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Power aspects are nanoelectronics drivers

AMD motherboard with 1.1GHz 55 Watt Athlon Thunderbird

Courtesy of AMD
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Why less power? TODAY

* access to powerful computation at any location
* restrictions on size, weight and power

- small, but powerful batteries
* increase in number of portables
* notebook, laptop
* games
* mobile phones
- mobile DVD players
 MP3 players
« GPS

Harry Veendrick IEDM 2009 Short Course
Low Power / Low Energy Circuits: From Device to System Aspects
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Why less power?  TOMORROW

Infrastructional
Core

Drivers for
More of Moore’s Law

Mobile
Access
Drivers for
More than
Moore’s Law
Sensory
swarm
(trillions of

devices)

=

:::Illlﬂlk

J. Rabaey, ASPDAC 2008
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Unfortunately the power density is not
decreasing with CMOS scaling

CMOS VOLTAGE SCALING POWER DENSITY VS. GATE LENGTH
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= r 4 b o Active Power Density|
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Vrn a e .
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Source: P. Packan (Intel), Source: B. Meyerson (IBM)
2007 IEDM Short Course Semico Conf., January 2004
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* Power dissipation limitations are crucial for portable
systems but also for supercomputers and all electronic
applications

* How to solve this problem using nhanocomponents ?
Decrease of capacitances and voltage...
Decrease of subthreshold current and tunnel effects...

New architectures....



OUTLINE

« CMOS: what is necessary to know...

* Power dissipation: static power and dynamic power
e Power optimization at component and circuit level

e Power dissipation at architecture level

 Adiabatic and reversible computing

letik



« CMOS: what Is necessary to know...
« PMOS and NMOS
 Inverters and logical functions
 The global architecture
* Power dissipation: static power and dynamic power
e Power optimization at component and circuit level
e Power dissipation at architecture level

 Adiabatic and reversible computing

leti



A basic function : the inverter

On if command is “0”

Off if command is “1”

Rp »/—— OUtpUt

> R 0 state«0»

iInput
VDD state «1»

Interconnect and input
—_ of load gates

On if command is “1”

Off if command is “0”

letik 10



A basic function : the inverter

Input

0 state «0»

— OUtpUt
R

VDD state« 1 »

two different switches are necessary

leti
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The NMOS transistor

under threshold above threshold above threshold
ov ovVv o5V ovVv 1V 05V ovVv 1V 1V
Ne [+ 427 + 2] N+ N+ | .+|:|'. > T | N+ N+ ...|:I'..> N+
+ + + t+ +t 4+
+ ++ + P + + ++ + ++ P + + + +F P +
+ + + + + + + + + + T+ + 4+ + + + + T+ + + +
Source 0V Drain oVv ov
MOSFET OFF MOSFET ON MOSFET ON and saturation

leti 12



The PMOS transistor

below threshold above threshold above threshold
ovVv ov 051 ovVv -1V -O.T/» ovVv 1V 1\L
pr | ® o * | ps pe |t .+ + . + P+ py |ttt Pt
.. : 8. N ... ® .. ® [ J e .. N ... [ ] . .. N ...
Source oV Drain OTV OTV
MOSFET OFF MOSFET ON MOSFET ON and saturation

letik 13



PMOS

>
et
(0)] O O (9]
|
h

|
|
|
P |
|
|
|
|
input
N I

output

NMOS métal 2
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Gate

source drain L around 0,05 micron
W between 0.05 and 0.5
w micron (except for analog or
Y Y buffering)
S S

Ion :WCC,)X Vsat (VGS _VT )

v_. saturation velocity of carriersin the conduction channel

sat

Cox  capacitance per surface unit of the oxyde layer

V; Threshold voltage

letik 15
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NiSi

(Source)

Espaceurs
Si3N4

NiST—

(Drain)

multilevel of metallization

16



The microelectronic scaling principle

CA
100 nm D50 o [on
40 nm nm l - ""I.@Lm T\ -
13 nmc &0 nm
80 nm
Spacer PC-CA
30 nm 25 nm
65 nm: 250 nm

leti



The MOS transistor is a nanocomponent

grille

source drain

=
uone|os| \

uone|os|

leti
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Basic FET model

* The lon current (short channel)

