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e Device/ circuit collaboration: dual-oxide BGMOS
e Circuit / software collaboration: voltage hopping

e Architectural approaches



Ever increasing VLSI power

(Power consumption of processors published in ISSCC)
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Vpp, PpOwer and current trend
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International Technology Roadmap for Semiconductors 1998 update sponsored by the Semiconductor
Industry Association in cooperation with European Electronic Component Association (EECA) ,
Electronic Industries Association of Japan (EIAJ), Korea Semiconductor Industry Association (KSIA),
and Taiwan Semiconductor Industry Association (TSIA)
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Power & delay dependence on Vyp & V1
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Controlling Vp, and V., for low power

Low power - Low V5 - Low speed - Low
V., - High leakage - V-V control

* Multiple V4

- Dual-V;,, Multi-Threshold CMOS
 Variable Vq,

- VTCMOQOS, Substrate bias control
e Multiple Vg

- Boosted gate MOS, Dual oxide/dual Vg
 Variable Vg,

- Voltage hopping, Software control

T.Sakurai



Variable V;, and Multi-V,

Variable VTH Multi-VTH
N-Wel g < VDD
VDL ..._r'
=Jg—- Low-Vth
Principle —J\'/?r\]N M _"
GND | St'by L Hi-vth
p-welf-= - GND
Threshold control with sub-bias |On-off control of internal VDD/VSS
+ Low leakage in standby + Low leakage in standby
_ + Already productized + Already productized
Merit/ + Compensate Vth fluctuation - Compensate Vth fluctuation
Demerit |+ IDDQ test - IDDQ test

+ No serial MOSFET

+ Conventional design env.

+ Conventional F/F’s

- Triple well is desirable

- Scalability? (junction leakag

- Large serial MOSFET
slower, larger, lower yield...

+ Conventional design env.

- Special F/F's, Two V,'s

- Ultra-low voltage region?

2)

- Delay fluctuates on activity

T.Sakurai



10

10‘12 Vih = 0.4V

-13

10

11

Transistors go leaky

E

\
Requirement
| | (Stand—t')y Power = llm )

0.1y® |

. ]

Subthreshold 3
Leakag 0.2V N

Junctio

Oi\/ L eaka
(VbS_ =-1
0.4V ~Gate Tunneling

/‘ Leakage

1999
(180nm)

2002 2005 2008

(130nm) (100nm) (70nm)
Year(TechnoIogy Node)

2011
(50nm)
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Boosted-Gate MOS (BGMOS)

Device / circuit colla

porative approach

VDD VR D

(
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Virtual Vgg

___________

CMOQOS circuits
- low V4
- ultra thin Toy

\____________ . e — — — —— —

7

<Standby> <Act|ve>
Veoost
__________ Vpp
N, " oV

Leak cut-off Switch (LS)
- high V4,
- thick Tgoy

T.Inukai, M.Takamiya, K.Nose, H.Kawaguchi, T.Hiramoto and T. Sakurai, "Boosted Gate MOS
(BGMOS): Device/Circuit Cooperation Scheme to Achieve Leakage-Free Giga-Scale Integration,”

CICC'00, to be published, May 2000.
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Drain Conductance (mS/um)
o N

w

—

Leak switch optimization

Tech. Node: 50nrﬁ1

- -I". Vi, = 0.5V (const.).

1 2 3 4 S5 o6 [ 8

Toy (NM)
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SRAM doesn’t accept
MTCMOS & VTCMOS

SRAM SRAM
. T4 B
R INLBFIZ 'T—bg-%iﬁﬂl#:;o
AEUHERDH B
A% EiNE

_||i Leak cut-off
Switch

MTCMOS VTCMOS
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Dual oxide thickness

SRAM (leak cut-off by high V,)

Logic

Circuits

4

€4 4 | | FIF
g

_| Leak icut-
Switch (L

Off
S)

Analog
(low Vpp
Reduces
S/N ratio

N’

/O (for compatibility)

Low voltage

High voltage
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Super Cut-off CMOS (SCCMOS)

VDD 20 D D R

CMOQOS circuits
- low V4
- ultra thin Toy

Virtual Vg _T ________ y

<Standby> <Act|ve>

N—

/441

Leak cut-off Switch (LS)
- low V4
- preferably thick Ty

H.Kawaguchi and K.Nose, T.Sakurai, "A CMOS Scheme for 0.5V Supply Voltage with pico-
Ampere Standby Current," 1998 ISSCC, Digest of Tech. Papers, pp.192-193, Feb. 1998.
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Delay characteristics (inverter & NAND)

