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A Fast Fault Detection Circuit for Low-power Adders
with Timing Error Tolerance

MIKIO YAMAHARA,#* KAZUHIRO MIMA,t2 AKIHIRO CHIYONOBU'?
and TOSHINORI SATOt

In the deep submicron (DSM) semiconductor technologies, a conservative approach called
“worst-case design” will not work very soon. The DSM increases noise and process variations
and requires supply voltage reduction, and thus reduces design margins that worst-case de-
sign methodologies require. We have to design microprocessors by considering typical case
rather than worst case. The Constructive Timing Violation (CTV) paradigm is such a design
methodology, where designers are focusing on typical cases rather than worrying about very
rare worst cases. We have designed two types of ALUs that utilize the CTV, each of which
has its own problems in size and in speed. In order to solve the problems, in this paper, we
propose to utilize an adder-comparator as the fault detection circuit. Using Verilog-HDL, we
implement a carry select adder that utilizes the CTV, and evaluate it on logic simulations
after logic synthesis with delay information. It is observed that substaintial improvement in
energy efficiency is achieved.
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Fig.1 Constructive timing violation technique.
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Fig.2 Duplication-based ALU.
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Fig.3 Pipelining-based ALU.
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Table 1 Processor configuration.
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Fig.8 Energy-delay product (duplication-based).
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Fig.9 Energy-delay product (pipelining-based).

0o0o0o0ooooooo 3s%b0ooooo0ooo

oooooocrvoooooooooooooo

3.5 000O0OO0O0ODOO

oo0o CcrvoooOooooooooooooog
0000000000000 00O00oo0o0on 10%0
O000ooO0ooUoooo0ooo 10%0000000
O00000000oooo0oUooO40%0000
gooobooooooobooooooooooooo
goooboooooooobooboooooooooo
0000000000 0O0D0O00®00000 CTV
gooooooooobooooo

gooooooooooooooobo10000
gooboooo3b0obooobooo3oobooooboon
fL:fTHDDDDDDDDDDDDDDDDDDDD
gooobooooooooobooboooooboooon
goooobooooooooooooooooooo

goooooobooboooooboobooooooo

00000000000

00000000000000000000000
00000000000000000000000
000000000000000100000000
Vy=1Y2 000f, ={£ 000000000 EDP

gooooooooooooooooooboOooooooobooOooboOoOoo 73

|+ 164.gzip —— 175.vpr 176.gcc 197 parser —¥— 255.vortex —@—256.bzip2 |

160%

150%

140%

oo
S 8
2 2

Relative EDP

110%

100%

90%

80%

0% 10% 20% 30% 40% 50%
Error rate

010 000000000V, = 4440

Fig.10 Energy-delay product (Vi = ‘Iig)

00D0000D00000000D0000 80000
000000000000000000000000
0000000000000000 5%000000
000000 EDPOOOOOOOOOOOOOOO
0000000000000 30%000000000
0000000000 EDPO 100%00000
0000000000000 0000000000
000000000000000000000000
0000000000000 0000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0 0O carry select adder: CSLACF? 0000000
0000000000000000 10%000000
0OD0o0®00 (4)00000000000000
0000 /45 000000000000000000
000000000000000000000000
0000000000000000 1.2400000
000000000000000000000000
00000 CSLAOOODOODOOOOOOODODn
000000000000000000000000
00000000000000000000000

4. DO00OO0O0OOO0DOOO0OOODOOO0OO0

oooooOopooooo crvooooooooo
go0oooooooooooog

4.1 00000O0OO0OOOO

0o0o0ooooooooOOoUoOoo 2000o0oo0
000000000 adder-comparatord® 0000
JoooooooOoooooOoDoOoOooooooO
Joooo0oooooooooooooooooon
Joo0o0o0o0o0ooooooooogooooooo
0o000oooooDo0o0oooogoooooooo



74 gooooooooooooooooboooooo

G P, KG: P, Ki GP Ko

011 00000
Fig.11 Adder-comparator.

