooooooooosoboooooooooo
obooobooooooobooooooobobooboooo
goooooooooobobooooooooboooo
OOoooOOoOooOODOEXOROOOODOOOOOOO
ooooooooooooobooooooooboooo
oooeExorROOOoOOOoOOOOODOOODOOOOO
gobobobooooooooooooo4bobbODOO
goboooobobooboboboooooobobobonOO
gboooobooooboooobooooooao
gooooooooooboobooooboobooood
go20000000000C0COO00OoOooOboOn
gbooooooooooooooooobooboooon
gooooooooobooooooooobooon

g o o o

1) Akers, S.B. and Krishnamurthy, B.: On the
Application of Test Counting to VLSI Test-
ing, Technical Report, No.CR-85-12, Computer
Research Laboratory, Tektronix Laboratories
(1985).

2) Batek, M.J., and Hayes, J.P.: Test-set Pre-
serving Logic Transformations, Proc. 29th
ACM/IEEE Design Automation Conference,
pp-454-458 (1992).

3) Becker, B.: Efficient Testing of Optimal Time
Adders, IEEE Trans. Comput., Vol.37, No.9,
pp.1113-21 (1988).

4) Becker, B., Drechsler and Molitor, P.R.: On
the Generation of Area-time Optimal Testable
Adders, IEEE Trans. Comput.-Aided Des. In-
tegr. Circuits Syst., Vol.14, No.9, pp.1049-66
(1995).

5) Becker, B., Drechsler, R., Krieger, R. and
Reddy, S.M.: A Fast Optimal Robust Path
Delay Fault Testable Adder, European Design
and Test Conference EDETC 96, pp.491-498
(1996).

6) Bossen, D.C. and Hong, S.J.: Cause-Effect
Analysis for Multiple Fault Detection in Com-
binational Networks, IEEE Trans. Comp.,
Vol.C-20, pp.1252-1257 (1971).

7) Cheng, W.-T. and Patel, J.H.: A Minimum
Test set for Multiple Fault Detection in Ripple
carry Adders, IEEE Trans. Comput., Vol.C-36,
No.7, p.891-5 (1987).

8) Cox, H. and Rajski, J.: A Method of Fault
Analysis for Test Generation and Fault Diag-
nosis, IEEE Trans. CAD., Vol.7, pp.813-833
(1988).

9) Hill, F.J. and Peterson, G.R.: Introduction to
Switching Theory and Logical Design, Third

goooooooooooooooooooon 1051

Edition, p.180, John Wiley & Sons (1981).

10) Kajihara, S., Pomeranz, 1., Kinoshita K. and
Reddy, S.M.: Cost-Effective Generation of Min-
imal Test Sets for Stuck-at Faults in Combina-
tional Logic Circuits, IEEE Trans. Computer-
Aided Design of Integrated Circuits and Sys-
tems, Vol.14, No.12, pp.1496-1504 (1995).

11) Kautz, W.H.: Testing for Faults in Cellular
Logic Arrays, 8th Annu. Sympo. Switching and
Automata Theory, pp.161-174 (1967).

12) Kohavi, Z.: Switching and Automata Theory,
p.116, McGraw-Hill (1978).

13) Liu, T-K., Hohlin, K.R., Shiau, L-E. and
Muroga, S.: Optimal One-bit Full Adders with
Different Types of Gates, IEEE Trans. Com-
put., Vol.C-23, No.1, pp.63-70 (1974).

14) Muroga, S.: Logic Design and Switching The-
ory, pp.518-520, Wiley-Interscience Publica-
tion (1979).

15) 0000000000000 000—0000
00ooOoooo0ogdvold7, No.l, pp.80-85
(1996).

16) Tinder, R.F.: Digital Engineering Design,
p.-274, Prentice-Hall (1991).

17) 00000000 0ooO0ooOoooOooooo
O0oo0ooooooooouoooooooo
00o00oooooooooooooooo b-1t
Vol.J73-D-1, No.12, pp.997-1005 (1990).

OO0 ADDOO 230000

s; 0 ¢, 000000 0000000000 Oco
godboooobbboobobooboooooo
goono

si = (a; B b;) Bei
a;b; V (a; V bi)ci—1

= a;b; ® (a; ® bi)ci

¢ 000000 vOODO e000OoobobOooon
gooooooag

E; =a; ® b,

Gi = aib;
O0000F; 0 G;000000s;0 000000
gooono

s$i=FE; ®ci—1,

ci =Gi ® Eici—1.
gobobooobooooo

(&

s1 = E1 ® co,
c1=G1 @ FEico,
sa=FEy @

=E; ® Gy ® Eico,



1052 goooooooo Apr. 2001
09 000000000 s00000D00D0O0
Table 9 Possible values for the tests in Table 5.
ay b1 co a1 ®bi  ag b 93 94 g5 g1 92

001101 010111 100011 011010 101001 110011 000101 000010 000111 011010 011101
000000 000000 111111 000000 000000 000000 100011 000010 101001
111111 111111 111111 111111 010111 100011 110011
001101 010111 010110
110111 001100
001111 000000
101111 111111

010 00OO00OO0OOo0OoOoOooooo
Table 10 Possible values after removing unjustifiable ones.
ay b1 cg a1 @by ap bo 93 94 95 g1 92

001101 010111 100011 011010 101001 110011 000101 000010 000111 011010 011101
000000 000000 111111 000000 000000 000000 100011 000010 101001
111111 111111 111111 111111 010111 100011 110011
001101 010111 010110
110111 001100
001111 000000
101111 111111

c2=G2 ® Ezc1

=G2 ® E2(G1 @ Eico)
=G2 @ E2G1 @ ExEqco,
s3=E3 @ c2
=E3® G2 @ Eacy
=FE3® G2 ® E2(G1 @ Evco)
=FE3® G2 ® E2G1 @ ExFico,
c3=G3 @ E3ca
=G3 ® E3(G2 ® E2G1 @ E2E1¢0)
=G3 ® E3Ga ® E3sExG1 @ EsExFEqco,
sa=FE4®c3
=F1@® G3s® EsGo @ EsFE2G1 @ EsExEqco,
ca=G41 @ Eascs
=G4 @ Es(G3 @ E3G2 @ E3ExG1 &
EsEs>FEco)
=G4 @ EsGs3 @ B4 3Gy © E4E3E>G1 ©
E EsE>FEqco.
000040 OROOODODO 50000 EXOROO
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Fig.7 Sub-circuit of the ripple carry adder.
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