Tpd [ns]

F.O.=3

1) MTC}\/\()S

SCCMOS
n

ZT10

Inverté

o
o

°x Measurement

lonyentional

'( 2-NAN]|

0

0.5

Voo [V]

SCCMOS

0.2V V,,circuit
with 0.2V V.,
cut-off MOSFET

MTCMOS

0.2V V,,circuit
with 0.6V V
cut-off MOSFET

Conventional
All 0.6V circuit
No cut-off
MOSFET
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Drain Conductance (mS/um)
L N W A

o

SCCMOS + BGMOS

/ <Stand-by> <Active>

Vbgost (V)
1 2 Vhoost
ch. Node 50nm _ — Vg
SCCMOS + BGMOS
- — 0V
& (Vih = 0.1V)
e / 0 voltage across
\ T "o N gate oxide /
\ -
\ 3
N\ \ BGMOS *
\ SN (i, = 0.5v) Boosted Gate
NN |
N Voo
\ \§ SCCMOS‘\"Q .Not Boosted Gafe
2 \ I (Vth:,o-lv), | f~ | —?
1 2 3 4 5 6 7 8
Tox(Nm)
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Measurement of 32bit full adder

S
20°C\ ' Measured

Normalized t_,

I 15 2
Vpp [V] Photograph of 32bit FA

0.3um CMOS

0 0.5

K.Kanda, K.Nose, H.Kawaguchi, and T.Sakurai,"Design Impact of Positive Temperature
Dependence of Drain Current in Sub 1V CMOS VLSI's",CICC99, pp.563-566, May 1999.
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If you don’t need to hussle,
Vp Should be as low as possible

Energy consumption is
proportional to
the square of V.

: 1

Vpp Should be lowered
to the minimum level
which ensures

the real-time operation.

Normalized energy

1.0

081 — Fixed vdd

0.0 VA ‘
00 02 04 06 08 10

-~ Variable Vdd ,,,,,,

06

oal

o2\ ~~~»~ -/
AR A hortchann

ffffffffffffffffffffffffffffffffffffffff

(=13

lel

Normalized workload
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Voltage hopping for low-power

Tse = Time constraint of sync frame

« o
| ,‘ Tar >
i : :< TRZ >E
Voltage | | i 1 |
| i i < . >
frequency | | ’ | ' ! :
troller | | ' | ) ——
con | |

12 o3

Tc i@ | i

Clock VDD _ Bl Too e T U0
Control i 0 - Teon = Tro Tus

_f _ ‘f/_ Tigre=Tmp+Tws X2
fvar = f1 = fork M L '
i /—'\_IL_%f_SE_-[\_N_s_)_(_?)_ 1t

fvar =12 = fo/2 !TTDI / Tiga =T+ Ty X 4§

¢ 'S ' !

fuar = f3 = fo /3 !

LS R '€ » | Clock frequency i
T 2 1 = figyddd T | | for the previous i

timeslot was f,.

S.Lee and T.Sakurai, “Run-time Power Control Scheme Using Software Feedback Loop for Low-Power Real-time
Applications,” ASPDAC'00, A5.2, pp.381~pp.386, Jan. 2000.
S.Lee and T.Sakurai, “Run-time Voltage Hopping for Low-power Real-time Systems,” to be published, DAC'00, June 2000.
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Transient voltage waveform

‘I\/IPEG-4 video encodingl

0.16

0.14 —8— RPC: 2 levels (f,f/2)
| —4— RPC: 3 levels (f,f/2,f/3)
0.121  —»— RPC: 4 levels (f.f/2,/3,}4)
0.10 RPC: infinite levels
' post-simulation analysis
0.08]

L B aaa-s o

0.04 —0—0—0—0—00090¢

0.02

Normalized Power P/Pgy

0.00I I I I !
00 02 04 06 08 1.0

Transition Delay T (ms)
Simulation results
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Transient voltage waveform

‘I\/IPEG-4 video encodingl

— proposed: 2 levels (f,f/p)

proposed: 3 levels (f,f/R,
— proposed: infinite levels
— post-simulation analydis

=
it

/3)

O
=

! I I ! I I I

O 10 20 30 40 50 60 70

Time (ms)
1 sync frame = 33 timeslots = 66.66667 ms

Normalized Supply Voltage V/Vy,
7
\
I
|

Simulation results
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High flexibility

