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[LETTER

Leakage Power Reduction for Battery-Operated

Portable Systems

SUMMARY

This paper addresses bitwidth optimization focusing on
leakage power reduction for system-level low-power design. By
means of tuning the design parameter, bitwidth tailored to a
given application requirements, the datapath width of processors
and size of memories are optimized resulting in significant leakage
power reduction besides dynamic power reduction. Experimen-
tal results for several real embedded applications, show power
reduction without performance penalty range from about 21.5%
to 66.2% of leakage power, and 14.5% to 59.2% of dynamic power.
key words: Bitwidth optimization, leakage power reduction, dy-
namic power reduction

1. Introduction

The increasing use of battery-operated portable com-
puting and wireless communication systems makes
power dissipation a major concern in modern designs
[2]. Leakage power dissipation constitutes an increas-
ing fraction of the total power in modern semiconductor
technologies. Designing power efficient products will
require consideration of leakage power in the earliest
phases of design [1].

This paper presents bitwidth optimization focus-
ing on leakage power reduction for system level design,
while providing adequate performance level. The power
dissipation of the whole system not only dynamic power
but also leakage power is drastically reduced by tuning
the parameters of processors and memories tailored for
the applications.

The rest of this paper is structured as follows: the
next section 2 presents leakage power reduction tech-
nique using bitwidth optimization, estimation models
for leakage power dissipation are also presented in this
section. Experiments are described in section 3. Fi-
nally, section 4 concludes our work.

2. Leakage Power Reduction
2.1 A Leakage Power Model

We have proposed bitwidth optimization for dynamic

power reduction in [8]. Dynamic power dissipation is
described by the familiar formula, Py, = %-C-VCQC- fC
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is the capacitance of switching nodes, which is roughly
proportional to the number of switching devices. V.
is the supply voltage, and f is the effective operating
frequency (frequency times activity factor). Our tech-
nique reduces dynamic power by reducing C and f.

This paper focuses on leakage power reduction.
Leakage power dissipation is equal to the product of
the supply voltage and the leakage current. To deal
with the leakage power at system level, we start ad-
dressing leakage power model from a simple equation
for estimation in [3],

Pstatic = chc "N - kdesign ' jleak (1)

where V.. is the supply voltage, N is the number
of transistors, kgesign is a design dependent parameter,
and fleak is a technology dependent parameter.

The model suggests different ways in which leakage
power may be reduced. One obvious technique that can
be employed is to reduce the total number of devices. In
this paper, we present bitwidth optimization to reduce
the number of devices(N) by tuning datapath width of
processors for each application, to try to ease the prob-
lem of leakage power. Because reducing the number of
devices directly reduces the switching capacitance(C),
our technique also reduce dynamic power dissipation as
well.

2.2 Design Platform

We have developed a design platform for embedded
core-based systems, which consists of a variable configu-
ration processor called Bung-DLX [4], a multi-precision
retargetable compiler called Valen-C retargetable com-
piler [5], a variable size analyzer [6] and a cycle-based
simulator [7].

2.3 Bitwidth Optimization

Optimizing bitwidth of datapath for each given ap-
plication is an effective technique to reduce leakage
power dissipation of the whole embedded systems.
The leakage power reduction problem is formulated
as to minimize Pg(w), subject to Cycle(w) £ Cogt.
minimize  Ps(w)
subject to  Cycle(w) £ Cegt
Area(w) £ Aggt

Leakage power Ps(w)



Input:

source program : AP

(variables: z; € X = {z1,z2,...,2n}, 1 £ i< n)

input data : Dy,

the constraint of cycles : Ccst
Variable:

datapath width w; € W={w,w2,...wn}
Output:

execution cycles ¢; € C = {c1,c2,...cn}

the minimal leakage power dissipation Pgprin

when ¢ < Cest

the datapath width wj when Ps, = Psprin

Phase 1 : Variable Size Analysis

analyzer «— (AP, X, D;y)

return(EWd =
{EWd(z1), EWd(z2), ..., EWd(zn)})

}

Phase 2 : Define Design Parameters for Bung-DLX
datapath width w;
the number of registers n ;
Phase 3 : Valen-C program
variable declaration of bit width EWd(z ;)
compile the Valen-C source program for customized
Bung-DLX at w;
Step 4 : Bitwidth Optimization

for W+ 0

estimate the execution cycles ¢ ;

estimate the leakage power dissipation P g

Psprin < the minimal leakage power when w; = wy
under cg £ Cest

return(Psasin, Wi, Ck)

Fig. 1 Pseudo code of the algorithm for leakage

power reduction

and cycle Cycle(w) are functions of datapath width w,
C.st is the constraint on the execution cycle.