ooQ

Cortadella 0 00000000 A+B=K O
000000000000000000000CTV
0000000000 ADBODOOODOOODO
0000000 KOOOOOOOODOOOoDOOoOoOo
0D0000000000000000000000
000000000000 oooooooooo
0O00O000oOo0'”000000000000CTV
0D0000D0O0000000DO

0000000000000000000n 00
0020000000 OP1 = (oplp_1,...0plo)
0O OP2 = (op2n-1,...0p2) 000000000
OO0000D00O0Ocarry generation fuctionD G =
(gn—-1,--.90) 00O 0D O0OOUO carry propagation
functiond P = (pn-1,...po) 000000 DOO
000

gi = opl; N op2; (8)
pi = opl; © op2; (9)
Oooooooon K = (ke-1,...ko) ODOODO
00 Z=(zn-1,...20) 00O
20 = po @ ko @ Cin (10)
Zn = ((Pn-1 /\m) V gn-1)
®(pn @ kn) (n=1) (11)

0000000000000 KOOOOOO00O0Oo
0000000000000000000
01100 (10)0(11)0000000000000
00D0000000000D00000000000
00000000000 4000000000000
000000000000000000000
0120000000000 ALUODOODOO
000000000000 f, 000000000
000000000000000000000000
000000003000000000000000
00000000000 GOO0000000 POO

-
main part | |
i

Ci
........ L

opl

op2 g—

fdd

012 0000000000 ALU
Fig.12 Adder-comparator-based ALU.

00000 100 8)0(9) 00000000000
000010000000 110000000000
000000000 2M0000000000000
000000000000 NORD 1000000
000000 3
0000000000000000000000
000000000000000000000000
00000000000000000000000 12
000000000000 (10)0(11) 000000
000000000000000000000000
000000000000000000000000
0000000000000000000000

5. O O

00000000000 000000000000
000D00000000000D00000CSLA??
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000000

51 0000
Verilog-HDL OO 0O0O0 13000 CSLAODOO
00000000000 000000000D0000
0000000000000 O0OO0DD0ODOO0O00000
0J00000000OoOoO vVDECOOOOOOOO
0000 018wm 0000 ASICOODOOO0DO0O
0000oooDoo000OdO DesignCompiler 0000
000000000000000000000000
000000000000000000000000
0oooooooon
00000000000000000000000
000000000000 000000000000
0000000000 0000000000000Dn
0000 Veriog-XLOOOOOOOOOOOOOO



Vol. 47 No. SIG 18(ACS 16) 0000000000000 0000000000000000000 75
Asie Bsi:ie Aiss Biss A0 Bro nclude delay .
(p[31:01.231:01) e I
| (el el (L )=
03 16:bit CSLA Cin [+ CO16f = - } -
Cie| = e s Cin masto) | - _

|§Lhi! CSLA Cin|

NUES

Cxn S3n6 Siss S70
013 3200000000000
Fig.13 32b carry select adder.

02 00000000000
Table 2 Benchmark programs.

Program input set

164.gzip ref/input.random
175.vpr ref/net.in,ref/arch.in
176.gcc ref/integrate.i
197.parser | ref/ref.in

255.vortex | ref/bendianl.raw
256.bzip ref/inoput.graphic

00000000D00000000000000Sim-
pleScalar 000000 000000000000
000000000 3400000 SPEC CPU2000
CINTOOODOOODOOODOOOO0O0D0000 2000
000000000000000000000000
00000000000/000000000000
00000000000000D00000 10000
00000000000 5000000000000
340000000000000000000000
0000000000000000000000000
000000000000 00000000
000000000000000D000000000
01400000000 Verilog-HDLODOODOODOO
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000 00000000000
000000000000000D000000000
000D0MMO0D02000000000000000
000000000000000D000000000
0000000000000 00D000000000
00000000D0000000D000000000
0000000000000 00000000000
000000000000000 300000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000 ideal result OO

1 _, |y oxna
014 0000

Fig.14 Verification circuit.