Ion :WC(’)X Vsat (VGS _VT )

e The lor current
Strong effect of
threshold voltage

-V _\@
| =Wk exp”Vt“ 1—exp Vin Tunnel current in
addition
V. — k_T The thermal voltage (25 mV at room temperature )
th —

g

c C, =WLC/,
n= 1+C—D The body effect factor C, depletion capacitance

letik 19



Importance of lon et loff

o loff defines leakage power consumption

* lon defines speed of the circuit

A {
S\

Vbbp
Charging time of the output capacitance

L
>
<

i=C o
At

Trade-off between speed and consumption

T

.|__I
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The different modes
e Conventional and subthreshold modes

Sub-threshold 1/ c. , = Vs
V, V,

1.E-3 1 RESiOH_ _ I o Isub =n: /U'T;Vth 2y o 1—eXp !
€ LE4q{ 77 e ]
o= 1E54 7 I KT
5§ ! ) V, =—
o 1.E-6 } th
£ ... ] N q
. /] C . : :
Q  1E84% Vae<Ven n=1+—-t C,=WLC;, C_, capacitanceof the depeletion region

l.E'g |\" = T —2 e T & T T T Cn

0 0.2 0.4 0.6 0.8
Gate Voltage (Volts)

e Linear and saturation modes

ID

(ma) saturation linear

A VGS =2.0 V W , 1.
6 lon = Tﬂ'cox [ (VGS -V; )‘/Ds _EVDS ]
4 linedr VGS =1.5V

saturation

1 VGS =1V

2
VDS 1w , 2 ,
>(V) lon = Efﬂ -Cox (VGS -V ) or I, =WCqy Vg (VGS -V; _VDSsat)
0 0.5 1.0 1.5
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An elementary function (NAND)

AV4o)») AV4o)»)
T3 d _o“i T4
AB
A T2

B ° T1

1

The inverter architecture
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A more complex cell: the half adder

Vbbp VoD VoD VoD VDD
|
An —oH;I Br —o||;| An —o||;, B _O“:’x Cn —o
! +
] An —o
A —o_ - :l
e i S > L
_; ’ Con E i _43—1 S,
- Cn An -
- —IE' e
D e
- Ch [ A B C
" | R
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Now systems are switch based systems
Inverter is the basic element ..

L S
lw}

>
i
i
)
L]
v
3l

<
O
O
AR
W)
o
||_||_|
+

ligne de

leti 24



Register

logic

CK

Combinational

Register

i+1

letil

Complementary logic: no current is
flowing if states do not change (except

leakage)

Realization of a logic function is
equivalent to close a serie of switches
and to establish a conductive channel
between supply and load

Logical depth Lb is the maximum of
gates in serie between two registers in
the pipeline

25



IIIIIIII -=——P Reglster

The activity rate a is the mean probability
a gate change of state during the period T

N total number of gates

C, mean load capacitance
f operating frequency

L, logical depth

a  activity factor

letik

Register

fmax

den
Pstat

on

LD'CL ’VDD
=a-N-C_ -V, - f
=N 'VDD ' Ioff

26



« CMOS: what is necessary to know...

* Power dissipation: static power and dynamic power
e Power optimization at component and circuit level

e Power dissipation at architecture level

 Adiabatic and reversible computing

leti 27



Pactive + Pstandby -
A l
e N\
den + Pshort + Pleak

Ptotal

Pyn =CV2af =dynamic power

= power dissipated due to charging

and discharging (switching) of nodes
- design & technology related
P.o« = short-circuit power

only during input transitions, there
exists a short-circuit current from Vdd
to ground - design & technology related

Harry Veendrick IEDM 2009 Short Course
Low Power / Low Energy Circuits: From Device to System Aspects
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Y
. Load | () C —:j[ Load
1 = [ 4]

Charge of C Discharge of C
i 2
Esupply :VDD 'I'(tﬁt :VDD Q= CVDD Dissipated energy
0
Q=CVop E =lov ?
1 R — E DD
E. = ECVDDZ

Dissipation independent of R ( switch resistance) and
duration of operation

R may change during transition

Only true if Voo constant (conventional logic)

letik 29



Leakage power and dynamic power

V7
nV;
Voo ' Pleak — Io VDD exp " +VDD It
L N P. —¢ fCV. >
_#I Load| () ==C gn — & DD
il L

n=1+50 51
C

leti
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How to reduce leakage power

The subthreshold The tunnel current
current
Vi
_ Vi, .
Pleak_N'IO VDD EXP +N VDD It

sy

To decrease n
To use sleep modes /

for circuit or blocks _ To eliminate tunnel
To Increase effects

threshold voltage

Lleti 31



How to reduce dynamic power

Py =aN f CV,,°

AN

To decrease

To increase
supply voltage

parallelism

To reduce
interconnect

leti
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Is it possible to reduce the operating frequency ?

