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Transistor Leakage Mechanisms

‘ll}’_ Voo

Isus Subthreshold leakage from source

lcipL Gate-induced drain leakage (GIDL)
I, Junction reverse-bias leakage

Il Gate leakage (direct tunneling)
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Technology Scaling Trends

» Physics requires increased leakages at smaller dimensions
 Failure to deal with leakage implies slower scaling
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Server Processor Power Trends
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Source/Drain Leakage (1)
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Strained Silicon

Improved Rgy

05 06 07 08
IDSAT (mA/um)

K.Mistry, 2004 VLSI
* 30% ldsat improvement at fixed loff

* 50x loff reduction at fixed ldsat
» Performance and leakage are intimately related
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Gate Leakage Trends
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Gate Leakage Trends (cont)
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- Leakage increases by 10x for every 2A (SiO,)
gate thickness reduction

K. Itoh, Trends in Low-Voltage RAM Circuits, FTFC 2003

Gate Current Density (A/cm?)
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Electrical (Inv) Tox (nm)
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Gate Leakage Trends (cont)
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« SION scaling running out of atoms

* Poly depletion limits inversion T,y scaling

[Mistry, et. al, IEDM 2007]

© 2008 IEEE International Solid-State Circuits Conference © 2008 IEEE



45nm High-K + Metal Gate Transistors

Low resistance layer
"‘/' y

Metal gate
/ Different for

NMOS and PMOS

Metal Gate
— Increases the gate field effect

High-K Dielectric . mE High-k gate oxide
— Increases the gate field effect S j_l\: D Hafnium based

[ L]

— Allows use of thicker dielectric L s v

layer to reduce gate leakage -
Silicon substrate

HK + MG Combined

— Drive current increased >20% Metal Gate

— Or source-drain leakage (different for NMOS & PMOS)
reduced >5x

— Gate oxide leakage reduced

Silicon Substrate

http://download.intel.com/pressroom/kits/45nm/
Press%2045nm%20107 _FINAL.pdf
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HK+MG Gate Leakage Reduction

Gate leakage is reduced >25X for NMOS and 1000X for PMOS

SiON/Poly 65nm/
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Voltage Dependence
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130nm process
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{Leakage components are a strong function of voltage]

[Krishnamurthy, et. al, ASICON 2005]
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Relative Leakage

Temperature Dependence
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[Mukhopadhyay, et al.,
VLSI Symposium 2003]

© 2008 IEEE International Solid-State Circuits Conference © 2008 IEEE



Optimal Active / Leakage Power Ratio

Equi-power (solid-lines)
005 01 02 030405 07 x=1012

[
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[ Optimal active/leakage power ratio is 70/30 ]

[Kuroda, ICCAD 2002]
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_eakage mechanisms and trends
_eakage reduction techniques
-uture process technology options
Summary
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Leakage Reduction Techniques

e Transistor level
— Longer transistor Le
— Higher-Vt devices

* Block level
— MOS Threshold Voltage Control (MTCMOS, VTCMOS)
— Gate Voltage Control (SCCMOS, BGMOQOS)
— Transistor stacking methods
— Cache leakage reduction
— Sleep transistors

 Chip level
— Multiple voltage supplies
— Adaptive body bias
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Sub-threshold Leakage [nA/pum]
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Low damage junction engineering for sub-threshold and
lunction leakage reduction
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Long-Le Transistors

Nominal Le »{ <« .

Long Le =

(Nom+10%)

All transistors can be either
nominal or long-Le

Most library cells are
available in both flavors

Long-Le transistors are
~10% slower, but have
3x lower leakage

All paths with timing slack
use long-Le transistors

Initial design uses only long
channel devices

[Rusu, et. al, ISSCC 2006]
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Long-Le Transistors Usage

Long channel device
average usage summary

Cores 54%
Uncore 76%
Cache 100%
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[ Regular layout reduces variability and leakage ]

[Rikhi and Rusu, IDF 2006]
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Low-Leakage PowerPC 750

PLL_A PLL_B

Processor Core PPC750
Process Technology |0.13um
Metal Levels 6 Layer Cu
Core Voltage 1.1V -1.5V
I/O Voltage 1.2V, 1.5V, 1.8V,