03 0OoOoo
Table 3 Area.
000mm20 | 0000 %0
0ooo 0.094
0oooooooo 0.131 39.4
ooooooo 0.118 22.5

000000000000000000000000
000000000000

000 Verilog-XL 0O DO 0000 PowerCom-
piler 0000000000 DOO0ODOOODOOO
00D0000000000000000000000
000000000000 000000000000
0o0O00O00D0O0O0o0Oog

5.2 0000

030000 CSLAOODOOOOOOO CTV O
0000 CSLAODODOOOODOOODO CTVOOD
00 CSLADOOODOOODOODO CSLAODOD
0000000000000 00000000000n
0225%000000000000000000000
000000000000 000000000000
0000000000 00000D0000

00 23)0000.18um 00000 R10000 OO
000 00000000000000000000
2000000000000 482mm? 00000
00 21mm? 00000000000000000O
0000 ALUDODOOODOODDOOODOO0OD
000000000000 DO0O0n0 CTVoOoOOoon
000 CTVDOOOODO00DO00ODO0O0Doooon
goCcTVOODOOOODOO0O0ODooOooonon
00000000000000D00000 3000
0000482421 x2=>524mm? 000000
0000000000000000000 3000
000000000D00000 225% 0000000
48.242.1x0.225 =48.6mm? 0000000000
00000000000000000000 8%00
00000000000000000 2000000
0000000000000 00000000000
000000000000000000000 8%0



76 gooooooooooooooooboooooo

0.46ns 0.7ns | 0.83ns |

015 O0OOO0OO0OOO
Fig.15 Timing analysis.

goooboooooooobobooobooonoooo
goooobooooooooooooooooooo
goboboooooooooo20000000000
goooobooooooooooooooooooo
gooooooo
5.3 ODO00O0OO0OO0O0O0O0O000OO0
goobooooooboooooooilsooooo
000000000000000000000 CSLA
Udl44ns0O00000D00OOO0OODOODOOOO
ooooooooobobooooCoOoOoo 046nsO00
goboboobooooooooooooooboooooon
O.7nsO0O0000D0O0O0O0OO0DOOODOCOO0OO0O0
goooooorsnsO0000O0O0O00O0O0O000O
0100000000 NOROOOO 0.83ns000
goobooooooooooooboooooooo
Oo000000144ns0 0.83ns000000000O0
goooooooobooooooooooboooooa
oobooooooooon (1):—;“;:1.7DDEIEIDEIEI
oobooooood
goboboooooooobooboooooooooo
ooooooooooooooooboooooon 1.1~
lvyo0doooobooooooooooobooooon
ooooooooooooooooooooooooo
Oled0d0000oOobOOo0oOooooOOboOoOoooO
gooobbobooooooooooboobobooono 1.3
gooobooooooobooooooooooooon
goooboooooooobooboooooooooon
gobog
gooooooooooboooooos0000
O000ooooUooooo 10%uoooooooo
gole0000oOOoOOoOoooOooOoboOoOooonn
50%0000000000000000O0O0O0OOO
goboo340000000000000000O0O
00 10%00000000000000000 10%0

Nov. 2006

|E| 164.gzip W 175.vpr [0 176.gcc (1197 parser M 255.vortex [ 256.bzip2 |

80%

60%

Error rate
N
S
=

N
=3
=

=
=

store

2
S
2
3

016 0000000000
Fig.16 Timing error rate.

