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Abstract

With the increasing performance and density of VLSI circuits as well as the popularity of portable
devices such as personal digital assistance, power consumption has emerged as an important issue in
the design of electronic systems. Low power design techniques have been pursued at all design levels.
However, it is more effective to attempt to reduce power dissipation at higher levels of abstraction
which allow wider view. In this paper, we propose a simultaneous scheduling and binding scheme
which increases the correlation between consecutive inputs to an operation so that the switched
capacitance of execution units is reduced in datapath-dominated circuits. The proposed method is
implemented and integrated into the scheduling and assignment part of HYPER synthesis environment.
Compared with original HYPER synthesis system, average power saving of 23.0% in execution units
and 14.2% in the whole circuits, are obtained for a set of benchmark examples.
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LIST_LP (G(V, E), a, lat ) {
Compute the last possible start time ¢% by As Late
As Possible scheduling;
Schedule operations that have the earliest ¢*
control step 0;
Put the most lately scheduled operations into L’,:
U, of which all

at

Determine candidate operations

predecessors have been scheduled;
upper=1.0,
lower= 0.0,
if (SOLVE(upper) is TRUE) return TRUE;
if (SOLVE(/ower) is FALSE) return FALSE;
repeat.
if (SOLVE((upper-lower)/2) is TRUE) lower =
(upper-lower)/2;
else upper = (upper-lower)/2;
)} until (upper-lower < A));
return TRUE;
}
SOLVE(a) {
Uk = Ukv
Lk - L'k:
repeat {
Select type
k=1,2,...,
Compute the switched capacitance

k  with the lowest power cost,
N yes, Uy 1S NOt empty,
C, between
lpiand wy,; Vi, nLy, Yu,;inU,
Select %, ; operation that minimizes a - ¢, ; C ave
+U=a) )tV ewse Co Vifeth
Schedule

predecessors of wuy, finish time of /,,) + 1;

uy; at control step, {finish time of
Assign(Bind) u,; to the same instance as /4 ,;
Update the set of most lately scheduled operations
Ly
Update the set of candidate operations U,;
} until ( V&, U, is empty);
if (lat is met) return TRUE;
else return FALSE;
}

a3 2. AMEE A% 2AEHY viid &
Fig. 2. a simultaneous scheduling and binding
algorithm for low power.
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7th order FIR filter
#define word(15,0)
#deline cO word(-1870)
#detine ¢1 word( 1867)
#define c2 word(-740)
#define ¢3 word(-1804)

@6 @5 @4 @3  In@2 In@1
1 @ le3 62 1 0

func main(in: word) Out : word =
jin

Accl = word{In@8 * c0);

Acct = word{In@s5 * c1) + AccO;
Acc2 = word(In@4 * c2) + Acc1:
Accd = word(in@3 * ¢3) + Acc2;
Accd = word{In@2 * c2) + Acc3;
*c1) + Accd;
* c0) + AceS;

~

a7 3. 7# FIR "ElY Silage =9 CDFG
Fig. 3. Silage code and CDFG of the 7th order
FIR filter.
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Table 1. Scheduling and binding of 7th
order FIR filter.
last
mult! mult2 addl scheduled candidates
nodes
nl(cs 0) i n2cs 0) nl, n2 | n3, nd, n5, n6, n8
nd(cs 1) | nl, n2, n8 | n3, n4, n5, nb
nblcs 1) nl, 06, nd n3, n4, nd
nS{cs 1) nd, nb, ni n3, nd
n3(cs 2) n3, nb, n¥ n4, n9
n9cs 3) | n3, n6, n9 n4
ndlcs 3) n4, n6, n9 nl0

Latency Alg+ 248 801, =
7] 270, BiA7) 17, transfer unit 170, ioUnit& 17}
2 HEkRL Agol 2AIEE S e FE A4