Parallelism is an efficient solution

Unité de calcul

Unité de calcul Unité de calcul Unité de caleul Unité de calcal
@ MEmoire MEémaoire hEmoire hEmoire
Mémoire
fC(vy
2
P =NfCV pP=4aN’ 2|
4 4\ 4

Today advanced architectures use parallelism but
parallelism has limitations

letik



Intel’s Nehalem-EX Processor

* 45nm process with
Hi-K / Metal Gate

» 8 cores, 16 threads
« 24MB L3 cache
* 4 QPI links

» 2.3B transistors
« 130W TDP

* Power reduction techniques:
— Operate at the lowest possible voltage (0.85V cores, 0.9V cache)

— Clock and power gate inactive cores and cache slices
— Multiple voltage and frequency domains, on-die power management unit
— Extensive use of long channel devices on paths with timing slack

leti
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Is it possible to reduce the capacitance ?

leti

2009 2012 2020
Métal 1
Cin pF/cm 2 1,8 1,3
RCin ns/mm 1 5 50
Medium
Cin pF/cm 2 1,8 1,3
RCin ns/cm 1 5 50
Global
Cen pF/cm 2,3 2 1,4
RC en ps/cm 11 10 7

35



Interconnections and load capacitances

Many lines between 1 and 100 gate

Interconnect pitches except data buses
density i(l)
10° Load capacitance between 1
and 100 fF
1 Input capacitance of switch
| generally negligeable
107 +
| | Length ip gate pitch
1 10 100

letik 36



Is it possible to reduce the supply voltage ?

==
(=3

stagnant
Vaq Scaling

Norm. Total Energy
=
o

1.7X
17X 13X 14X

o
=

250 180 130 90 &5 45 32 22
Technology node [nm]

It is not easy to reduce supply voltage...

leti
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« CMOS: what is necessary to know

e Power dissipation: static power and dynamic power

* Power optimization at component and circuit level
e Applications and metrics
« How to reduce supply voltage
* Inerest of steep slope devices

e Power dissipation at architecture level

 Adiabatic and reversible computing

leti
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How to reduce supply voltage, the limits

o1 Trade-off speed-dissipation
«2 variability and design constraints

3 Cascadability of gates

« 4 Thermodynamical limit v

letik 39



1 The trade-off power-speed

- The power-delay product assigns equal weight to the power and to the
delay of a circuit:

Power.Delay =Py,

» For circuits for which power has a higher priority than speed, we might
give a higher weight to the power than to the delay and the metric
becomes:

e T

Power « Energy = P2

» For high-speed circuits we might give more weight to the delay instead
of to the power. Then the metric becomes equal to the energy-delay
product:

Energy . Delay = Py .12

Harry Veendrick IEDM 2009 Short Course
Low Power / Low Energy Circuits: From Device to System Aspects
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The trade-off power-speed in conventional
mode

« very important performance metric is: power-delay product

* Power = C Vauf
Q=it=CV
» delay =2CV/B(V-V;)? t=CV/i andi=p/2«(V-V;)?
* to reduce both power and delay, C needs to be reduced
D

* power-delay product: tD = bV3/(V-V;)?

+ optimum at 8:D/5V = 0 S|V = 3V, \/

B \'

— }

Harry Veendrick IEDM 2009 Short Course
Low Power / Low Energy Circuits: From Device to System Aspects
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The trade-off power-speed in subthreshold mode

Voo Trade-off speed consumption

(VDD _VT )3/2

T~

Sub-Vi, » MNear-Vip 3 Super-Vi
E Region E Region E Region 9- — Energy o
2 ~10X —m— Frequency ’6
& . 41000
P =71 ) X
Large Delay|¥ Balanced ! Large energy g -
CIEAsE ' Trade-0Offs ! reduction = 6 g
= V,4=350mV, {100 o
@ 5- 3.52pJlinst, 354kHz - =
3 S £
3 - w
g ]
4 -
3 10

_ 0.20 025 030 0.35 040 045 0.50
" Supply Voltage h Vdd (V}

Dreslinsky et al proceeding IEEE 2010

To reduce power dissipation low frequency operation is
necessary and supply voltage around 0,35 V is optimum for