25V, 3.3V
Lpoly 0.07um
Tox 1.4nm/4.0nm
SRAM cell area 2.16um? :
Chip size 34mm? Bl £
Transistor Count 39.7 million .iliﬁw

* 0.13um SOI CMOS technology with copper interconnect, low-k
dielectric, multi-threshold transistors, and dual oxide thickness FETs

[Geissler, et. al, ISSCC 2002]
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Triple Vt Usage in PowerPC 750

Low Vt High Vt
2

-
o

# of paths
(Thousands)

S a N W A O o N O W

01 0 01 02 03 04 05 06 0.7 08 0.9

Slack (ns)

« Three threshold voltage devices are used for both the nFET and
pFET, high Vt, standard Vt and low V1t devices

» Low Vt devices are used in frequency-limiting paths only

« High Vt devices are used in paths which are not frequency-

limiting and in SRAM arrays
[Geissler, et. al, ISSCC 2002]
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Power5 Leakage Reduction

POWER4 Device Width POWERS Device Width

26.2%

4.4% l

33.9%

69.4% 65.7% 0.4%

M high Vt B low Vt B nhormal Vt

[ IBM’s Power Processors are leveraging triple Vt process option ]

[Clabes, et al., ISSCC 2004]
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Leakage Reduction Circuit Techniques

Body Bias Stack Effect Sleep Transistor
N [
Vbp
Vdd
. .|.Ve _I O

9 v

Equal Loading

]

Logic Block

© 2008 IEEE International Solid-State Circuits Conference =  © 2008 IEEE



Body Bias Leakage Reduction

100

Forward
body bias

Normalized leakage current

Reverse -
body bias No body bias
0.75 0.95 1.15 1.35

Normalized frequency

[Keshavarzi, et al., D&TC 2002]
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Speed-adaptive Vt with Forward Bias

pMOS substrate bias

Switch control signaI{L Integrated
31V 3.1V Circuits
. % 4 A
C[O‘Ck SlgnEll Comparatc}r _| 1.6 V
™~ I Amplifier Vdd
H

stby P 1.1V _‘;
L Loov Vbp| —
> Decoder AQ ::'~
T T16V Vbn
stoy P 0.5V
%ﬁ%ﬂ : / A —E Vss
3 L 0.0V
Delay line A | Amplifier —
15V 1.5V
Switch control signal
nMOS substrate bias
Supply voltage 1.5-1.8V Gate length - 0.2 um
Clock frequency 220MHz Oxide thickness - 4.5 nm
Power consumption 320 - 380mW Interconnect metal - 5 layers
Standby current 30uA Well structure - triple well

[Miyazaki, et al — ISSCC 2000]
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SA-Vt Implementation

3.1V ==

Vbp 1.6V (Vdd)

N

0.5V
0.0V (Vss) -

Bias voltages in different
operating modes —_—

-1.5V ==

vdd
Vbp =

Vdd ! e e R :
é: el pMOS source e Tactive mode: - standby mode
-ﬂ Capaﬂitance T T T T T T T L S T T T ]

Vss

Vbn . I
Vss ‘\ nMOS source Bias and Supply
'ﬂ capacitance voltage distribution

Total cap
=1.4nF

[Miyazaki, et al — ISSCC 2000]
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SA-Vt Experimental Results

Vbn = 0.5V ]
o.ov
300
N SA-Vt off
= 250} 10%
=
£2 200
ES SA-Vt on
= ® 150
= LL
100
15 16 1.7

Supply voltage (V)

Forward-bias effect
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O | (vdd)
O (controller)

0 50 100 150 200

Current consumption (pA)

Standby Current

[Miyazaki, et al — ISSCC 2000]
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Scalability of Reverse Body Bias

Vbp
400.0E-9 Vd;,»
+V
Total Leakage Power
@ 300.0E-9 % 9
© —
3
a?:,-. 200.0E- L,l,
o]
- -
100.0E- SD leakag$ -Ve~ Vbn
Ibp jurjction leakage x Ibn junction leakage Tech 0.35 um | 0.18 um
| 10 -08 -06 -04 -02 00 LlofRed | 1000X 10X

Body Bias (V)

Reverse Body Bias is less effective with technology scaling
[Keshavarzi, et al — ISLPED 1999]
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Equal Loading
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Stack Forcing

