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Abstract – A novel hardware-software cooperative power
control scheme, namely a software feedback loop, is proposed to

because the workload variation of each task is not exactly
known at compile-time and it is data dependent.

lower power consumption of VLSI systems. The proposed run-

Moreover, in the previously published approaches, system

time voltage and frequency control scheme guarantees the real-

clock frequency can have arbitrary values, which may cause

time execution of applications. It avoids interface problems and
also provides “binary-code compatibility”. Using a software
analysis environment, the power control scheme is shown to
achieve more than 90% power reduction for real-time MPEG-4
SP@L1 video encoding, taking into consideration the transition
delay between voltage and frequency levels.

I. INTRODUCTION

interface problems to exchange data with external memories
and peripheral LSI’s. Especially, this interface problem
becomes serious for external devices such as a cathode-ray
tube (CRT), a liquid-crystal display (LCD), and a radio
frequency (RF) front-end. Usually, these devices operate at a
constant clock frequency so that complicated interface
circuits may be needed.
A dynamic voltage scaling scheme often employs a DC-

Over the past several years, reduction of power

DC converter and a frequency synthesizer to control the

consumption is taking on significant importance in VLSI

supply voltage and clock frequency. DC-DC converters have

system design, especially for portable, battery-powered

rather slow transition delay compared with processor cycle

devices such as a digital cellular phone and a personal digital

time. The transition delay should be also taken into account,

assistant (PDA).

but most of the conventional approaches do not.

One promising approach in power reduction is dynamic

Voltage-frequency relationship is important in dynamic

voltage scaling [1][2]. In the scheme, supply voltage is

control of the supply voltage. In the conventional approaches,

reduced to the lowest possible level to achieve the lowest

the relationship is stored in the form of dedicated hardware

power consumption, since the power consumption of CMOS

and/or

circuits is proportional to the square of the supply voltage. As

relationship, however, depends strongly on the process

the supply voltage decreases, the speed of CMOS circuits

technology and architecture, which means that hardware

also decreases. Therefore, the supply voltage should be

redesign or software recompilation is required when the

dynamically controlled based on the workload variation.

generation of a processor changes.

customized

software.

The

voltage-frequency

Recently, extensive studies have been carried out on the

In this paper, a novel hardware-software cooperative

dynamic voltage scaling [1]-[5], based on compile-time

scheme is proposed to lower power consumption of VLSI

supply voltage scheduling. These approaches, however, are

systems. It consists of (1) a simple power control chip with

not suitable for real-time applications, because they do not

an on-chip DC-DC converter and a frequency generator, (2) a

guarantee for the program to be finished in a given time

simple run-time power control algorithm using software

interval. Neither, it does provide the optimum supply voltage,

feedback loop, and (3) a device driver for considering

voltage-frequency relationship of a target processor.
The dynamic software feedback scheme proposed in the

because all processor-dependent parameters are stored in a
separate device driver program.

By using the device driver

paper guarantees real-time execution of the application for

that can be modified easily when the version of the target

the first time and achieves more power saving over compile-

processor is changed, the proposed system guarantees the

time supply voltage scheduling. It is because the supply

“binary-code compatibility” for any versions of the upward-

voltage is controlled adaptively in run-time and the scheme

compatible processor.

takes the transition delay into account. The power control

approaches, the application program should be reprogrammed

chip generates fCLK, fCLK/2, fCLK/3, … to avoid interface

or recompiled. Moreover, in these cases, “binary-code

problems, where fCLK is the master clock frequency.

compatibility” is not guaranteed.

On the contrary, in the conventional

Voltage-frequency relationship is given in the form of device

Fig. 2 shows the supply voltages and clock frequencies for

driver program being separate from the application program.

the target system. The power control chip generates the

Therefore, neither recompilation nor reprogramming of the

variable supply voltage VVAR and the variable clock frequency

application program is needed even when a processor is

fVAR from the master supply voltage VDD and master clock

upgraded.

frequency fCLK. Since voltage-frequency relationship of each

Since the power control chip is separate from the

chip is different, variable supply voltage VVAR is applied only

processor, proposed scheme can be directly applied to many

to core logic of the target processor that consumes most of

existing commercial processor systems.

the power.