CMOS

Lleti 42



- very robust operation with large noise margins

 can operate at Vdd below sum of threshold voltages

+ - sub-threshold (logic) operation

*» 45nm CMOS (nominal supply: 1.1V) can still operate 80mV

* but, then, only at very low frequencies and with a huge spread:

» 30mV spread in Vt may lead to 9 times difference in speed,
because of huge (leakage) current difference

leti
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The mimimum energy operation

B H Calhoun and A chandrakasan: Characterizing and modeling minimum energy operation for subthreshold

circuits
Ves V1 CV
| =] Mo by =—- %
sub 0 VGSV;VT
NVin
1,
_Vop

E=a-CV,,°+WL,CV,, e ™

lambertW (x) is the solution of we" = x

leti

V.

Topt

:VDDopt - thh ) In(

Voo = NV, (2— lambertw (3))
 —2Ca
p= weL,

—2Cax 2> o

ﬁ_WCL

1:CI—DVDDopt )

ly



Decrease of elementary switching energy

x 107
315 B | [ [ [ | =1

Iso-Delay (300 MHz)

0.5 (500 mV| |420 mV| |280 mV| |200 mV| -

250 180 90 B5
Technology Node (nm)

Yes but increase of operating gates
and variability effects

leti



2 Variability and design constraints

Global analysis necessary including variability and power consumption

analysis
=K Voo
(VDD _VT )77
n=1.3
AT — z-(VT +AVT max)
z'(VT)
AV. = A
Tmax ~— \/W

Law of Pelgrom

letik

V oomin=V T+(1+ 7/)AVT

. 1
Az'% -1

MmaX

46



Variability and technologies

60
50 OPD
; H PG
£ -
; O PU
w 20 T
5
- 20 —
0 T T T
Bulk_Planar Finfet ETSOI Thin ETSOI Thick
BOX BOX

= Dopant fluctuations is dominant component for bulk planar
= Finfet has LER and L_Gate variations primarily

= ETSOIl has L_Gate and BOX charge effects

leti



3 The cascadability of gates

Gupta 2010 proceeding IEEE

The subthreshold regime

Vdu’ Vdnf Vn‘n‘ Vdd
(a)
0.04 :
A )

Stable Points

V. (or F,) in Volts
=
X

%
h
L]

0 L !
0 0.01 0.02 0.03 0.04
Fiu (or F,) in Volts
As (l"‘r?’ Fords Bz (Foa Vo) Co (Vi o)

S:(Ve Vi) Sg:(Fy Vo)
(b}

m=1

The two stable points are the same if

KT m
V - =2Nn—0>Ln| 1+ —
DD min e n

leti
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4 The fundamental limits

e Boltzmann + Shannon : Minimum switching energy
E > k,T In2

e Heisenberg : Minimum channel length

i

[2mE

» With tunnel effect (Zhirnov-Cavin)

L >~

7% (In2)°

2

E>~k,TIn2+
8mL

letik
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What is the minimum value of VDD-
summary

 Trade-off Speed-Power
200-700 mV (less if low perf)

« Variability and design constraints
100-300 mV

e Cascabillity of devices
20-50 mV

 For very low voltage fundamental limits

Below 20 mV towards 2 mV

letik
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Interest of steep slope devices ?

New Device

MOSFET

MOSFET

Energy

‘.

New Device

=

Drain Current

Gate Voltage

Delay

Prof. Tsu-Jae King Liu
Workshop on Zero power technologies for Autonomous Smart Systems

leti
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199 Combinational Logic Block
ol | reducing Vg,
é 40
:
< 20f
_
N A Cogic Depth: L,
1/throughput (ps/op)
ActivelEnergy PassivelEnergy
| 1 | 1
Eoral = ALafCVpp?[1 + (Lyf/2a)(lor/1o0)] |+ A lower limit in E/op
exists due to transistor
tdelav = LdfCVDD/(ZloN) OFF-state leakage.

a: Activity Factor L,: Logic Depth f: Fanout C: Capacitance per Stage

B. Calhoun et al., IEEE J. Solid St%te Circuits, Vol. 50, pp. 1778-1786, 2005
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Interest of steep slope devices/ the Tunnel FET

[ Gate |\ Gate |\

N+ P- N+ P+ P- N+
Source Drain Source Drain
Thermionic
= O
Emission ') Band-to-Band
S Tunneling
£ ource
Source ¢ Ec
E
Drain Drain Ey
|, oc exp(gqVs/nkT) |, = AE.exp(-B/E,)