ARk
w2, .,

Ag 273 FA

2 6718 w4 qalolrt. L FolA
ALAP A7ko] 714 2k Z1& w3 m2olvh Wl
w13 #2E control step 06 2AEET multls}
mult2®] A& & instance® K ® 1370).
2 w7} A url, R Akl w3
w2 AAEI, 25 FRr A4kl w89 SlArIvh
F7hEcl TR o4l FollA] FAle] BN} Am] A
HEadol|A v]8{cost)e] Fon TiAlE WA 4A
Z3}4 "t gt #8-& control step 1 2AlEt
o} ok AR st FTel AAER A4t al, w2
9} 2L typed 71F FH GAE Aol fE AHA
48 sl¥"(switched capacitance matrix)& %HECH
AP0 R CDFGAA 29, w29t #»69] o

WL 22 M2 Ak F 29t wAlelo] Abte]
wobd 2k ghe] f8 A 88S 71 Aech nie}

nl,

A o1ES 7+ instance mult2el] 33t w67t A
AF Heloerng Fr odibx] B E AAZCE 22

3 mult2e] FR 23] AR gdire ) ¥k
o p# mE BE Y W MR fEx
g AR m]edakxie) Aol ol E Fu @Al v} 7]
wtofl, FH it Fola] 7k AR A AR SRR
7}AA Hleg 2L instance multlel] o) =h3
7R &, w59 m3-& HAMRF 27) AE FobA
72 instance multlel =l o]dl A& Alils)

B
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w37k "ok 28] AAEE vilES 3 o 4
TE Z7HII7] flEte] At AR vie A
7F A71A ==, d@ix]28 vll®(register binding)
+ 218l o] AHEE ZZso} jick o) 2L e
sl 18 49 ke 73 FIR HeY A4S
vlelget Ass @& 5 gk a2y geg v

ehd nodew mult? instanced &|wlgkct

In@2 In

2

In@6 In@5 In@4 In@3 In@1
0 cl 2 c3

Out

a2 4. FIR €89 2A%% CDFG
Fig. 4. Scheduled CDFG of the 7th order FIR
filter.
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Table 2. Comparison between HYPER and

proposed method of 7th order FIR

filter(D).
B HYPER proposed energy | encrgy
module||switched | energy | powerl|switched | energy |power]| reduct. | reduct.
cap.(pF) | (]) [(mW)| cap.oF) | (®m]) [tmW)) C6) | (%)
EXU || 389 97 | 122 290 73 191 | 254 | 54
MUX 15 04 | 05 20 05 | 06 | -333 ] -333
BUS 137 34 43 118 29 36 || 139 | 139
ION'[‘ 46 12 | 14 46 12 | 14| 00 | 00
CLK 4 06 | 08 25 06 | 08 || -42 | -42
BUFF| 17 04 105 18 04 | 06 | -59 | -59
REG 80 20 " 25 77 19 24 38 3.8
r—total 709 ’ 177 i 22| 5% 149 | 186 | 162 | 162
i 3.74 FIR Z¥{¢| HYPER®} Al|okzl u}

W] v,
Table 3. Comparison between HYPER and
proposed method of 7th order FIR

filter(1I).
HYPER proposed energy | energy
module|| switched | energy | power| switched | energy [power| reduct. { reduct.
cap(pF) | (]} |(mW)|fcap.pF) | (n]) [mWy| (%) | Ca)
EXU 386 96 | 107 291 73 91 || 246 | 150
MUX 21 0.5 0.6 18 04 06 | 143 0.0
BUS 152 38 | 42 135 34 42 | 105 0.0
CONT 46 12 13 46 12 14 0.0 -1
CLK 36 09 1.0 34 0.9 11 56 | -100
BUFF| 17 | 04 | 05| 18 | 05 | 06 | 59 | 200
REG 84 21 2.3 81 2.0 2.5 36 -87
total 742 185 | 206 624 156 | 195 | 159 5.3
B uRelld HA2E G pE An] HY dE

< 9]5le] HYPER A Al2dlol] 783 SPA(Sto-
chastic Power/Area Analysis)E ¢]-8-3lgicl. SPA
= dlole] A4=e] A2 DBT 2d¢ Ale] Age AL

