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A Controller LSI for Realizing Vpp-Hopping Scheme with
Off-the-Shelf Processors and Its Application to MPEG4

System
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SUMMARY An LSI has been fabricated and measured to
demonstrate feasibility of Vpp-hopping scheme in an embedded
system level by executing MPEG4 CODEC. In the Vp p-hopping,
supply voltage of a processor is dynamically controlled by a
hardware-software cooperative mechanism depending on work-
load of the processor. When the workload is about a half, the
Vpp-hopping is shown to reduce power to less than a quarter
compared to the conventional fixed-Vpp scheme. The power sav-
ing is achieved without degrading real-time features of MPEG4
CODEC.
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1. Introduction

These days, high-performance and low-power proces-
sors are demanded extensively to meet the increasing
needs for portable systems like a palmtop PDA and
an intelligent cellular phone. Therefore, saving further
power is becoming one of the most important issues.
To solve this issue, there have been several proposals
to reduce the system power by dynamically providing
optimum fine-grained supply voltage (Vpp) and clock
frequency (f) to a processor [1]-[7]. Redesign of a pro-
cessor, however, is required to implement these propos-
als because Vpp and f are controlled by a model of a
critical path in the processor using hardware feedback.
Then, it is difficult to make use of off-the-shelf proces-
sors sold on the market, which produces a big barrier to
use the concept of the dynamic voltage scaling (DVS).

On the other hand, there are processors already
sold on the market, which implement a DVS scheme on
a chip [8],[9]. The system, however, performs the volt-
age scaling in coarse time resolution and cannot reduce
power by making use of the data-dependent nature of
the multimedia applications or guaranteeing the real-
time feature, which is different from the scheme pro-
posed in this paper. Thus, the system works fine in PC
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environments, but is not suitable for embedded proces-
sor environments.

This paper presents a novel LSI that externally
provides Vpp and f, and a system to realize the DVS
that can utilize off-the-shelf processors with the concept
of the run-time voltage hopping [10], [11]. This novel
DVS system is called Vpp-hopping, and Fig.1 shows
the conceptual diagram of the Vpp-hopping. The ap-
plication program calculates workload of a task and
then, sends speed information to the external Vpp-
hopping hardware via processor, or the processor gets
into a sleep mode if there is no task to execute. By
using the speed information, the Vpp-hopping hard-
ware provides Vpp and f to the processor. Thus, the
Vpp-hopping utilizes dynamic adjustment of Vpp and
f depending on the workload of the processor. When
the workload is decreased, the power would be dras-
tically reduced by decreasing f and Vpp because the
power is proportional to the square of Vpp. By limiting
the number of discrete voltage levels to two, and pro-
viding Vpp and f externally, the Vpp-hopping make
it possible to use off-the-shelf processors. This means,
in the Vpp-hopping, Vpp hops between only the two
levels using software feedback. The reduction of num-
ber of levels is crucial in a product because many test
sequences should be run, if the number is large. This
Vpp-hopping is applied for the first time to an MPEG4
CODEC system without degrading real-time feature of
the system.

2. Vpp-Hopping

Figure 2 shows three approaches to reduce power when

Vpp-hopping
hardware
Application knows own L
worst-case execution time Speed Voo & f
(WCET).
Application | Processor
program Speed/Sleep (SH-4)

Fig.1 Conceptual diagram of Vpp-hopping.
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Fig.2 Three approaches to reduce power when the workload is
50%. fmagz is the maximum f when Vpp is at maximum, Vppae
and then, the maximum power (Pp,qz) is consumed. Vpp is fixed
t0 Vppmas in (i) and (ii), and only the task period is controlled.
On the other hand, in (iii), f and Vpp are controlled dynamically.
It is assumed that no power is consumed while sleep for simplicity.

the workload is 50%. The approach (i) and (ii) are
the conventional approach while (iii) is the DVS, which
shows the highest power saving. The point is to execute
a task as slowly as possible.

(i) “NOP” loop when waiting: Even if there is no
task to be done, application programs usually
execute “NOP” loop to wait for either a next
task or an interrupt. Then, clock generators
with PLL/DLL, memories including caches and
address calculations are executed which consume
certain level of power, bPy,,., where b is less than
one. The normalized power, N P, is expressed as
follows when the normalized workload is NW.