(E5 = electric field)

letik
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Interest of steep slope devices/ the
nanomechanical relay

3-Terminal Switch
Airgap

Source

e Zero off-state leakage
v

- zero leakage energy toap Lgimple
Gate Drain

. . H l-
* Abrupt switching behavior Zz B0 1
_ . e 1E06 |
—> allows for aggressive V scaling ¢ | E08
(ultra-low dynamic energy) a | l, T
- 1E10 |
E 1.E12 |
_ .
o 1ed4 vRLvPI
GATE VOLTAGE

Prof. Tsu-Jae King Liu
Workshop on Zero power technologies for Autonomous Smart Systems

leti
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Nano-Electro-Mechanical (NEM) Switch

. Vbp
limit stop (contact bump)---, T

— | P-relay

air gap Vined FE—T*Vou
C

G D -

, : N-relay
insulating substrate - -

Vpp | 1.5V Simple NEM relay

1V Static Power ‘Zero’

Jdo- | 10 nm |fl> Switching Delay | 1 nsec (Si)

L | ~250 nm Switching Energy | 0.08 fJ (Si)
W | 100 nm Inverter Area 0.03 um?

K. Akarvardar, D. Elata, R. Parsa, G. C. Wan, K. Yoo, J. Provine, P. Peumans, R. T. Howe, H.-5. P. Wong, “Design Considerations for Complameantary
Manoelectromechanical Logic Gates,” IEEE International Electron Devices Meeting (1IEDM), p. 2939, December 10— 12, Washington, D.C., 2007.
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Nanoelectromechanical (NEM) Relay

Drain current [A]

+

-
=3

-
Dl

L

e
=
a

=
[ ]
-

Pull-out voltage Pull-i
(Vps=1V)

voltage

Sharp on-off
transition
with hysteresis

Zero off-state

Source W eam
movement

Off-state

S. Chong ...H.-5. P. Wong, “Nanoelectromechanical

Gale lo source vollage [V]

(NEM) Relays Integrated with CMOS SRAM for
Improved Stability and Low Leakage,” ICCAD 2008.

leti
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= NEM switches have several potential advantages
compared with nanoscale CMOS transistors:

* low power supply (100 mV)

high on current

‘zero’ leakage

‘infinite’ subthreshold slope

« high temperature operation

« radiation-hard operation

- compatible with other substrates ... glass, plastics

L

]

* ... and “just a few” problems:

- reliability (stiction, contact degradation, wear, ...)
» slow speed

leti
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« CMOS: what is necessary to know...

e Power dissipation: static power and dynamic power
e Power optimization at component and circuit level

* Power dissipation at architecture level

« Adiabatic and reversible computing
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HP, LOP, LSTP for Logic CMOS

PC, Server

.........
t

)

—
o
o

% HP CMOS

Jhigh Performance)

4 Router .o
Network ?jg * = Highest lon,

Lt_:west cv/
Mobile Computing’ N * High leakage

Fe « Medium Vdd
w51 op cmodEM™

" (Low Operation Power)

" * Lowest Vdd
* Medium lon, medium CV/I

; ... * Medium leakage
X E < LSTP CMOS
'Cellufa\cf:_ " (Low Standby Power)

—" Phorje + Lowest leakage

—
=
I
>
—,
o
L)
.
—
)
B
-‘:ﬂ

L
-

Mobilp Ay 85

—

Operation Frequency (a.u.

1 * Low lon, high CW/I
. —— ‘ * High Vdd
< >
: x10Q00 ,
10p 1n 100n
Subthreshold Leakage (A/um)
Source: 2007 ITRS Winter Public Conf. 1
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Trade-off flexibility-power

Embedded processors,
general purpose micro-controllers

E 1000 ASICs,

= dedicated

E 100 hardware

o

= Reconfigurable
- DSPs

% 10

E ASIPs, DSPs
i

S 1

S

=

m

Flexibility (coverage)

With an ASIC a factor 100 is possible for power
reduction

leti
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Optimization of voltage and frequency

dynamic voltage and frequency scaling (DVFS)

» dynamically adjusting the voltage to the
performance needs

» requires on- or off-chip voltage regulator

» varying the resistance of a big transistor
between the core and the supply voltage

» but power reduces only linearly with the

V44core iINStead of quadratically, since part of

the power saving in the core is now
consumed in the variable resistor.