Normalized delay
under iso-input load

10 [ Two-stack 1y stack Wu = WI
- High-V: L ow-v, "
o /
- o
- o Performance
= 9 Loss
LY b
R
High-V.
B
3 Low-V.
1 s i i i Leakage
1e-5 1e-4 1e-3 1e-2 1e-1 1 Reduction

Normalized |

 Force one transistor into a two transistor stack
with the same input load

» Can be applied to gates with timing slack
« Trade-off between transistor leakage and speed

© 2008 IEEE International Solid-State Circuits Conference

[Narendra, et al — ISLPED 2001]
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Natural Stacks

» Leakage reduced significantly when
two transistors are off in a stack

« Educate circuit designers,
monitor average stacking factor

Leakage [nA]

12

\

\\0\0

1 2 3 4

Number of OFF transistors in stack

© 2008 IEEE International Solid-State Circuits Conference © 2008 IEEE




Multi-Threshold CMOS (MTCMOQOS)

SLEEP Active Mode

Low V, circuit operation

Virtual VCC

Standby Mode

Disconnect power supplies through
High V, devices

Low V, Block

For fine grain sleep control

_I Virtual Gnd
Sequential circuits must retain state

Single polarity sleep device sufficient
for combinational logic block

[S. Shigematsu, et al - VLSI Symposium, 1995]
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Variable Threshold CMOS (VTCMQOS)

4.2V  @standby
Sl i

1.4V @active

Veep

<-0.5V @standby
Vinp o -0.27V @active

Q.
Ly

LT_I

Vinn: 0.27V @active

VT

A

~0.5V @standby

T_I

GND

Ve n
Wﬂk =

o-wel t .05V @active

%
i

-3.3V  @standby

powear-an power ling
active mode  \DUMpg standby moda
- |
E5B-50MHz (1000A)
LT i B O Y . N
tive+} S58-5MHz (A
Voot =05V W2 e P N B LTI TTTTTe
TN VI SO - .- < LA ¥ A
!.Cil'i'ﬂ'._-:l ' Scil‘l:"?
(30mA)
SC-off SCi-en
555 SMdHE fanmaA}
T A
T 004 N,
S558-aff
vep ¥

* In active mode, the VT circuit controls the active bias to compensate Vt fluctuations
* In standby mode, the VT circuit applies deeper substrate bias to cut off leakage

© 2008 IEEE International Solid-State Circuits Conference

[T. Kuroda, et al - JSSC, Nov. 1996]

© 2008 IEEE



Super Cut-off CMOS (SCCMOS)

1

¢2¢1

¢2

b%f‘ﬂf‘%ﬁﬁate bias generator

q3'1—|_1—“|_|-

b2

Vg
Active: OV

St'by

Vpp (0.5V~0.8V)

Stlby . VDD+0.4VLqM1

Virtual Vpp

CMOS
logic

P

Vpp+0.4V<4[ M1

When the reliability of
the oxide is an issue.

* On-chip voltage boost

for the sleep control
signal reverse biases
the sleep PMOS
device to suppress
leakage

Requires N-well
separation and an
efficient on-chip boost
voltage generator

* Oxide reliability is

another concern

[H. Kawaguchi, et al — ISSCC 1998]
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Boosted Gate MOS (BGMOS)

VoD

urtra-lrﬂn Tox

SOV S — ot

°_l|i Leak cut-off Switch
- high Win

- - thick Tox

<Stand-by> -:A-nm-a:-

© 2008 IEEE International Solid-State Circuits Conference

Logic circuits use thin Tox
and low Vt transistors

Leakage cut-off switches
use thick Tox and high Vt
devices

In active mode the leakage
cut-off switches are driven
by a boosted gate voltage
to reduce the area penalty

Requires dual supply
voltages and dual Tox
manufacturing process

[T. Inukai, et. al — CICC 2000]
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Stacking Transistor Insertion

« |dentify first the circuit
input vector that
minimizes leakage

* For each gate in a high
leakage state insert a
leakage control transistor

* Requires intensive
simulations for the
optimal vector

[M. Johnson, et al — IEEE Trans. On VLSI, 2002]