The overview of our leakage power reduction al-
gorithm is described in Figurel. In the initial design
phase of our approach, we design a system with a vari-
able configuration processor(Bung-DLX), data RAMs,
instruction ROMs and logic circuits. Then we analyze
the effective bitwidth of each variable (EWd(z;)) in
a given application program (AP). After that, using
the results of analysis, we rewrite the application pro-
gram in Valen-C language, in which we specify the word
length of each variable satisfying accurate computation
to reduce leakage power consumed by redundant bits
in the application program. After verifying the func-
tionality of the initial design, we modify several design
parameters of the variable configuration processor, in-
cluding the datapath width w;, the number of registers
and the instruction set. We can tune up the variable
configuration processor to minimize the leakage power
dissipation (Pspzin) while satisfying the system perfor-
mance constraints(cy < Cest).

Since in many cases, high-level specifications are
devoted to describe functionalities of target systems
rather than implementation details, they often con-
tain a lot of redundancies such as duplicated compu-
tations and never executed code. Therefore, the spec-

ifications must be optimized to remove the redundan-
cies for power-efficient design. Some redundancies are
introduced in size of variables. For example, in C pro-
grams, a variable whose value is between 0 and 1000 is
often declared as the int type, i.e., usually 16 or 32 bits
depending on target processors, and then some upper
bits are useless. C language provides three integer sizes,
declared using the keywords short, int and long. The
compiler designer determines the sizes of these integer
types. We present Valen-C language, by which pro-
grammers can explicitly specify the required bitwidth
of each integer data type, so it becomes possible to re-
duce the leakage power of the datapath and the data
memory, which is dissipated by the redundant bits. As
a result, specifying the bitwidth required for each vari-
able and changing the datapath width have a significant
role in reducing the processor and the data memory size
of a system. Therefore it also affects the power dissipa-
tion of the system.

The value of the datapath width can be tuned in
accordance with the characteristics of target system to
deliver most suited processor. Designers can reduce the
datapath width until the single precision point (SPP)
without performance loss. SPP is the processor datap-
ath width, which is equal to the bitwidth of the biggest
variable in a program. It is the smallest datapath width
at which all instructions can remain single-precision.
The datapath width of a processor strongly affects the
power dissipation of the whole system including the pro-
cessor, data memories and instruction memories, it also
affects the execution cycles of a given task, i.e., narrow-
ing the datapath width less than SPP will cause the in-
crease of execution cycles because of multiple-precision
operations. So trade-offs exist between datapath width
and execution cycles. Therefore, for a given target sys-
tem, trading off the power dissipation and performance
is an important work for bitwidth optimization.

2.4  Estimation Models for Leakage Power

This section presents leakage power models to give the
criteria for leakage power reduction. We assume that
the target system consists a processor, a data RAM and
an instruction ROM. The variable configuration proces-
sor Bung-DLX is used. The total leakage power dissipa-
tion, Pspo: of a system, is estimated as the summation
of leakage power consumed by the processor (Piproc)
and memories (Psprem)-

PsTot = PsProc + PsMem (2)

Psproc and Pgprem are estimated separately. We
built the leakage power dissipation model of Bung-DLX
generated by HITACH 0.5 um CMOS technology and
the power dissipation models of memories generated by
Alliance CAD System Ver.4.0 with 0.5 ym double metal
CMOS technology.



LETTER

=

-
=

8 23
2q z
~ Z
> o}
Rl E
5 g
= )
€ g
2
ol 3
< [a]
Fin a3
o . =
I 4 ¢ 1013 v 19 1 &= = HAbit
(a) Effective data width of variables
Fig. 3
1
09
08 Vee = 5.0V X
2 .- Vee =3.3V
9]
2 06
[\ %
205
g
S 0.4
)
03
02
01 10 15 20 25 30 35
Datapath Width(bit)
Vee = 5.0V Vee = 3.3V
DatapathWidth || Psproc | Saving || Psproc | Saving
32bit 0.74 - 0.95 -
28bit 0.64 13.5% 0.80 15.8%
22bit 0.49 33.8% 0.61 35.8%
19bit 0.43 41.9% 0.47 61.1%
8bit 0.19 74.3% 0.20 79.0%
Fig. 2 Leakage power of Bung-DLX (uw)

Psproc is obtained by using Synopsys Power Com-
piler. The power dissipation in static CMOS circuitry
can be divided into static(leakage), dynamic and short-
circuit power. Here we just focus on leakage power
(Psproc). After several simulations, we obtained the
empirical power model at several datapath widths for
supply voltage V.. of 5.0V and 3.3V respectively, shown
in the table of Figure2, where power savings, Saving
are got by comparing to the leakage power dissipation
of the 32bits processor.

Psproc can be described as follows:

]DsProc = g IDCellLeakage;C (3)
Veellsy,

Psproc: Total leakage power of a processor
PceliLeakage,: Leakage power of each cell k
Pirrem is estimated as follows:

Psytem = Psrom + Pssram (4)
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Results of MPEG-2 video decoder

where
Piprem - Total leakage power of memory
Psronr : Leakage power of ROM
P.sran : Leakage power of SRAM

The power of Psgon, Pssran is obtained from
the SPICE simulation of several memories with differ-
ent configurations. As the result, we have obtained the
estimation models as follows:

Piroym = 18. 1% b* v/ Nyords + 008[pw] (5)
Pispam = 231.0%b* / Nyords + 1.1[pw] (6)

Where b is the bit width of the memory and Ny,ords
is the number of words.