0000000000000000000000000
000000 1.50000000000000000
0Doooooo

5.4 000000
00000000D000000000 CSLADOO
00 () 00000000 Pem, 100000000
00000 CTVODOODOO00O000000 CSLA
0oo00 P_.00D000000DO0O0O0DOOO
faa OOO0O
P,_.000000000O0O000O0O0O0OOO
CSLAODOOOO VguOOO0OO0OO0O0O0O Pacaa
0o

P.c(ad) = Na—cfaaCioaaVia (12)
0O0D0OO0ON,_.000O00D0O0DODOODOO
0003210000 (400000000000
0000000000000 0000000000
0000000000000 D0000000000
000D00000000000000000000
0OM?» 0000000000000000000
000000000000 MO 2.1GHz@1.34V O
1.4GHz@1.18V O OOO00O00O0O0OODDOO <

1.5

00000000000 (400000000000

0000 Ve OOODOOOO 1.5x foe 00000
0000000 {4 0000000 f.u 00000
0000D0000D000000000000000
0000000000 Vp =44 00000000

1.35
00 P, ey 00

Pafc(L) - ]\ra—cfoldcfload‘/L2

V.
- a—cfoldcfload(%)2
Pa—c(dd)

185 (13)

ooood



Vol. 47 No. SIG 18(ACS 16) gooooooooooooooooooboOooooooobooOooboOoOoo 7

Pa_c(da)
1.85
000000000000000000000000
0000 1.8vO0000 P,_cuey D0O0D0O0D0OO
000 (1400000 P,_.00000
00000000000 Pene 00 Pae 000D
00000 17000000000000000000
000000000000000D000000000
000000400000000000000000
000000000000000000000000
00D0000000000000000000000
000000000 19025%000 176.gcc 0O O
0000 31%000000000000
00000000000D000000000000
000000000000000000000000
0000000 160000000000000000
000000040000000000000000
0000000000 170000000000000
0000000 0EDPOOOODOOODOO 180
000000000000000000 21%0000
000000000000000000000000
000000000000 000000000000
0000000 Wattch?® 00D 0000 Brooks O

Pa,fc = I'q—c(L) = (14)

D add @ sub Oload O store

40%

30% It

20%

10%

0%
#2zip vpr

017 OooOoO
Fig. 17 Power reduction.

Power redection

gec parser vortex bzip2 average

O add M sub [Jload [Jstore

100%

80% =
60%
40%
20%
0% L L

gzip vpr gee parser vortex bzip2 average
EDP

018 0O0000OD0O0ODO
Fig. 18 Energy-delay product.

0D0000000000000000000000
00000000000 0000000000000
000000 10%00020WattchD0O0O0O0O00OO
000000000000000000340000
00D000000000D00D00000000000
0000000000000 00000000000
000000000000000000000000
000000000000D0000000000000
CIVODO0O0DO00D00000000000000
0000000000000 00D0000

6. 0O 0O O

00o000o0ooooOo0oOoooooooOOg ALU
gbobooooooooboooooooooooooo
gobooooooooobbobooooobooooooo
gooooooOoooooooboooooooDbooo
go0o00oOoooOOVerilog-HDLOOOOOOOODO
gboooooooobo20000000000000
gooooooooooooobobo wvoooooo
gboooooooooooooo
gboboooobooobooooboooobooooo
o000 1le000000000U0OOOODOO 30%0
gbobooOoooboooooooboooooooboooo
goboooooooooooooocoooooboooo
gboobooooooooobooooooooobooooo
goooooobOo 5000000000000
gooooooooooooboboooooobooobo
O T&DDDDDDDDD 30%000000000
20%0 EDPOO0O0O0OO0OOOODOODOOODOO
gooooooooooooobooooooooo
goooooooooooooooooogooooo
gobooooOocoooooooboobocOooooobooo
gbooooooooooboocboooooobooboo
00000000%000000000000000
goooobooooooooooobboooooon
goooboooooooooobooooooooo
gooooooooooooooooooboobooooo
gboooooooboooooooboooooog
gobooooooooboobodoooooooooooa
goooooooooooooooooooooooo
gobooooooooobooocboOoooooobooo
goboooooooooooobooboouooooboooo
gbooooooooooooobooooooboooo
goboooooooooobooocboOooooooboo
gooobooobooooooboooobboooo
gooooOoOo0o0oooooooobobDn0oOoOoO