Harry Veendrick IEDM 2009 Short Course

v dd global

vollage
regulator

[ .

I variable
| resistor
[

J

ad core

logic core

Low Power / Low Energy Circuits: From Device to System Aspects

leti

61



Optimization of Threshold voltages

» multiple V, concept: HVt power switches

- switch off low-V, core with high-V, transistors (high-V, power switches)

- disadvantages: core flip-flops lose their states - multi-supply flip-flops

vdd

high-Vt
pMOS switch

low-V/1
|P-core

Vdd

or high-Vt
nMOS switch

V

S5

Harry Veendrick IEDM 2009 Short Course ¢

=]

Low Power / Low Energy Circuits: From Device to System Aspects

leti

62



Optimization of SRAMS

 reduce supply voltage of memory array in standby mode

» memory operation is very critical wrt supply voltage
» but in standby mode only data retention is required

» can be done at (somewhat) lower voltages

~ use of 7 or 8 transistor cells may also support low-standby voltage

« use high-Vt transistors in the memory cells

» most transistors of an SoC are in the memory (often > 80%)
» 50, memories relatively contribute most to the standby power

» HVt transistors in the cells will greatly reduce standby power

Harry Veendrick IEDM 2009 Short Course
Low Power / Low Energy Circuits: From Device to System Aspects
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i _ ;
ADC ~Data .. .
Memory
E Instruction
- Memory
Osc.

A low power processor

Fig. 5.

Technology

ST 65nm CMOS

Die size

1.35x1.29 mm

Logic

49Kk transistors

Memory

16kB

Voltage

1.8V (I/O)
2.5V (Analog)
0.6-1.2V (Logic)

0.4-1.2V (SRAM)

Chip photomicrograph and design statistics.

leti
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A low power processor

Clocks
11%

SRAM
23%

CPU—
50%
N— Other

Fig. 7. Breakdown of digital power consumption by module at 0.6 V (SRAM
array voltage 0.4V).

leti
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A low power SOC

4050 pm

m Dynamic (Logic)

Buffer

M Leakage (Logic)
“ Dynamic (Memory)
W Leakage (Memory)

H.264 encoder, Vpp=1.0V

Total power=2.68mW
65nm low-power technology, - 1
1.0V, down to
0.57nJ/pixel

Vpp=0.48V

Total power = 312uW
Vpp=0.6V

Total power = 648uW

leti "



Example of an autonomous sensor for
energy efficiency in building

Active Power Repartition

0O rH meas.
10%

O analog meas.

4%
m RF tx
38%

m T meas.
48%

leti
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Example of an autonomous sensor for
energy efficiency in building

O PM
19%

M sleep

40%

Normal Mode
(T=1min)

O active
41%

250A @ 2,9V

Operational Mode
(T=2-10min) 5 . uive

O PM 17%

W sleep

1.8pA @29V
e 56%

Reduced Mode

O PM

31%

1.50A @ 2.9V

(T =10 min)

e

= active
T%

Ml sleep
62%

Figure 22 : Current consumption repartition in function of demonstrator operating mode

leti
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« CMOS: what is necessary to know...

e Power dissipation: static power and dynamic power
e Power optimization at component and circuit level

e Power dissipation at architecture level

- Adiabatic and reversible computing
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Adiabatic logic

Reversible logic

How to charge and discharge a
capacitance with minimum
energy dissipation

To work at constant current

How to take into account
Landauer principle in order to
minimize energy dissipation

To use only reversible logic

leti
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Information and heat dissipation

T AQ =TAS
— B — AH :At—z p. In, p.
e$o AS = kAH
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Information and heat dissipation

I
e oy
N PR ~||1'F§ d&

=k =k o=k T
= I = A
:

- 0 == O

leti 72



L eur Hm e Z psmrelﬂgﬁpsmre & _4}{,_%1{}%2,;% = 2
stafes
oo 0 0
o1 1 0
T B IO D P
Al g Hou = —zxglﬂgzg—ilﬂgzj =35
An example of non reversible gate Impossible to guess
inputs from outputs
Input QOutput
C, |Cy |T |Cy|C|T
0 (0 [p |0 |0 |O
0 0 1 0 0 1
0 |1 0 |0 |1 0
0 |1 1 (0 |1 1
1 u U 1 u ]
1T (0 |1 1T (0 (1
1|1 401 |1 /1
1 1T 41 )1 1 40