NP(NW) = (1 —b)NW +b.

(ii) Sleep when waiting: If a sleep mode is available
on a target processor, an application program can
use the sleep mode after a task is completed until
the next task starts or the interrupt acknowledges.
In this case, since usually almost no power is con-
sumed in the sleep mode, NP is given as follows.

NP(NW) = NW.

(iii) Work slowly without waiting (DVS): This corre-
sponds to the DVS case. NW and NP are given

by parametric functions of Vpp with a-power law
MOSFET model as follows [12].

VbDmaz Vop —Vra \"
NW (V] =
( DD) VDD (VDD'ma,x - VTH) ’
Voo \°
NP(VDD) = (m) NW(VDD).

. NP(NW)=NW&a1 if Vg =0.
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Fig.3 NP dependence on NW. (i) “NOP” loop when waiting.
b is assumed 0.7. (ii) Sleep when waiting. (iii) DVS.

Vrg denotes the threshold voltage of MOSFET. a rep-
resents a velocity saturation index, and is about 1.2 in
a recent short-channel MOSFET while 2.0 in a long-
channel one (classic Shockley model). NP dependence
on NW for the three cases is shown in Fig.3. In the
DVS, Vpp is decreased to the level where the speed is
just satisfied when NW is less than one. It is clear that
the total power is effectively decreased by the DVS.
Furthermore, it is seen from the figure, as MOSFET
shrinks, and a decreases, the effectiveness of the DVS
increases. This is because, if « is small, since the speed
dependence on Vpp is small, Vpp can be decreased
more. This would become advantage in the DVS.

Vpp and f are also controlled in the Vpp-hopping
so that each task finishes its execution within its worst-
case execution time (WCET) by software. The algo-
rithm to adaptively use discrete levels of Vpp depend-
ing on the workload is of importance. Since the work-
load depends strongly on data, the control should be
dynamic in run-time, and should not be static in a
compile-time. It is too late to notice that the past task
was an easy task which can be done much less than
WCET, because, once the task is completed, there is
no way to change Vpp to lower the power. On the
other hand, it is impossible to predict the workload of
the task to be done in the future without error. To solve
this problem, the algorithm introduces an application
slicing and a software feedback loop. By chopping an
application into slices, executing the first slices at f,44,
and checking the current time and the time margin to
execute the next slice, the optimum f is adaptively se-
lected by a software feedback loop. The details of the
method used in this paper are summarized as follows
with the help of Fig. 4 [10], [11].

(A) A task is sliced into N timeslots. Following pa-
rameters are obtained through static analysis of an
application program or direct measurement [13].
e Tsp: Time constraint of sync frame where sync

frame is the maximum time allowed for the task.
e Tywi: WCET of i-th timeslot.
o Tr;: WCET from (i + 1)-th to N-th timeslot.

(B) For each timeslot, the target execution time,
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TrAri, is calculated as Trar; = Tsr — Tacci —
Trp —Tgr; where T4oc; is execution time accumu-
lated from 1st to (¢ — 1)-th timeslot, and Trp is a
transition delay to change f and Vpp.

(C) For each candidate f;, f; fmae/J (G =
1,2,3...), estimated maximum execution time,
Tri,15, is calculated as Tr; p; = Twi X j+ Trp.
If f; is equal to one of (i — 1)-th timeslot, T, r; =
Twi % j. In general, candidate frequencies can have
arbitrary values. The arbitrary frequency, how-
ever, causes a serious problem at interfaces with
other peripheral devices [10], [11]. This is the rea-
son why the candidate frequencies are limited to
fmaz/J where j is an integer. Then, it is possible to
supply many levels of the frequencies. The power
reduction is, however, minor as described later on,
and test cost increases rapidly because testing at
the multiple frequencies is needed to fully guaran-
tee the normal operation at those frequencies.

(D) f of i-th timeslot, fy g, is determined as mini-
mum f; whose Tp; s; does not exceed Trar;.