(250

g 7423 Qe

1. 72} FIR ¥¥

A 32464 A9gk 23 19| FIR ¥E|E HYPER
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4 w9 gE fE A S zEElels de,
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312 7] Wil o F A AAA latency AlgE
Z7& SRR slglok A 4w HH sl
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AlJ7I(CONT)S Zv] AH wl= 6%l & 204
Alokgl wjom g2 Algy oA
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AAY oA Fha 159%0ch 22y Ag mg
20 AH ZRE 15.0%0]2, AAe aH] Y 2k
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T vk o714 firl1& 113 FIR ¥Eo)a, cascade,

1) A4 ol-4-gWel4] HYPER @4 Al~dle] i3]
dgol ke wgel A4 ALe o Waw s
He7h A & sledk, Selsk AP Aol el
M e’ A5k BASA el



19974

gm, wiw Avenhaus TE{e| MZ c}& 7 ooick
23l detE discrete cosine transformatione],
iir7 73 IR "Ejelx, latticet= lattice FE{o]s,
ulRlet e 2 net LMS(least mean squares) %3]
2% ol&3h= Ag AlA7I(noise canceller)elt}. Re-
source allocation G- IHAAlY] =1 AgF =248
vhepdch 3% 5% 3 49 clelgh g4 oflAlel diated
HYPER @4 Aladles g Axel £ =iolA
Aokgk whe 2 P A latency, 23 -Fulzt
AA A fa A 488 w|asial glrk o] oA
A A Skl FF A AFE FI oAuR

o} zr} Alokgl whe HYPER §A Al2dls) wlw

5B EBEFISeHmX

sled A o] §E A S8k 7 W 23.0%
olx MA A K& AHH &3 Ak HF 142%A
o},
k23 4. fixvlz o510 B
Table 4. Characteristics of benchmark exam-
ples.
‘F Number of operations | critical resource
benchmark
mult(*) | add(+) | sub(~) | path allocation
il |11 | 10 | @, +2)
cascade ﬁ 16 10 +2), *(2)
| gm 11 24 8 34 | +(3), *(2), -(1)
‘ wf 12 20 14 22 |+(3), *(2), -(3)
det 16 13 13 7 +(2), *(2),-(2)
iir7 20 10 4 11 +(2), *(2),~(1)
lattice 9 6 3 10 +(1), *(2),-(1)
L e CEREE RN
23 5. latency ¢t & A 43k] ¥|a
Table 5. Comparison of latency and switched
capacitance.
bench- HYPER proposed w:;;gi
mark | Jat- [EXU]total lat- | EXU [total] EXU | total
ency | (pF) [ (pF)|ency | (pF) [(pF)| (%) | (%)
firll 12 12164 |4774| 12 |1487 |3750| 31.3 | 214
cascade|| 12 | 507 |12791 11 | 427 {1147} 15.7 | 10.3
| gm 34 | 792 13084 34 | 635 |2819| 19.8 | 89
wf 23 | 299 |2887| 23 | 277 2594} 7.4 | 10.1
| det 14 | 170 |1069| 14 85 | 852 50.0 | 20.3
ur7 15 | 2144 15418 15 |1363 3851 355 | 289
lattice | 10 \933 [2305 10 | 798 |2136| 145 | 7.3
nc ZN 1680 14878|| 23 | 1521 |4587| 94 | 6.0

2=+
e

(251)

s CH $S5%

|
=

V.

ru

dlole] Az $j5e ool

Z7H1A A 4

Fe3} wlely]
Ze olaE 2olEY Py
G ful Alolel fE 43

8
B AR
ol A

e

0l o

utel latency A&k e
=9 el ALAP AR 7EeE E7HAFA
latency A AL DEAIZIC} B =ollA Aokt
472lE> HYPER 34 Az #4e] 2oAE=)s
2kl A Aol pRE] ARg]Egled, oz 1R
g4 oAl dfsted A&g slodcl. HYPER 34 A
2dle] g Aztel wlagled, sl fule 1A

= [e]
A=

RE3}A]

]

=2

4B

] 7 Wi 23.0%0)a, A 32} 4w A
H 7k 14.2% 4t

23
[1] D. Gajski and N. Dutt, High-level

Synthesis: Introduction to Chip and Sys-
tem Design. Kluwer Academic Publishers,
1992.