An example of areversible gate: the Toffoli Gate
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The adiabatic charge of a capacitance

/ Not an abrupt variation but a linear variation is
AN — applied to the capacitor
C) — c If RC is small compared to the duration T of the
T ramp, charge-discharge currents and Joule
dissipation are small

RC/T small RC/T very small

6

Inpgt
vo@agé\\\\»

current

- Voltage at
capacitance

Time (T)
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1) Conventional

Ealim :VDD 'J.i(t)jt :VDD Q= CVDD2 1
0

Q :CVDD ER — ECVDD

1
E.= E(:VDD2

Only true if Voo does not vary with time
C) — C 2) Adiabatic
] Q=CV_,

==
=

. Q?’_ RC
E, =Ri’T = RT—ZT :TCVDDZ

Only true if i does not vary with time
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Charge of CL Discharge of CL
R

R
e W I
VoD C) — —— 0 0 C) 1
—— VDD
=e

<=
L

RC )
Edissipée = ?LCLVDD2 | = T

- Charge is at constant current during T and voltage at the end is VDD
* Energy savings are huge is RC/T is small

It is also necessary to recover energy and specific supply modules are
requested
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RC charging at minimum dissipation theory

1EEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 47, NO. 7,

JULY 2009
Optimal Charging of Capacitors

Steffen Paul, Student Member, IEEE, Andreas M. Schiaffer, Student Member, IEEE, and Josef A. Nossek, Fellow, IEEE

The input voltage for a given optimality criterion 1s computed
by The methods used are variational calculus and Pontrjagin’s
maximum principle. This material 1s well established in mathe-
matics and control and we refer to the literature for details [3].
The procedure to compute the input voltage (1) is the fol-
lowing.

1) Given the dynamical system

dr ) o

— = alx) + bzt

% = ae) + bayett)
with a. b, z scalars.

2) Define the Hamilton function

H(A z,v, ty= =Lz, v) + Malz) + blawitn. (1)

The time mtegral of —L{x, v) is to be minimized. For
the case of loss minimization it measures the power m
the resistor. in our case, L{x, v) = —{v; (1) — v.(E0)%/R.
If minimal time charging is to be achieved, the function
1s simply one.

3) Solve
aH
= 2
5o, =0 )
for v;.
4) Solve
A OH
s (a)
dr  OH
PRI Gb)

4 - () = vc(t)?

SO B~ wel). ()

R

v

Fig. 3. Input signals for maximum efficiency of linear circuit.
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VDD (t)

Logic state evaluation

Vo

R

—e AW

vDDC>

Charge of C.

=
1 .

Input voltage stable during transition
otherwise non adiabatic dissipation

PMOS is on only if VDD greater than VT

Non adiabatic dissipation

1
Ec:LvT2
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VDD (t)
I
[
- —
D
_1 — C,
S
A=0

W/L=1 45 nm
W/L =10 45 nm

leti

A more efficient solution

W, ,
lon = L—“,unCOX [(VGSn =V, )‘/Ds _VD82 ]

Iop =W_:“p [( Vsep — )‘/SD ]

LP
6' W ' Wn 4
gon = aVDDr; = L: nCox(VGSn _VTn)zL_n /unCox(VDD _VDD(t)_VT”)
oy, W W :
Jop =ﬁ=L_lupCox(vGSn _VTn)zL_::'uPCOX(VDD(t)_VTp)

VDS close to O

we consider %un . Z%ﬂpcéx
L, Lp
Wn
g= L M, ox(VDD VT)
1/g=2500 Q
1/g=250 Q
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#Cay, 2, s
Estat - Lz Vth € VDDT
KT
avec V, =—
e
n=1+—"2

letik

’C® Vp 1
Cn H, (VDD_ZVT)T

RC
dyn :?LCLVDDZ =

avec C, =C; WL

E

With leakage power

Vo

2 2 2
L CL VDD 1 lunCnV e thhVDDT

Cn Hy (VDD o 2VT ) T L2

E=a

Activity factor =1

in adiabatic mode
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Conventional

-------- - P Register > J > Register L anmEEEnm
| —
p———
T . ! T,
C, ] C,
Adiabatic D
T
.................... —
¢ ¢ ¢ T 1Tk
y 4 L,
. 1 2 :unCn 2 _ﬁ
Conventional E= a'ECLVDD +TVth e " Voo Tk Cn =WLC6X
activity factor betwwen 0.01
and 1
2 2 Vi
Adiabatic E— L C, Voo £+””C” the_n\/thv T
t DD

B Cn H, (VDD o 2VT ) T L2
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Conventional

|

IIIIIIII -=——P Reg|5ter P>
—>
—>
CK
Adiabatic

| Register

I

¢
_Lic’
ToCuT
Topt =co0 !