Thus, f and Vpp are dynamically controlled on a
timeslot-by-timeslot basis inside each task by software.
If the application finishes before WCET, the processor

Tse = Time constraint of sync frame
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Fig.4 Method to determine f and Vpp in Vpp-hopping.
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gets into a sleep mode. It should be noted that the
proposed algorithm guarantees the real-time feature of
the application. The relationship between f and Vpp
is obtained by measuring physical characteristic, for in-
stance, by Shmoo plot.

Figure 5 shows transient curves of power, f and
Vpp with the Vp p-hopping for one sync frame obtained
by a simulation for an MPEG4 SPQL1 CODEC, which
is a typical real-time application for portable comput-
ing. The workload is 42% of the worst case. If infi-
nite f levels, hence, infinite Vpp levels are provided,
maximum power reduction is possible, but the power
improvement is just 8% compared to two-level Vpp-
hopping. That is the reason why the levels of f and
Vpp are limited to two in the Vpp-hopping. Even-
tually, in this paper, fiu and fe./2 are chosen as
the two-level frequencies. This choice is reasonable as
described in the Appendix.

In case of the two-level Vpp-hopping in Fig. 5,
Simaz 18 used only 6% of the time while the processor
run at fiee/2 for 70% of the time. For the rest of
the time, the processor is in the sleep mode. fi 4z iS
still needed because the processor will run at f,,4, for
100% of the time, when worst-case data comes which is
very unlikely, and for most of the time, the workload is
about a half on average. This tendency holds for other
multimedia applications such as MPEG2 decoding and
VSELP (voice CODEC) that are also simulated, and
about an order of magnitude improvement in the power
are assured. The Vpp-hopping can be applied to such
applications which synchronize with regular period, and
whose WCET is known.

3. Breadboard Design

An MPEG4 CODEC system is built to demonstrate
the feasibility of the Vpp-hopping as shown in Fig. 6.
The system makes use of off-the-shelf processor, Hi-
tachi’s SH-4, and its embedded system board [14], [15].
A block diagram of the Vpp-hopping system is shown
in Fig. 7. H.263 standard image sequence “carphone” is
used as input data. The image has 80 x 64 pixels (5 x 4
macroblocks), and is stored in the flash ROM as raw
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(B)-SH-4 embedc‘ie_d‘ system board

’.

Fig.6 (A) MPEG4 CODEC system with Vpp-hopping. (B)
SH-4 embedded system board made by Densan. (C) Vpp-
hopping board inserted in VME slot. (D) Backside of (C).

Controller gy,
& timers

FPGA

_ MAX232
VGmax

BV 254208

Altera 8V

EPM7064

Vomin TVooms=20V LI 2-level combination
gy 25J208 — Power F {ZOOMHZ, ZOV}
-El switches

Int. red. Swing amp.

t 100MHz, 1.2V

Vgp-hopping board ~ ©Voomin=1-2V { ’ }
VDD

DENSAN

SH-4 board Main SH-4 Freq. control register

DVEVA-SH7750G

memory FRQCR || 200MHz or 100MHz

Int. ack. | yMmE bus || EPROM Bus
K IF (boot) || buffers
E 1 1 i >
&
é < " Loca bus
Flash ROM|
(data) VGA
1
v
RGB out

Fig.7 Block diagram of Vpp-hopping system.

data. One macroblock corresponds to one timeslot dis-
cussed in the previous section. In addition, other two
timeslots are assigned to initial and display routine.
That is, the MPEG4 CODEC has 22 timeslots. In or-
der to obtain WCET of the sync frames, the frame rate
is varied to check that the system works in time with-
out sync frame dropping and then, 200 ms is obtained
as WCET, which means that the sync frame rate of the
system 1is five per second. It should be noted that the
image size and the sync frame rate are different from the
standard. Nevertheless, feasibility of the Vpp-hopping
can be verified in respect of both hardware and soft-
ware.

In Fig.7, the optimum f and Vpp are calcu-
lated by the SH-4 with the Vpp-hopping algorithm.
Then, the speed information is sent through I/O bus
of the processor and to VME bus, which controls
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Vb p-hopping board implemented by an FPGA (Altera
EPM7064). Because only I/0O instructions are required
to implement the Vpp-hopping, no new instruction set
is needed. This makes it possible to implement the
Vpp-hopping system without redesigning the proces-
sor itself. The FPGA has timers in it. One of the
timers watches the current time, and another timer is
used to keep the processor in the sleep mode during
the Vpp transition to avoid malfunction. In order to
handle the external interrupt, the FPGA requests an
interrupt (Int. req.) and the processor acknowledges
the interrupt (Int. ack.) through the VME bus and a
VME bus I/F chip.