© 2008 IEEE International Solid-State Circuits Conference © 2008 IEEE



Zigzag Cut-off CMOS

Voo Vppy  Active d[T
‘1, ‘0, ‘1! ‘1, ‘1, ‘0, ‘1!
—>or-
LI e o e o TIT| T
VSSV
close
up to Vp,
to Vs
Conventional cut-off switch Zigzag scheme
several clock cycles to wake-up x10~100 wake-up speed

[Min, et al., ISSCC 2003]
University of Tokyo
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Super Cut-Off vs. Zig-Zag

J\ : V. —cI I Lth/2
[ gp
VTgP \

1
I (Virtual supply rail) vV Vi

(Virtual supply rail) \ Vidv

1
T
— Y
on 1
1
- ‘ : n

L -| 1
III I
of/ 3

; Isthe

Lsmc (Virtual ground rail) Vendv
Lth/2

Vgnﬁ

Super Cut-Off CMOS Zigzag Super Cut-Off CMOS
(SCCMOS) (ZSCCMOS)

[Drazdziulis, et al., ESSCIRC 2004]
Chalmers University, Sweden
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Input Phase Forcing

ector to maximize the number o
off-off stacked gates in a circuit

Input Phase Forcing

Force a carefully selected input
Y f
/ Off-off Stack
/ N

_ A
FIF mY / “PH—
- p }Dﬁl— F/F
e - »—{FIF
s j{rb" o] >—{FIF
FIF—),.

g ~I>—1FIF
F/F - :a
G e B W D>—F/F
F/F —>—"Tl>° Critical Path

[Choi, et al., VLSI Symp. 2005]
University of Tokyo
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Input Phase Forcing Circuit

Pull-down _lg on
NMQOS

'l
— Ing— off
SIS +{
PF |I11—:D_ Pull-up
: PMOS
l&
——
PF ACTIVE | SLEEP

Internal / H
Forced
nodes M .~ L

 Input gates are modified to
drive the required input vector

» A random-based Monte Carlo
search is used to identify the
optimal input vector

© 2008 IEEE International Solid-State Circuits Conference

Output = ‘0’

Pull-up
PMOS

¢

Pull-down
NMOS

—[ ot

-

Output =1’

 Circuit modifications for input
phase forcing

» Total delay overhead is less
than 2% on average

[Choi, et al., VLSI Symp. 2005]
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Optimal Zigzag Power Gating

Insert alternating power and ground switches
in gate-by-gate manner instead of inserting
/Off-off Stack\ one big power switch for a block of gates

FIF D | / ‘%}D‘j_
FIF & i
FIF-{ >

Input Phase Forcing

F/F

et

¥
F/F .

— % rooter header >_ F/F
FIF—). footer
— g > JFIF

header

FIF

FIF—> >y
F/F M > Critical Path

| header
Off-off ZigZag <« Low VTH ZigZag
Legend —> Stacked Header Footer

Cell <« LowvTH
= footer

[Choi, et al., VLSI Symp. 2005]
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Power Switch Implementation

|
VDD,SC B speed
idle m—» seé?ct
Spd sel m— power—up
— sequencer _4
VSS,boost q glj 4 V\/DD

serial in

booth ||, ]|
of @) L b

iInput cache

-+ Han—Carlson—Adder

« 16-bit MAC in 130nm process technology _ [Henzler, et al., ISSCC 2005]
TU Munich + Infineon Technologies
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leakage current [A]

Power Switch Benefit

== ctive switch
==inactive switch
SC: VGS=1 .8V-VDD

—SC: VGS=300mV

0.5 1 1.5

SUpply VOltage VDD [V] [Henzler, et al.,

ISSCC 2009]
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Power Switch Overhead

1000H=no switch
Olarge switch|
Osmall switch|

Qo
o
o

o
o
o

_________________________

maximum frequency [MHZz]

1i 1j2 1%4 1.6
supply voltage [V]

& 5 % speed degradation and 8.5 % area overhead
e 9.5 % speed degradation and 2.8 % area overhead

[Henzler, et al., ISSCC 2005]
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sel