3. Experiments

This section reports some experimental results concern-
ing the use of our technique to reduce power dissipation
based on several real applications. We report both dy-
namic power and leakage power results.

In the experiments, we assumed the target system,
a SOC chip, which consists a Bung-DLX processor, a
ROM and a SRAM. The ROM and the SRAM are used
as instruction memory and data memory respectively.
For simplicity, we assumed that no other core is inte-
grated in the SOC chip.

Four real embedded applications are used as bench-
marks, which are Lempel-Ziv algorithm, ADPCM en-
coder, MPEG-2 AAC audio decoder, and MPEG-2
video decoder. The cycle count is used to evaluate per-
formance obtained by using the simulator [7]. For dy-
namic power estimation, the power models in [8] are
used, and for leakage power estimation, models in sec-
tion 2.4 are used.

Figure 3 shows the estimation results for MPEG-
2 video decoder. We analyzed the C source program
of MPEG-2 video decoder from the MPEG Software
Simulation Group, using our developed variable size
analyzer and got the variable size analysis results of
effective data width depicted in Figure3(a). This fig-
ure shows that there are a lot of variables having many



No. Opt. Dynamic Power(mw) Opt. Dynamic Power(mw)
Application || Pyproc | Pasram | Parom | Parot || Pproc | Pasram | Parom | Parot || Savings
Lempel-Ziv 645.8 330.2 66.98 1.04w 208.3 184.6 31.4 424.3 59.2%
ADPCM 155.5 82.5 118.5 356.5 77.5 51.28 70.3 199.1 44.2%
Mpeg2AAC 589.3 247.6 337.23 1.17w 503.6 194.5 301.7 999.8 14.5%
Mpeg2Video 2.05w 1.16w 349.68 3.56w 1.68w 930.72 305.97 2.91w 18.3%
No. Opt. Leakage Power(uw) Opt. Leakage Power( pw)
Application || Psproc | Pssram | Pspom | Pstot || PspProc | Pssram | Psrom | Pstor || Savings
Lempel-Ziv 3.8 36.Tnw 59.7Tnw 3.90 1.28 19.8nw 24 .9nw 1.32 66.2%
ADPCM 0.95 8.8nw 0.11 1.06 0.48 5.Tnw 61.7nw 0.55 48.1%
Mpeg2AAC 3.1 28.3nw 0.30 3.43 2.3 21.5nw 0.26 2.59 21.5%
Mpeg2Video 13.3 0.21 0.31 13.82 10.0 0.18 0.27 10.4 24.7%
Fig. 4 Power savings for benchmarks

unused bits in MPEG-2 decoder, which originally de-
clared as “int” type. We got average 39% reduction of
bits from the variable size analysis. The dynamic power
dissipation and execution cycles are described in Fig-
ure 3(b), and the estimation results of leakage power
shown in Figure 3(c). From these figures, we can get
the optimal datapath width, 28bits for MPEG-2 video
decoder without performance loss. Optimal datapath
width is the datapath width where the whole system
has the minimization power dissipation without perfor-
mance penalty.

Figure4 shows the results of the experiments em-
ployed our technique for the benchmarks. In the
first table of Figure4d for dynamic power, column
No.Opt. DynamicPower including four columns, which
show the results for original designs without using
our technique. Column Pgp,o. shows the dynamic
power dissipation of processor Bung-DLX, column
Pisran is dynamic power of SRAM, column Pyronm
is the dynamic power of ROM, and column Pgp.
shows the total dynamic power dissipation. The next
four columns show the results using our optimization
technique(Opt.). The last column Savings shows the
dynamic power reduction compared to the designs with-
out using our technique(No.Opt.).

The results of leakage power obtained are
listed in the second table of Figure 4. Column
No.Opt.LeakagePower show the results for original
designs without using our technique. Column Pspj o
shows the leakage power for processor Bung-DLX, col-
umn Pgsgran for SRAM, column Psroas for ROM, and
column Ps7,: shows the total leakage power dissipation.
The next four columns show the results using our op-
timization technique(Opt.). The last column Savings
shows the leakage power reduction compared to the de-
signs without using our technique(No.Opt.).

4. Conclusions

In this paper, we have proposed a system-level de-
sign technique focusing on leakage power reduction,
which can suit the complexity of embedded systems and

stringent time-to-market constraints. We have demon-
strated power savings without performance penalty av-
erage about 40.1% of leakage power, and 34.1% of dy-
namic power, which based on a number of real embed-
ded applications. If given a power constraint, within
tolerable performance loss, this technique can further
reducing power consumption.
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