There are a couple of points that should be han-
dled with care in implementing the board level Vpp-
hopping. The following subsections will describe these
points.

3.1 Clock Frequency

The processor has a clock frequency control register
(FRQCR) as shown in Fig. 7. The FRQCR can change
the internal clock frequency instantaneously. The inter-
nal clock frequency is synchronized with external clock
of 33MHz. Since only 200 MHz and 100 MHz whose
ratio is an integer are used as the clock frequencies,
there is eventually no synchronization problem at the
interface of the processor with the external systems.
In a general processor, the clock frequency control reg-
ister such as the FRQCR might not be implemented,
and at that time, two kinds of frequencies should be
applied externally. An LSI implementation described
afterwards output the frequencies by itself.
Incidentally, according to the specification of the
processor, 2.0V is used as Vppmas at 200 MHz. As
Vopmin at 100 MHz, 1.2V is obtained by measurement.

3.2 Power Switch

On the Vpp-hopping board, Vpp hops between
Vobmaz and Vppmin using power switch MOSFETSs
(25J208 x 2), which has one of the lowest threshold
voltages on the market. The threshold voltage is, how-
ever, 2.8V that is higher than Vppmas. Then, the
MOSFET never turns on as it is. In Fig. 7, RS-232C
driver (MAX232) is used as a voltage swing amplifier
that amplifies the gate voltage to £8 V.

Figures 8 and 9 are measured Vpp waveforms.
The measured fall and rise time of Vpp are less than
200 pus and 100 us respectively with decoupling capaci-
tance Cp + Cg of 30 uF at the node Vpp.

A care should be taken for the overlap of the
VbDmasz enable signal (Vgmaesz) and of the Vppmin en-
able signal (Vgmin). In the Vpp switching between
VbDmaz and Vppmin, there are two cases: One is that
there is overlap between the signals, and the other is
that there is no overlap between the signals. It is even-
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tually impossible to turn on one MOSFET and turn off
the other MOSFET at the same time. If there is an
overlap whose situation is depicted in Fig. 8, large cur-
rent might flow from Vppmaez t0 Vppmin, which might
cause a problem. However, thanks to the decoupling
capacitors, spike noise or voltage drop is not observed.
The overlap between the signals is set to 2 us.

If there is no overlap, there is a period while
Vpp line is completely cut off from both Vppe. and
VbDmin, which causes a serious problem as seen in
Fig.9. In rising Vpp case, Vpp sags below Vppmin
due to discharge from the decoupling capacitor, which
might put the system in hung-up status. In conclu-
sion, the switching between Vppmaz and Vppmin should
be carried out with a period while both Vpp.e: and
Vb Dmin are connected to the Vpp line for a short time.

One more care other than the timing overlap is
for a power-on sequence. Vgma: should be asserted
to connect Vppmaes to Vpp line at boot-up process to
stably initiate the system.

3.3 Power
Figure 10(A) shows the measured power characteristics

of the Vpp-hopping system. The power of the proces-
sor at 200 MHz is 0.8 W while the power at 100 MHz is
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0.16 W. The power in the sleep mode is 0.07 W. Since
the average time for Vppmar is 8%, that for Vppmin
is 86%, and that for the sleep mode is 6%, the aver-
age power is 0.21 W. In the processor, I/O buffers are
not optimized for the low-voltage operation. If the I/0
buffers were designed carefully, Vppm could be be-
low 0.9V instead of 1.2V. In that case, the power at
100 MHz could be reduced to about a half.

Based on Fig. 10(A), power dependence on work-
load can be obtained as shown in Fig. 10(B). 0.8 W at
200 MHz corresponds to full workload while 0.16 W at
100 MHz corresponds to a half workload. The processor
consumes 0.07 W in the sleep mode when the workload
is zero. Compared to (i) “NOP” loop when waiting case
in Fig. 10(C), the Vpp-hopping works more effectively
in low-workload region. On the other hand, against (ii)
sleep when waiting case, the Vpp-hopping is the most
effective when workload is a half because the second
frequency is set t0 fraz /2.