- 3 4

Switching Power Overhead

turn off

Voo V

T P DD r

— U

—

I~ OO0
VVDD

sel

V
oD

turn on

VD D/@@

DD
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Charge Recycling Scheme

Tlmlng Dlagram

g 1F 2 '
< |sleep | active \ sleep
@ . . . . :
A | . .. | .
3 | \
7o | : ' | R
o 1t = ! ' i
1 f t _,jl f t
sel m g \j— recover pulse —H
2 C2 of | . . | .
+1 +1
sel a| me, T time
Swith charge recycling | |
Se|1 -—|[mc1 -1 _ 4rBwithout charge recycling :
CR= M B - |
4 Ny |
@ |
—1 S a
Wb gV f
; |
Charge recycling reduces minimum P — H—
power down time by 25% 25% 1 |

2 3 4 5 6 7
sleep time [us]
[Henzler, et al., ISSCC 2005]
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Intermediate Power Switch State

T VDD T VDD
L LOGIC '
Voo eee soo ACTIVE COLD
Mode Mode
— VGND < VGND
PG = 1 IDO—FFHLD=1 |:>O—FFHLD=1

« PMOS power switch enables
**® Mode across logic circuit

* Fixed and large V+p step

~Vpp-Vir @@ @—

Vrp

HLD =0

[Kim, et al., ISLPED 2004]
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Fine Grained Multi-Threshold CMOS

® Virtual Ground rail has
only three levels
o ~Vpp (standby mode)
o ~Vy_p (Intermediate)

| o ~Gnd (active mode)
Sleep—": —" |°— o ~Gnd  (active mode)

Classic MTCMOS 11 MTCMOS with
intermediate mode

" Virtual Ground rail has
two levels
o ~Vpp (standby mode)

* Place the footer device in

® Virtual Ground rail has sub-threshold operation
multiple levels : :
b o ~Vpp (standby mode) to achieve soft gating
Put footer in—| o ~0-Vdd (intermediate) » Tailor virtual ground
subthreshold o ~Gnd  (active mode) VOltage to maximize
= Continuously variable leakage savings

intermediate modes
[Deogun, et al., A-SSCC 2005]

Univ. of Michigan + IBM Research
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Normalized Leakage

Fine Grained MTCMOS Simulation Results

100 - _m— Loakage o . 14_— Hard Gated MTCMOS
Ahaaa, 0 —A—Virtual GND Voltage ~ * |~ ~ ) T
-4 L] ~— i
- L, S 1.2 2 0.12- 23%
A\A I/ g’ g 4 1
\‘ / S =
- N ), {07 5 2 o104
/ . — )
LV los @ & o0.08-
404 .3( l o 1 ! Fine Grained MTCMOS
g h .
A l.s § 3 0.06-
s N (o] S i
201 e ‘\‘\ 1 G © o0a-
- A Jdos & e |
u A =1 =
0 m-m-m-EEE wum® \‘\A E ; 0.02+
- - 03 4
T T+ T T T T T T T 7 1 0.00 ' T r r r r r I A,
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.2 04 0.6 0.8 1.0
Applied Footer Gate Bias (V) Time (ns)
 Impact of applied footer Vgs » Ground bounce reduced by 23%
on leakage and virtual ground
rail potential

65nm SO, 64-bit CLA adder, 0.9V, 85°C [Deogun, et al., A-SSCC 2005]
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Cache Leakage Reduction Techniques

Reverse Body-biasing
(VeweLLs VNWELL)

Source Biasing (VsL) Dynamic Vpp (VpL)

- T - T S

TeeTTeETERTES

Active Standby

sk M Vou

VSL 'I lﬁ
VDO = =mmmmmmmn—— ViweLL
OV ———ymmmmee
ov —Lrres |
Active Standby Active Standby

Forward Body-biasing + Super

Floating Bit Lines (VgL, VsLg) Negative Word Line (Vwy) high Vt (Vewere)
VeLVeLB i -
VO Hiz ;?
Ve Active Standby . Active Standby L bl
| - . Vwi T 1 i
! VpweLL
Vop =eecconcnaea
OV =———tecesss
Active Standby

[Kim, et al., IEEE Trans. VLSI Sys.,2005]
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Cache Sleep and Shut-off Modes

Active Mode Sleep Mode  Shut-off Mode

Sub-array Sub-array Sub-array

Virtual VSS —»

