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Abstract

A threshold voltage hopping (Vn-hopping) scheme is
proposed where Vyy is dynamically controlled through
software depending on aworkload. V14-hopping is shown
to reduce the power to 18% of the fixed low-V 1y circuitsin
0.5V supply voltage regime for multimedia applications. A
positive back-gate bias scheme within Viy-hopping is
presented for the high-performance and low-voltage
processors. The measurement result shows about 90%
|eakage power reduction is possible by using V4-hopping.

Introduction

High-performance VLS| design with low supply voltage
(Vpp) becomes one of the most important issues in CMOS
VLSl's, since main-stream Vpp will be scaled down to
below 0.5V in the coming years. The power and the delay
dependence on the threshold voltage at 0.5V Vpp are shown
in Fig. 1. As seen from the figure, the threshold voltage
(V1) has to be decreased to achieve high performance.
Reducing V1, however, could cause a significant increase
in a static leakage power component.

There have been several proposals to reduce stand-by
leakage current, for example, MTCMOS [1] and VTCMOS
[2]. These schemes, however, cannot suppress the active
leakage power. Another approach is a dual-threshold
voltage (dual-Vy) technique [3], which is to partition a
circuit into critical and non-critical gates, and use low-V 1y
transistors only in the critical gates. The drawback of this
scheme is that the leakage current cannot be sufficiently
suppressed since the large leakage current always flows
through the low-V 1 transistors.

This paper presents a dynamic threshold voltage hopping
(Vt4-hopping) scheme that can solve above-mentioned
problems. This scheme utilizes dynamic adjustment of
fregquency and Vqy through back-gate bias control
depending on the workload of a processor. When the
workload is decreased, less power would be consumed by
increasing V. This approach is similar to the dynamic Vpp
scaling (DVS) [4]. In the DVS scheme, Vpp and the
freqguency are controlled dynamically based on the
workload variation. The DVS, however, is effective when
the dynamic power is dominant. On the other hand,
V1y-hopping is effective in the low Vpp designs where V1
is low and the active leakage component is dominant in
total power consumption.
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In order to show the effectiveness of the scheme,
performance evaluation is conducted using MPEG-4 video
coding and a small scale RISC processor with V4-hopping
capability isfabricated.

V+y-hopping Scheme

Figure 2 shows the total power dissipation depending on
the workload. Vihow Signifies V4 applied when the
workload is maximum. If the workload is less than the peak
workload, V14 is increased to the level where the speed
requirement is just satisfied. The broken line represents a
fixed V14 case with only a frequency control. The dynamic
power dissipation decreases in proportion to the workload,
since the dynamic power is proportiona to the frequency.
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Fig. 3 Schematic diagram of V-hopping

The leakage power, however, is not reduced since it does
not depend on the frequency. The straight line in the figure
shows the power dependency of the variable V1 system on
the workload. When the workload is lower than the
maximum workload (i.e. workload<1), the higher threshold
voltage can be used while guaranteeing the logic blocks to
work with the lower frequency. Asis shown in the figure, it
is clear that the total power is decreased effectively with
dynamic Vy control depending on the workload. This
sets the basis for the V4-hopping.

The schematic diagram of the Viy-hopping scheme is
shown in Fig.3. Using the control signal, CONT, sent from
the processor, the power control block generates select
signals of V1y's, VTHIow_Enable and VTHhigh_Enable,
which in turn control substrate bias for the processor.
CONT is controlled by software through a software
feedback loop scheme [5], which has been proposed for
dynamic Vpp scaling (DVS) but is also effective for
V14-hopping. The software feedback scheme can
guarantee hard real-time for multimedia applications with
the DVS and the same algorithm guarantees the real-time
operation with V14-hopping, since software-wise, the DVS
and Vy-hopping are the same.

It should be noted that at a power-on sequence,
VTHIow_Enable is asserted and that VTHIow_Enable and
VTHhigh _Enable are non-overlapping signal to eliminate
direct current between two different Vgs.