4. LSI Design

After evaluating the Vpp-hopping breadboard, a Vpp-
hopping LSI has been designed and fabricated, which
has the same function as the breadboard. Fundamen-
tally, the FPGA portion on the breadboard is imple-
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Fig.10 (A) Measured power characteristics of Vpp-hopping
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“NOP” loop when waiting. (ii) Sleep when waiting. (iii) Vpp-
hopping. Processor consumes 0.58 W when executing “NOP.”
(C) Power reduction ratio of Vpp-hopping.

mented by the LSI based on a standard cell design style.
In the Vpp-hopping LSI, the gate width of the
power switch is also critical. The simulated Vpg curve
is shown in Fig.11. In the process technology used for
the LSI design, the threshold voltage is 0.6V that is
smaller than Vppmin (1.2V) so that the signal swing
amplifier is not needed which was required for the
breadboard design. When the gate bias is 1.2V, and
load current is 0.13 A, the maximum gate width is
needed. The gate width of 270,000 ym is found to be
appropriate if the voltage drop by the switch is set to
less than 0.05V. This gate width can also draw large
current of 0.4 A through it if Vpp is Vppmas (2.0V).
Figure 12 shows a schematic diagram of the Vpp-
hopping LSI. Such as the breadboard design described
in the previous section, the timing overlap between
Vamaz and Vgmin is critical. In order to adjust the
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period of the overlap, programmable timers are put at
the gates of the power switches. The LSI also has an
all-purpose decoder for the power switches. One more
care other than the timing overlap is for the boot-up
process. Vppmas should be connected to the Vpp line
by System _reset signal to stably initiate the system.

For processors that do not have a frequency control
register, the Vpp-hopping LSI has a clock frequency se-
lector to output either fiup Or finee/2. In general, a
processor must be halted while f and Vpp is being
changed to eliminate malfunctions due to the transi-
tion.

In addition, two other timers are available to watch
the current time, and to wake up out of the sleep mode
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Fig.14 Power comparison between Vpp-hopping and
fixed-Vpp schemes. b is 0.72 at SH-4.

using the interrupt signal after the f and Vpp transi-
tion.

Figure 13 shows the measured waveforms of Vpp
and the sleep signal of the processor. The input image
data is the same as that on the breadboard. It should
be noted that just two sync frames are shown in the
figure. Vppmas is used only 8% on average while the
sleep period is 6% on average. This means that 86% left
is used for Vppmin- Therefore, the average workload
becomes 51% (8% x 1 + 86% x 0.5 + 6% x 0).

Figure 14 shows a power comparison between the
Vp p-hopping and other fixed-Vpp schemes for MPEG4
CODEC. The Vpp-hopping is measured to consume
0.21 W. If the I/O buffers of the processor were designed
carefully, the power would become 0.15W. In that case,
the Vpp-hopping can reduce the power to less than a
quarter of the fixed-Vpp scheme.

The LSI has been fabricated with Rohm 0.6 pm
triple metal CMOS technology as shown in Fig. 15.
The LSI consumes 0.01 W when the external clock is
33 MHz. The size is about 4.6 mm x 2.3 mm including
two power switches of 270,000 yum width. The switches
are implemented with comb-shaped pMOSs because of
their huge width.

5. Conclusion

Feasibility of the Vpp-hopping has been verified based
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4590um

Fig.15 LSI for Vpp-hopping.

on the breadboard-level prototype, and it has been ex-
tended toward the design of the ASIC. From the soft-
ware point of view, the Vpp-hopping exploits the ap-
plication slicing while all in the ASIC are the power
switches, plain login, and timers as the hardware.
By applying the Vpp-hopping to MPEG4 CODEC,
75% power saving of the processor can be achieved
without redesign of the processor. The power sav-
ing is achieved without degrading real-time features of
MPEG4 CODEC.
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Appendix

The reason why two frequencies and not more than two
frequencies are the best choice has been already ex-
plained in the text. Now, in this Appendix, the ques-
tion is why finez/2 and not frnes /4 (j > 2) is preferable
as the second frequency. One of the reasons for mul-
timedia applications treated in this work is that the
average workload is about a half. If average workload
of an application is about 1/3, and the processor is
only used for the application, the best choice of the
second frequency would be f,0./3. In general, how-
ever, a processor in recent systems is used for various
applications. In such environment, average workload is
unknown because the workload of applications running
on a processor varies randomly from zero to one. Then,
it is shown in this Appendix that the average power for
that kind of system is minimized when fy,q,/2 is used
as the second frequency.