Sleep
Block ,_ I;l < Bias ,_|x — ’_|X —
Select
l —Shut l — —
v off v v
1.1V . |
2X lower 2X lower
o leakage leakage
(@))
g Virtual 220my
> VSS .
oV
oV

[Rusu, et al., ISSCC 2006]
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Leakage Shut-off Infrared Images
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Leakage reduction » 3W (8MB) SW (4MB)

[Rusu, et al., ISSCC 2006]
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Shut-off Mode Scaling Trends

Active Sleep Shut-off

1.1V -
Sub-array
)
Sleep 24
Block —<Bias O
Select’—”: >
—<Shut
v off oV
Active Slee Shut-off
shut 1.1V D
lo— off 1.1V 850mV
Block , g ¢ o |l
Select b— Sleep > Virtual VCC
Bias = 3x lower
> leakage leakage
150mV
Sub-array
oV

[PMOS reduces junction leakage and has better shut-off]

US Pat App 20070005999, 6/2005
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Cache Dynamic Shut-off

Wayp» 15 14 .- 3 2 1 O 15 14 -« 3 2 1

Data »

o0
Tag »

Data »
Controller

Controller

Cache-by-Demand Operation

 Under idle or low-load states,
cache ways are dynamically
flushed out and put in shut-off

mode (red)
[Sakran, et al., ISSCC 2007]

Normal Operation

* |n the full-load state, all 16
ways are enabled (green)
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Cache Word-Line Sleep Transistor

MND

 P-MOS sleep device

MPB
wake o||:| g":‘ F":r sleeebi@s  for the word-line driver

and final decoder

. N-MOS diode (MND)
raddzl2 —|C limits the virtual Vcc
xpredeclo wi VOItage drop to ensure
xoredeh _}’7 word-lines have

_|E proper logic values
wien3h during the sleep mode

v

[Chang, et al., VLSI
Symposium, 2006]
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Cache I/O Sleep Transistor

precharge

wake . |[

>

Bitline[7:0]

5,

i

RW mux

Wdrive

precharge

Sleep bias

Sense Sense
amp amp

Wdrive

RW mux

o

S =7
Lo L |

Bitline[7:0]

b

« PMOS 1/O sleep transistor cuts cache |/O leakage by about 3x

[Chang, et al., VLSI
Symposium, 2006]
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Dynamic Vin SRAM

] ) Q .
%

apl || o +

|||-

L

ol _owidt
-.IJ__I_ 0.0
Cti_highivit
L~ Vbsv

« Uses body bias to raise Vi for inactive subarrays
and lower the Vi, for frequently accessed ones

[C. Kim, K. Roy — ISLPED 2002]
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Drowsy Cache

Lo Wil'f

oy B
DD 1] _|=|_|

_IZI_I ]
VDD Low 0. 3%)
Lowfalt
! J »ren
Voltage Controller
W1 I [ | I -

WTD = LT WTO = 0.2 l
= LI =
T T

 Faster switching than body-bias scheme
* Increased susceptibility to soft error upsets

[K. Flautner, et al — ISCA 2002]
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Drowsy Cache (cont)

0wy b WO & OO0 e

_ AT T e
« Drowsy cache line
implementation requires:

— Drowsy bit

m
%

oy
L
WD A
SRAME
WAL ooy fLTEY

— Voltage controller n (oL
— Word-line gating circuit T - \_Di

o ok T

=
word ine e e

*

* High-Vt threshold
selection is a trade-off
between performance

8 4
and leakage reduction E 0y
E B -'I-
0,35V
[K. Flautner, et al — ISCA 2002] BE . . :
7 E% i a5 0% Q8%

Leakage reduction
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and

gate

Pin Reordering

- Key difference between the state dependence of |,

for combinatorial gates:

— |, Primarily depends on the number of OFF in stack
depends strongly on the position of ON/OFF transistors

Y

gate

w

LY _'—

“

¥
{Il’_d

—% Lo

=

State | L, L |-

000 0.382 0.000 0.382
001 0.709 6.339 7.048
010 | 0.709| 1.275| 1.275
011 h.626 | 12677 | 18.303
100 0.676 0.000 0.676
101 3.804 6.339 | 10.143
110 3.804 0.000 3.804
111 28.273 | 19.015 | 47.288

[D. Lee, et al - DAC 2003]
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Pin Reordering (cont)

« Combine pin re-ordering and state assignment for
standby (sleep) mode:
— State assignment is utilized for reducing Isub

— Pin re-ordering is targeted at Igate reduction: place off-transistor
at the bottom of the stack

State | L, I

T
[ rd
ll_dj 000 | 0382 0.000| 0382

_l_{ 001 0.709 6.339 7.048
."':..l.