CONT also controls the operation frequency of the target
processor. When the V1 controller asserts VTHIow_Enable,
the frequency controller generates fc , and when the V14
controller asserts VTHhigh Enable, the frequency
controller generates fc «/2.

V1hiow IS determined so that the maximum performance
of the processor achieves the required clock frequency of
foik. On the other hand, Vrunigs is determined so that the
processor operates at fe /2.
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Fig. 5 Frequency transition of V14-hopping

Simulation Results of M PEG4 Encoding using
Vu-hopping

In order to show the effectiveness of the scheme,
performance evaluation is conducted using MPEG-4 video
coding. Figure 4 shows a simulation result of power
transition in time for MPEG4 encoding case using
V1y-hopping. If more than two clock levels, hence more
than two V1 levels, are provided, more power reduction is
possible but the improvement is minor (only 6%) as is
shown in the figure. Moreover, if more levels are provided,
there are test issues since speed test should be run at more
than two frequencies and more area overhead is needed for
the control block and selectors. This is why the number of
V14 levels is limited to two. Since only fo x and fe /2
are used, there is eventually no synchronization problem at

the interface of the processor with the external systems.

It is seen from Fig. 5 that fc k is used only 6% of the
time while the processor isrun at fc /2 for 94% of the time.
foLk is still needed because the processor will run at fe « for
100% of the time when the 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
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applications such as MPEG2 decoding and VSELP voice
codec.

Figure 6 shows the simulation result of a power
comparison among fixed single Vi, dual-Vy and
V14-hopping cases for MPEG4 encoding. Vy-hopping can
reduce the power to 18% of fixed low-V 1 circuit and 27%
of the dual-V schemein 0.5V Vpp regime.

In order to suppress the leakage power further,
combining the Vyy-hopping scheme and the dual-Vq1y
scheme could be useful. Figure 7 shows the schematic of
this scheme. In this scheme, Vy-hopping is used only in
the critical paths. On the other hand, V14 of the non-critical
gates is set to considerably higher value (Vtpnon cit), Which
is not changed for al the time.

As shown in Fig. 6, however, the above mentioned
combination scheme hardly improves the power (only
1.5%) compared with the V1-hopping scheme. The reason
is that the difference between the leakage power in the
critical paths and the |eakage power in the non-critical paths
is small since the leakage power in the critical paths has
aready been suppressed by using Vy-hopping. Therefore,

L

Fig. 8 Microphotograph of RISC processor

it can be said that the scheme using only V1y-hopping is the
most effective.

M easurement of RISC Processor with Vy-hopping
The above-mentioned scheme is a normal Vyy-hopping
scheme, where V1o 1S achieved by zero back-gate bias
and Vnign IS Obtained by applying negative back-gate bias.
It is, however, adso possible to obtain Viung, by zero
back-gate bias and V140w by positive back-gate bias[6].

A smal scale RISC processor with Viy-hopping
capability and the positive back-gate bias scheme is
fabricated in a 0.6um CMOS technology. The overhead of
the V1y-hopping scheme was 14 %. This includes the
additiona Vg and Vg lines in the standard cell area. A
microphotograph of the RISC processor appears in Fig. 8.
The size of RISC coreis 2.1 mm x 2.0 mm and the size of
Vs selector is 0.2mm x 0.6mm.

In order to design the processor, the conventional place
and route (P&R) tool [7] was used without modifying
standard cells. The only modifications are around the
substrate/well contacts after the P&R is performed. The
detailed process of the P&R for V1y-hopping is shown in
Fig. 9. First, P&R is executed using the conventional
standard cells. In order to add metal lines for Vggp and Vs,
the standard cells are placed at appropriate intervals, which
can be done by using the conventional P&R tool with an
appropriate parameter (see Fig.9(a)). Next, well contacts
located on the Vpp line and substrate contacts located on the
ground line are removed by using SKILL script [8] (see
Fig.9(b)). Finally, the n-well pattern, p-well pattern, Vgsp
lines, Vg lines and well/substrate contacts are added to the
gap between the standard cells (see Fig.9(c)). The
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Fig. 9 Place and route using conventiona standard cells

advantage of this technique is the standard cells need not be
modified at al. If the standard cells can be modified, the
overhead could be reduced to 9%.