78 gooooooooooooooooboooooo

goooooooooobooocoooooboooboobooon
oooobooboocooooboooooooocooooo
gooooboooooooooobooooooooobooon
goooobooooooooooooooooooo
gooobooooooooooobooooooooon
goboooooogo

oooobooooobooooboboooboon
cTvooooooooooooooooooooo
gooobooooooobooooooooooooon
0000000000000 000000000LSI
goooobobooooooooooooooooooo
gooobooooooobooooooooooooo
goooboooooooooooooooooooo
goooboooooooooooboobooonoooon
goooboooooooooooooboooonoooo
gooooooooobooooooooboooono

o0 oDooooooooboooooono
O #156500100 #163000190 #1765490 0 0 000 O
000000000000 vbECOOOOOOOO
00o00000o0o0o0oo LsSIc0ooooon
ooooooooo

g 0 0 0O

1) 00000000 ooOo0ooU0oOooOoo
goooooOooUoooopuooooooodg
000000000000 0O02001-SLDM-101,
Vol.2001, No.042 (2001).

2) J0U00OU0O0O0OO0OOooOUooOOoOooOooO
00000000000 ALUO HDLOOOOO
000000000000 0000vVLD2002-147,
Vol.102, No.683 (2003).

3) 0000000000 UoOoULOOoUoOoO
000000 ALUDDODOOODOOOOOOOO0
OOCOO0O0002004-ARC-159, Vol.2004, No.80
(2004).

4) D000O0O0OO0O CcMOsSOOOOOOoDOUOO
OOIEEE SSCS Kansai Chapter Technical Sem-
inar (June 2003).

5) Usami, K., Igarashi, M., Minami, F., Ishikawa,
T., Kanazawa, M., Ichida, M. and Nogami,
K.: Automated Low-power Technique Exploit-
ing Multiple Supply Voltage Applied to a Me-
dia Processor, IEEE Journal of Solid-state Cir-
cuits, Vol.33, No.3 (1998).

6) Brooks, D. and Martonosi, M.: Dynamically
Exploiting Narrow Width Operands to Im-
prove Processor Power and Performance, 5th
International Symposium on High Performance
Computer Architecture (Jan. 1999).

7) DoooooooOoOoooooUoO0Oo ooood

Nov. 2006

0 O O Variable Latency Pipelinedd VLPOO O O
0 1GHz ALUOOOOODOOoOoooooo
000 0ICDY97-10 Vol.90, No.24 (1997).

8) Uht, A.K.: Going beyond Worst-case Specs
with TEAtime, IEEE Computer, Vol.37, No.3
(2004).

9) 00 0O0O0O0UO0ODOODOU0UODO 4GHzOOO
MyYcoMOOOOO (Apr. 2006).
http://journal.mycom.co.jp/

10) 00 0O0OO0O0OO0DO0O0O0DOO0OUOOoOODOOO
Dependable Pipelining—0 00 GHz OODOO
0000000000000000000000d
0 O DC2002-20, Vol.102, No.262 (2003).

11) Ernst, D., Kim, N.S., Das, S., Pant, S., Pham,
T., Rao, R., Ziesler, C., Blaauw, D., Austin, T.,
Mudge, T. and Flautner, K.: Razor: A Low-
power Pipeline Based on Circuit-level Timing
Speculation, 36th International Symposium on
Microarchitecture (Dec. 2003).

12) Robert, D., Austin, T., Blauww, D, Mudge T.
and Flautner, K.: Error analysis for the sup-
port of robust voltage scaling, 6th International
Symposium on Quality Electronic Design (Mar.
2005)

13) Lu, S-L.: Speeding up Processing with Ap-
proximation Circuits, IEEE Computer, Vol.37,
No.3 (2004).

14) Shanbhag, N.R.: Reliable and Efficient System-
on-chip Design, IEEE Computer, Vol.37, No.3
(2004).