010 0,709 1.275 1.275

011 | 5.626| 12.677 | 18.303 |4
Vg1 =0 100 | 0.676| 0.000| 0676
101 | 3.804| 6.339] 10.143

- v & | 110 | 3804| o0000| 3.804 |-

~ 111 | 28.273 | 19.015| 47.288
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Distributed Sleep Transistors

!

Cluster-based design Distributed sleep transistor

Parameters Without Sleep tr. Cluster-based DSTN
Leakage Current (nA) 29.80 2.72 1.23

Critical path delay (nS) 1.66 1.79 1.68
ST Area(um?) 0 1449.6 2122
Chip Area(um?) 11960.0 13802.0 12880.0

 Distributed sleep transistor network (DSTN) reduces leakage by 50x
vs. conventional design and 5x compared to cluster-based design

[Long, et al - DAC 2003]
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Core-Level Voltage Control

- PA Semi - Two PowerPC ™ 'Jeq
cores, 2MB L2 cache clocks

« Two DDR ports,
Integrated PCle

Separate power rails
for cores, /O pads

Turn off
unused l/Os

VRM

MC optimizes DRAM
power

L2 cache and l/O are
coherent with core off

Dynamic power-control
hardware and software
voltage/frequency
management

<« Independent per-core VRM

allows one core to shut-off in
idle mode

[T-Y Yeh, Hot Chips 2006]
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Power Switches Everywhere!

Vdd

Tdd

Sin & Iy / [ )
310 320 330 340
v | v
1oL éll:) i 4@) i @) i €>
’ ’ /
120 130 140 2/40
210~ 220~ 230~ Lo6iC MICROPROCESSOR
MEMORY — CIRCUIT CORE
Sout < A A A [ |
380 | 370 360 350
Y Y A A
<:| FF <:| P <:| FF <:| FF
N \ \ N
180 170 160 150
PERIPHERAL DSP
280~ MEMORY 270~ MEMORY CIRCUIT 9260 CORE  [\250
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Texas Instruments, US Patent 6,864,708
“Suppressing the leakage current in an integrated circuit”
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Sleep Transistor

" dd external
O Switching [JLeakage W Overhead
12
S 0. 9.6% 10.3%
E 4 A
- 8 .
>
S 6
S 4
A
2 -
0 :
3 _| ' Clock gating + Clock gating Clock gating +
V externai"*--- aes® body bias only sleep transistor
SS ]
Spm— - — Area
; b ; ; Frequency | Leakage BYISE
1 | change savings fead
un 'I | 1 llII. ' e e
PSS Sieep -2% 13X 11%
i i transistor
PMOS body ) )
— — bias 0% 2X 2%

[Tschanz, et al., ISSCC 2003]
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TI's 90nm OMAP Processor

90M transistors
90nm technology
Single voltage supply

Five power domains
1) MCU Core
2) DSP Core

3) Graphic Accelerator
)
)

Power Domainz: | | | F 1B 4) Always On logic

CPUCorez ' o= Hardware 1 - .
LA AT | Atcelerator 5) Rest of chip

s | W
rews k‘-w‘« +i }E_"' TEEIE_ | L "
E : T ST

[Royannez, et al., ISSCC 2005]
Texas Instruments
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Embedded Power SW|tches

L
i

Power Switch
Control Signals

Embedded
Power Switches

Rows of 4 F‘ :
Standard Cells

« Each power switch cell is a 90um PMOS

* A 1.3M gates power domain uses 4k switch cells
[Royannez, et al., ISSCC 2005]
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Power Gating Control

VDD (Global)

Weak
Pre-charge

A 4

POWERON ~
REQ -

POWERON
ACK o] o]

Pov_ver Power P0\fver
Switch Switch Switch

Strong

ool ot

VDD (Local)

* Two-pass turn-on mechanism: weak PMOS for power
restore and strong PMOS for normal operation

[Royannez, et al., ISSCC 2005]
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Leakage Reduction Techniques

E—— —

14 1.8
1.2 16
2
g 1.4
T
R os 1.2
T
£ 06 :
Z
0.4 0.8
0.2 06
100 105 110 115 120 125 130 135 140

Voltage (V)
[Royannez, et al., ISSCC 2005]
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Multiple Power Domains

Implementation example of
conventional power domain.