In order to show the effectiveness of the scheme,

To avoid interface problems, all chips on the target system

performance evaluation is conducted using Pentium II code

operate at the same clock frequency fVAR, except for I/O chips.

set and MPEG-4 video encoding [6], which is going to be the

Moreover, fVAR has only discrete values of fCLK, fCLK/2, fCLK/3,

killer application for portable systems that require real-time

… to simplify the interface scheme. The I/O chips should

execution.

operate at a constant clock frequency fCLK to exchange data
with external devices such as CRT, LCD, and RF front-end.
Most real-time applications have some given time

II. ARCHITECTURE

intervals in which a certain amount of task should be
The outline of the proposed run-time power control

executed. For example, real-time MPEG-4 SP@L1 video

scheme is shown in Fig. 1. The power control algorithm is

coding should process a picture in 1/15 second. For the rest

embedded in a small part of the application program, and is

of this paper, we refer this time interval as a sync frame.

executed on target processor. It administrates the power
control chip by sending control codes through I/O ports of a
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The power control chip has simple hardware architecture.
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Fig. 1. Proposed run-time power control scheme.
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Fig. 2. Supply voltages and clock frequencies for the target system.
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The device driver program has two lookup tables: one for
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other for transition delay of the power control chip. These
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Fig. 3. Application program and embedded power control algorithm.
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RUN

as fk (k=1,2,3…). Note that there is no transition delay if

B. fVAR_VVAR_apply()

the clock frequency fk does not change from a timeslot to
the next timeslot. In Fig. 4, Tf1 = TS3 × (fCLK/f1) because

program, these values are transferred into the power control

fVAR = f1 for the previous timeslot.

chip using I/O instructions as shown in Fig. 5.

After fVAR and VVAR are determined in the application

(3) Clock frequency fVAR is determined as the minimum

During the transition delay TTD, the clock frequency and

clock frequency fk whose estimated worst-case execution

the supply voltage are unstable, which may cause invalid

time Tfk does not exceed the target time TTARi. Note that

operation of the target processor. To avoid this problem, the

real execution time is always smaller than the target time,

power control chip makes the target processor in a HOLD

which guarantees the real-time execution.

state, where the target processor stops running in this interval.

(4) Supply voltage VVAR is determined from fVAR, using the
lookup table in the device driver.

The power control chip waits for TTD using an internal
counter and then issues the interrupt for the target processor
to wake up. Without this internal timer in the power control
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Fig. 6. Making the target processor idle at the end of a sync frame.

IV. PERFORMANCE EVALUATION
In order to evaluate the proposed power control scheme,
we applied it to MPEG-4 video encoding, which is one of the
typical real-time portable low-power applications for mobile
equipments.
We created real-time MPEG-4 SP@L1 video encoding

software running on Intel Pentium II [7] processor, and
measured the execution time of every timeslot and every
1.0

function module. Effect of operating system (OS) was

RPC: 2 levels (f,f/2)
RPC: 3 levels (f,f/2,f/3)
RPC: infinite levels
post-simulation analysis

Analyzer [8] program. Execution cycles of each timeslot
were calculated from this timing information.
Power consumption was calculated using Eq. (1), and
voltage-frequency relationship was obtained from Eq. (2),
based on the alpha-power delay model [9].
P = ∑ PSL ,
1
f SL

∝

PSL ∝ VSL2 NSL

(1)

Normalized Power P/PFIX

measured and eliminated, using Intel VTune Performance

0.5

0.0

V SL
(V SL − VT ) α

,

(2)

1 sync frame = 33 timeslots = 66.66667 ms
0

10

20

where P is total power consumption, and PSL, VSL, NSL, and
cycles, and clock frequency of a given timeslot, respectively,
VT is the threshold voltage of the processor, and α is the
velocity saturation index.
Simulation conditions are summarized in Table 1. In the
modeling of the voltage-frequency relationship, VDD, VT, and
α are assumed to be 2.5V, 0.5V, and 1.3, respectively, but the
normalized power consumption is not sensitive to these
values if the parameters are chosen in a practical range.
Fig. 7 shows the power consumption using the proposed
power

control

scheme.
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power

consumption
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normalized by PFIX, which is the power consumption with a
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(c) Supply voltage.
Fig. 8. Power, clock frequency, and supply voltage of the 194th sync frame

limit is optimal in energy saving but can not be realized,

compatibility” for generations of a processor series. It avoids

because VVAR and fVAR are determined knowing exact number

interface problems with external memories, peripheral chips

of cycles required for the sync frame.

and external devices, by exploiting discrete clock frequency

This can be only

achieved by a two-pass process, which is unfeasible in real

fCLK, fCLK/2, fCLK/3, …

environments.

When applied to real-time MPEG-4 SP@L1 video

From Fig. 7, it is seen that the proposed power control

encoding, the proposed power control scheme is shown to

scheme has about 90~94% power reduction, while the

achieve more than 90% power reduction compared with the

theoretical limit has 95% power reduction. Also, only two (=

fixed frequency and voltage scheme, while guaranteeing the

f, f/2) or three (= f, f/2, f/3) discrete levels of the clock

real-time operation. Currently, hardware implementation of

frequency are sufficient. Power efficiency decreases as the

the proposed power control scheme is in progress.

transition delay of the power control chip increases, because
the target processor stops its execution during the transition
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