G.D. Micheli, Synthesis and Optimization
of Digital Circuits. New York: McGraw
Hill, Inc., 1994.

A.P. Chandrakasan, S. Sheng, and R. W.
Brodersen, “Low-power CMOS digitial
design,” IEEE J. of Solid-State Circuits,
pp. 473-484, 1992,

AP. Chandrakasan, M. Potkonjak, R.
Mehra, J. Rabaey, and R'W. Brodersen,
“Optimizing power using transformation,”
IEEE Tr. on CAD/ICAS, pp. 12-31, Jan.
1995.

L. Goodby, A. Orailoglue, and P.M. Chau,
“Microarchitectural synthesis of perfor-

(4]

[5]

mance-constrained, low-power VLSI de-
signs,” in Proc. of Int'l Conf on Computer
Design, pp. 323-326, Oct. 1994.

A. Raghunathan and N.K. Jha, “Behavioral
synthesis for power,” in Proc. of Int'l Conf.
on Computer Design, pp. 318-322, Oct.



B X (IEER)

19714 1149 994, 19951 gheke
gl HARg-EHFEA. 19974 A
Solisha Azt a4 Ab. 1997
W~ &all LG ¥k=d DT 74 A
ZE T ol tRE A 2wl
A 2s3t 2 VLS A

8 dlo|e} Af Zrbo o AAY A +F A4 HAESE
1994. “Low power architectural synthesis and
[7] A. Raghunathan and N.K. Jha, “An ILP the impact of exploiting locality,” Journal
formulation for low power based on of VLSI Signal Processing, 1996.
minimizing switched capacitance during [13] M.B. Srivastava, A.P. Chandrakasan, and
datapath allocation,” in Proc. of Int'l Symp. R.W. Brodersen, “Predictive system shut-
on Circuits & Systems, pp. 1069-1073, down and other architectural techniques
May 1995. for energy efficient programmable com-
[8] E. Musoll and J. Cortadella, “Scheduling putation,” JEEE Tr. on VLSI Systems, pp.
and resource binding for low power,” in 42-55, Mar. 1996.
Proc. of Int'l Symp. on System Synthesis, {141 A. Abnous and J. M. Rabaey, “Ultra-
pp. 104-109, Apr. 1995. low-power domain-specific multimedia
[97 Y. Fang and A. Albicki, “Joint scheduling processors,” in Proc. of IEEE VLSI Signal
and allocation for low power,” in Proc. of Processing Workshop, Oct. 1996.
Int'l Symp. on Circuits & Systems, pp. [15] P. Landman and J. Rabaey, “Architectural
556-559, May 1996. power analysis: the dual bit type method,”
[10] R. Mehra and ]. Rabaey, “Behavioral level IEEE Tr. on VLSI Systems, pp. 173-187,
power estimation and exploration,” in Proc. June 1995.
of Int'l Symp. on Low Power Design, pp. [16] J. Rabaey, C. Chu, P. Hoang, and M.
197-202, Apr. 1994. . Potkonjak, “Fast prototyping of datapath-
[11] A. Raghunathan and N.X. Jha, “An intensive architectures,” IEEE Design and
iterative improvement algorithm for low Test of Computers, pp. 40-51, 1991.
power data path synthesis,” in Proc of [17] A.Salz and M. Horowitz, “IRSIM: an
Int’l Conf. on Computer-Aided Design, pp. incremental MOS switch-level simulator,”
597-602, Nov. 1995. in Proc. of Design Automation Conference,
[12] R. Mehra, L.M. Guerra, and J. Rabaey, pp. 173-178, June 1989.
& XA W

B R BUEER) 5§ 3448 CIF £ 35 81

A Agsti Ayl gsk Y