Implementation example of
dozens of power domains.

P AAAAARA RS

OO

A

L AJLA AN A BN B AR LA

[Kanno, et. al, ISSCC-2006]
Hitachi + Renesas
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Power Switch Implementation

PSW for CPD

\ “3/5

VSSM_CPD

VSSM_CPD

E1E

PSW for CPD implementation h
PSW for PDm
PSW for

—— VDD
o VSSM_PD S
T _PDm
—El VDD
| [ 1 vssM_PDm

vDD

L

G CPFD G _PDm

v

Power domain: PD
Power switch controller: PSWC

PDw

Global power line layout

PDW . PDv
< | . >
local = VSSM_PDw VSSM_PDv
VSSM_CPD ' 7777 VSSM_CPD
global VDD ; 7 777 VDD
VSS 7772 7 NS
local { vssM_PDwW ZZZ777Z| ZZZ77% VSSM_PDV
VSSM_CPD : Z 7ZZZ NSSM_CPD
global VDD 7772777777 VoD
VsSS VSS
PSW for PDw JLIE\AT' PSW for PDv
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PSW implementation )
standard cells (thin Tox MOS)
PSW (thick Tox MOS)
AN PSW for
vDD ~ - VDD
"B IENF PDbM
VSSM_PDK /M\J_ J_}H\J_ VSSM_PDb
VDD —J»{:% ‘ ‘ ‘ L - vop
VSSM_PDk —rrt ] VSSM_PDb
) ) A e
. . FPDe
* G PDd G PDb *
4 o PSW for
PDb PDe
PDk

g

T~

Memory cell array

g e

VSSM_PDf

Peripherals

3 u PSWCs
Low-power SRAM E
PDf PDf

SRAM

— i
| VSSM_PDf

>,

[Kanno, et. al, ISSCC-2006]
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Power Domains Activation Examples

Stand-by WCDMA paging

Power
N off in
\ white
% area

NN

)

,
%
%

o,

TTNETEY AR R
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NN AW SRR RN
.N'\"'\‘Q RN .."* RYRS &&‘\u_\\

[Kanno, et. al, ISSCC-2006]
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Outline

_eakage mechanisms and trends
_eakage reduction techniques
~uture process technology options
Summary
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Tri-Gate Devices

Power Leakage on a Planar Transistor Tri-Gate: Surrounding the Channel
L,
— e — 3 Gates

Gate

Gate Insulator

Main Current -M—‘r
COLETR =" S [rain

“x-,_____ ____._,T [
i N\""-\-\._ ———
s { — J

Bﬂﬁ}' Current
TBulk or Thick SOI

Source Gate Insulator

* |In planar devices the gate can * An ideal transistor would have a
only control the surface of the gate surrounding a very thin
channel. Leakage paths, channel of gate insulator. This
indicated by the semi-circular gives the highest on-to-off
arrows, cause unwanted power current ratio and therefore the
consumption. highest power efficiency.

http://www.intel.com/technology/silicon/tri-gate-demonstrated.htm
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Device Structure Evolution

Nanowire

SiO; SIO; anowires

4

[R. Chau, et al - June 2003]

Silicon Substrate

Planar Transistor
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Summary

« Leakage will continue to grow due to device scaling,
although at a lower pace

* There is no silver bullet for leakage reduction

* Low leakage design requires contributions from:

— Transistor level - strained silicon, high-K gate dielectrics,
long-Lg devices, higher-Vt transistors, tri-gate devices

— Block level - sleep transistors, stack forcing
— Chip level — power switches, voltage islands, body bias

— Platform level - lower operating temperatures,
multiple voltage power delivery

» Leakage reduction design techniques are becoming a
way of life at all levels of chip design !
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