>

Approach to low-power LSI

Example of MPEG2 decoding

Low-power

® Processor (software)
[ 25W

® DSP
U 4w

@ Dedicated sytem LSI (SW/HW)
0 0.7W

T.Sakurai



Homogeneous vs. Heterogeneous

e
g

Special

I/F, Analog Engine

I/F, Analog

Heterogeneous Architecture
(System LSI)

(Low-power, more efficient)

Homogeneous
Architecture

(High flexibility)

T.Sakurai



froe: Gate Reray,
K Raw yates 8

DRAM Processor :""S:;/‘-étem LSl

K.Sawada, T.Sakurai, et al, "A 72K CMOS Channelless Gate Array with Embedded 1Mbit Dynamic
RAM," in Proc. CICC'88, pp.20.3.1-20.3.4, May 1988.

> Two orders of magnitude improvement in bandwidth
and power

T.Sakurai



3-Dimensional assembly

3-D assembly

Smaller area

Shorter interconnect
Optimized process for
each die (Analog, DRAM,
MEMS...)

Good electrical isolation
Through-chip via

Heat dissipation is an
Issue

Htat spreader/
_Heat pipe

T.Sakurai



Shorter interconnect In 3-D assembly

/i
/a4
/-

System on a chip #of devicesin d (3D) _ 1

d h
— 4
#of devicesind (2D) 30O h d

:g(#of stacked chipsind)

- 3
%/// d: Manhattan distance

h: Height between chips

3-D assembly
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Drain current model

L=0.5um
104
y <
gy =1, Ves ~ Vi = 10
1 aNg =
>
(Vs 2Vry +aNg) 2 107
VAREYS IS ° Measured
. N 0 101 .
I =l,e B | ---- Conventional
Vgs < VrH +aNg) 104 — Proposed formulg
a

0 0.5 1 15
Gate voltage [V]

Discontinuity around V4,

T.Sakurai



Optimum V,5 and V4,

: - . 0P
The optimum solution is obtained by max =
DD
PafC, N, a L,c kO
VTHOpt :_Nsln: L °S E X:E d“>~L %
1 o a-x 6
(Optimum Vi min)
_ lo a-—-x a
VDDopt — X
1-2
a
PLeak max _ PLeak max 0 Z2Nga 103 H\‘ a=1.3 E
P o Po +Pleak max  2NgO+a -1 < =80mV /decade

T.Sakurai



Problems of scaling scenario
(no modification scenario)
2

Calculated
ITRS roadmap .

In order to maintain
L,=20, V5 > 0.8V in
2011.

Neyip 1IN 2011 is 70
times larger than

Voltage [V]
H

0
1999 2002 2005 2008 2011
Year
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Calculation of future trend

35
c 30|
= — -ﬂLeakage power
T .
21 Dynamic power
9 o> 20]
— O
T 9 Calculated I
O =
S = 10.ITRS Roadmap
o
o — |
0 o———° °
1999 2002 2005 20082011
Year

Power dissipation in 2011 is 32 times as large as that in 1999 when
there is no modifications.
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Proposed scaling scenario

X106
50) - 2
' — Calculated
N\ )
40 . AN — ITRS roadma'p
o | =
230 . 5 §
Z - S 1
20~ {)»—o\ _ 20 S | Voo
e o
i (D)
O
10 D 10 o 0.4} Vi
8 (
g 02
01999 2002 2005 2008 2011 01999 2002 2005 2008 2011
Year Year
Optimum Vo, min 0.06V (in 1999) - 0.11V (in 2011)
Optimum Vo, 1o 0.26V (in 1999) - 0.22V (in 2011)

Target V4, 0.21V (in 1999) - 0.20V (in 2011)
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Future trend of N, 5o,c and Nycvory
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Summary

@ Device / circuit collaborative approach: Dual-
oxide Boosted Gate MOS (BGMOS)

@ Circuit / software collaborative approach: Voltage
hopping

@ System LSI approach is effective for low-power

@® Memory-rich architectures are to be sought.
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Prosthesis - Dual Intraocular Units

NC STATE LUNIVERSITY

ARTIFICIAL RETINA SYSTEM*

Fadio Wawve

Retinal Prosthesis
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Reference for low-power design &
System LSI

Low-power high-speed LSI design & technology
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