Figure A-1 shows the power dependence on work-
load. Segments OBC corresponds to the power depen-
dence when f,q.;/2 is used as the second frequency
while OAC corresponds to the case of fa/j (7 > 2).
The area under the segments is proportional to the av-
erage power when the workload of applications running
on a processor varies randomly from zero to one. To
show that the average power is minimized when f,4q /2
is chosen, what should be demonstrated is that the area
of quadrilateral OBCD (Sopcp) is smaller than that
of quadrilateral OACD (SOACD)- SOACD and SOBCD
are given as follows,
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Fig. A-1 Power comparison when fmaz/j (7 > 2, point A) and
fmaz/2 (point B) are used as second frequency.

Soacp = NP (%) X %/24- [NP (%) —I—l]

1
><(1——,>/27 where j > 2,
J

Sopcp = NP <%) x %/2+ [NP (%) +1}

X (1—%) /2.

N P(1/7) signifies the normalized power when the work-
load is 1/j. In order to show Spoacp > Sopcp, the
following inequality (A-2) holds. The relationship is
derived by using (A-1).

(A1)

1 1 1 1
NP |- ])>=+NP|(=|—=, wherej>2. (A-2)
J j 2 2

Now 1/j is substituted by NW, where NW is normal-
ized workload. NW corresponds to the horizontal axis
variable of Fig. A- 1. The inequality (A-2) becomes

NP(NW) > NW + NP (%) - %

where NW < %

In the figure, a dashed line shows the function
G(NW) = NW+NP(1/2)—1/2, and the shaded region
R corresponds to R > NW + NP(1/2) — 1/2. There-
fore, if the curve NP(NW) passes through the region
R for NW < 1/2, the inequality (A-3) holds and then,
in turn Soacp > Soscp can be demonstrated.
Suppose that T(NW) is the tangent line that
touches NP(NW) at the point B. Since NP(NW) is
a concave function, (NP(NW) — T(NW))"” > 0 for
0 < NW < 1/2, and (NP(NW) — T(NW))' = 0 at
NW = 1/2. Then (NP(NW) — T(NW))" < 0 for
0 < NW < 1/2. Therefore, NP(NW) —T(NW) is a
decreasing function for 0 < NW < 1/2, and is zero at
NW = 1/2. This means that NP(NW) > T(NW) for
0 < NW < 1/2. If the slope of T(NW) is less than
1, T(NW) passes through the region R. In that case,

(A-3)
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Fig. A-2
1/2.

Numerical solution of slope of NP(NW) at NW =

since NP(NW) > T(NW), NP(NW) passes through
the region R, and Spacp > Sopcp can be demon-
strated. Thus, the condition for Spacp > Soscp now
becomes the following.

dNP <1)
_\2J
ANW

As described in Sect.2, NP dependence on NW is
shown as follows by parametric functions. It is diffi-
cult to write NP(NW) in an explicit way.

<1

oy — i\ "
1
NW(’Udd) —_ ‘/‘?Dmaz ,
Vdd 1 _ TH
VDDmaz

NP(Udd) = ’UstW(Udd),
where

; Vbp
dd — .
VDDmaz

The slope at NW = 1/2 can be numerically calculated
as follows, and the result is shown in Fig. A- 2.

INP (1) AN P(v44)

_ 2) _ dvaq
Slope = —INW = ANW (vag)
d'Udd NW(’Udd):%

In the region where 0 < Vg /Vopme: < land 1 < a <
2, which hold in normal VLSI processors, it is seen from
the figure that the slope does not exceed 1. Therefore,
Soacp > Sopcp is now demonstrated and then, it is
established that the average power is minimized when
fmaz /2 is chosen as the second frequency for the system
where the average workload of applications running on
a processor varies randomly from zero to one.
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