Figure 10 shows the measurement results and SPICE
simulation results of the RISC processor. Vgy isthe positive
back-gate bias voltage and AV gy is the peak-to-peak Very
variation which is set to 0.1V (x10% of Vpp). In this
condition, the worst delay occurs at the lowest Vry and
worst power consumption is observed at the highest Vpy
due to the junction leakage current. The delay improves
29% at 0.9V Vpp with 0.6V Vpy. Leakage caused by
forward biased junction with the positive back-gate bias can
be reduced by Viy-hopping and 91% leakage power
reduction is possible for such a case.

Conclusion

A threshold voltage hopping (Vn-hopping) scheme is
proposed where Vi is dynamically controlled through
software depending on a workload of a processor. The
V14-hopping scheme is shown to reduce the power to 18%
of the fixed low-V14 circuitsin 0.5V supply voltage regime
for multimedia applications. V4-hopping is effective in the
low Vpp designs where V1 is low and the active leakage
component is dominant in total power consumption.

A small-scale RISC processor with Vy-hopping and the
positive back-gate biased scheme is fabricated and 91%
power reduction was possible compared with the fixed
positive back-gate bias scheme.

Acknowledgment
The VLS chip in this study has been fabricated in the
chip fabrication program of VLS| Design and Education
Center (VDEC), the University of Tokyo with the
collaboration by Rohm Corporation and Toppan Printing
Corporation.

Thiswork is carried out under Mirai-Kaitaku project.

References
[1] Shin’ichiro Mutoh, et al, “1-V power supply high-speed digital circuits
technology with multithreshold-voltage CMOS,” IEEE J. Solid-Sate
Circuits, vol. 30, pp.847-854, Aug. 1995.
[2] T. Kuroda, et a, “A 0.9-V 150-MHz, 10-mW, 4mm? 2-D discrete
cosine transform core processor with variable threshold-voltage (VT)

11

Vpp=0.9V
Vi (Vep=0)=0.7V
! O Measured
) SPICE
g 09 Ver=VooVew
el
N _
s AV,,,=0.1V
S (O i
Z |
0.7} 9% fast operation] = tT—=2—9
i i
06 i i Ven=Vew
0 0.1 02 03 04 05 06 0.7 038
Forward bias : Vg, [V]
Vry-hopping
for Junction leakage power reduction
108
Vpp=0.9V
Vi(Ve=0)=0.7V AV, =0.1V ©
O Measured H
2
@ 10 SPICE |
H Vep=Vop-Vew
o
T 101f [91% power reduction :
s :
: |
o I 1
ZzZ 1¢ ! '
Total power /' ! !
Leakage power A i -
10 /o Ven=Vew
0O 01 02 03 04 05 06 0.7 0.8

Forward bias : V, [V]

Fig. 10 Delay and power of V14-hopping with positive
back-gate bias

scheme,” IEEE J. Solid-Sate Circuits, vol. 31, pp.1770-1778, Nov.
1996.

[3] Q. Wang and S. Vrudhula, “Static power optimization of deep
submicron CMOS circuits for dual vt technology,” in International
Conference on Computer-Aided Design, pp.490-494, 1998.

[4] A. Chandrakasan, V. Gutnik and T. Xanthopoulos, “Data driven signal
processing: an approach for energy efficient computing,” Proceedings of
ISLPED’ 96, pp.347-352, 1996.

[5] S. Lee and T. Sakurai, “Run-time voltage hopping for low-power
real-time systems,” |EEE/ACM Proc. DAC, pp.806-809, June, 2000.

[6] C. Wann et a, “CMOS with active well bias for low-power and
RF/analog applications,” Dig. Tech. Papers Symp. VLS Tech.,
pp.158-159, 2000.

[7] Apollo user guide, Avant! co., 1998.

[8] Diva interactive verification reference manual, Cadence Design
SystemsInc., 1997.

0-7803-7076-7/01 $10.00 (C) 2001 IEEE



	CICC 2001
	Return to Main Menu