15) Cortadella, J. and Llaberea, J.M.: Evaluation
of A + B = K Conditions without Carry Prop-
agation, IEEE Trans. Comput., Vol.41, No.11
(Nov. 1992).

16) Lynch, W.L., Lauterbach, G. and Chamdani,
J.I.: Low Load Latency through Sum-addressed
Memory (SAM), 25th International Sympo-
stum on Computer Architecture (June 1998).

17) 0000000000000 ooUOoooOo
000000000000000000000d
00000 Vol.40, No.5 (1999).

18) Chandrakasan, A.P. and Brodersen, R.W.:
Minimizing power consumption in digital
CMOS circuits, Proc. IEEFE, Vol.83, No.4
(1995).

19) Austin, T., Larson, E. and Ernst, D.: Sim-
pleScalar: An Infrastructure for Computer Sys-
tem Modeling, IEFEE Computer, Vol.35, No.2
(2002).

20) Ray, J., Hoe, J.C. and Falsafi, B.: Dual use
of superscalar datapath for transient-fault de-
tection and recovery, 34th International Sym-
posium on Microarchitecture (Dec. 2001).

21) Smolens, J.C., Kim, J., Hoe, J.C. and Falsafi,



Vol. 47 No. SIG 18(ACS 16)

B.: Efficient resource sharing in concurrent er-
ror detecting superscalar microarchitectures,
87th International Symposium on Microarchi-
tecture (Nov. 2004).

22) Oklobdzija, V.G.: High-speed VLSI Arith-
metic Units: Adders and Multipliers, Design
of High-Performance Microprocessor Clircuits,
Chandrakasan, A., Bowhill, W.J. and Fox, F.,
IEEE Press (2001).

23) Burns, J. and Gaudiot, J.-L.: SMT layout
overhead and scalability, IEEFE Trans. Parallel
and Distributed Systems, Vol.13, No.2 (2002).

24) Yeager, K.C.: The MIPS R10000 superscalar
microprocessor, IEEE Micro, Vol.16, No.2
(Apr. 1996).

25) Intel Pentium M processor on 90 nm process
with 2-MB L2 cache, Datasheet, Intel Corpo-
ration (Jan. 2006).

26) Brooks, D., Tiwari, V. and Martonosi, M.:
Wattch: A framework for architectural-level
power analysis and optimizations, 27th Inter-
national Symposium on Computer Architecture
(June 2000).

27) 000000000000 000DO00DOOO0
o0oo0o0oOooooooooooooooood

0000000000000000000000
00000000000DADOOODO (July
2006).

(00 180 50 2000)
(00 18090 8000)

oo oo

o0 1woooooooooboo
gooooooooooboobooo
gooooooooooooooo
3 gooooooocoooooooon

A ooLsioooooOooooooo
obooooooocoooollecooooooOoOO

gooooooooooooooooooboOooooooobooOooboOoOoo 79

00 ooooooo

OO0 400000000000
ooooooooboooooo 7o
gooooooooooooooon
goooooocooooobooooo
ooooOo Lsiooooooooo
O0000 LSIoooooooooon

ooboooboboooo

U0 14000o0ooooboo
gooooooooooono 1e0
gooooooocoooooooon
gooooooooooobooooo
goooooooooooboooboDbo
170000000000DO00O0DO00O0O0O0DOO0ODO
gooobooooooooboobooooooboooobon
OoooooooooooooO0O0O0IEEEOOO

o ooooooo

ooooooooooooooo
oooooo3oooooooon
gbooooocooboboboooo
Oo00ooooooooouLsIoOo
gooooooooooooooon
oboooooooooboooboobooobooooooDo
oogbooououooooooobooooooooon
goooboobooobooooooobooooooooo
gooobooboooooooooooboooooooo
00o00000000000o0ooo LsIoooo
00000000000 00000000000LSI
ooboooooooooooboomooooon
Ud11o0oooooboooog 1soooooooo
O0OO0OOIEEEDACMOUOOOOOOOOOOOO