Effect of V1

Without leakage

letik

T optimum and E optimum

With leakage
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From adiabatic logic to reversible logic

leti

>
charge-up
& 4, *
| | | It is necessary to identify
fi d iInputs from outputs, that
—_ IS not possible with
5 . - conventional logic but
| [ 1 with reversible gates
& di 7777
charge-down
¢,'_2 ¢1
d -1 d, + |
F- ‘ G| IH! :
d;,_, F ‘G_I d H
‘1’;-1 by
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- ==
. - F Tl B,
- g
> = [
i G e By
- -

The fully adiabatic
pipeline

Fully adiabatic logic is
complex but partially
adiabatic logic is a good
trade-off

leti
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The quasi-adiabatic solution

W

Vop—
P2 /_\_ -
()— _ o)
— 111
o111, ont _\_
H

. N1 N2 _
1uﬂ-| ]}-43h1 out

111

Vinp— _
1 ont
Dissipated energy is not RC/T- CV?
Dissipated energy is RC/T- CV?+C-Vt?
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Nanorelays for adiabatic logic

The threshold voltage is a limitation with F_ &y SV ?
CMOS technology and the subtreshold - 2(g _g )2
current a drawback d

OFF ON R:ZM A= F

3A HE

3
2 VPI = 8kg
2780WL

source grille drain source grille drain

S electrostatic actuation surface
Leakage is zero p resistivity of the metal

A mean free path in metal
A voltage VPI Is necessary for contact H hardness of metal

F electrostatic force

K effective spring constant of the beam

letik
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Impact of Scaling on the Performance and Reliability
Degradation of Metal-Contacts in NEMS Devices

Hamed F. Dadgour *, Muhammad M. Hussain **, Alan Cassell T, Navab Singh 11 and Kaustav Banerjee *

=

2

Contact resistance (1)
ot =

10

Fig. 15. The mpact of scaling on contact resistance: (a) the fotal contact
resistance and (b) contnbutions of Sharvin and Maxwell resistances to the

; 10
® sl T St ® |
033~ | & o
7 e o
#Ega : %1E -.#..”__.#...s
El_f'f.ﬂ"l | €41 2 --’F_ﬂ-________"
6.9 e
00D 500 250 125 6258 @1& 500 250 125 628

Beam length {nm]

total resistance.

Eeam length (nm)
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with adiabatic logic
&S V2
y 29-9.)

If we use this resistance model, energy does not depend
on supply voltage !!
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Comparison MOS and nanorelays in

adiabatic mode

32 piH o
S (g-e)

nems ~ 3 Cn

Esilicium - C
n My T

8

L=2.10
1=2.10"
V, =0.1
p=5.10"
2=3.10"

H =10°
£-03
g-9g,=10"

18 L2 Cfv

T

_ Eems _10 pAHE
TE 718 LZVT( 0)

cmos

Energies are not so different
but models have to be
confirmed

Zero leakage is the main
advantage of nanorelays
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What kind of contact at nanoscale ?

Tension

»
»
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Courant

4 wd'A'A A —

d'AA %A ®
Tension —

; i 'A'A Am —
Vy —

2
= 52 pAHs ( — Yd )2 —+ CLVDDVd
3 &S

Non adiabatic dissipation
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Trade-off reliability-energy efficiency

Integrated Circuit Design with NEM Relays

Fred Chen2, Hei Kam1, Dejan Markovic/ 3, Tsu-Jae King Liul, Vladimir Stojanovic/ 2, Elad Alonl
1Department of EECS, University of California, Berkeley, CA 94720, USA

2Department of EECS, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

3EE Department, University of California, Los Angeles, CA 90095, USA

The best-known contact material for minimum contact resistance is gold (Au), which has a hardness of 0.2-0.7GPa, a
resistivity of 23nQ-m, and an electron mean free path of 36 nm. For the 90 nm equivalent devices used in our circuit study,
the total contactresistance of a gold-based elastic-contact relay design is estimated to be on the order of 100 Q even at a
low Vgb of 0.3 V.

Unfortunately, gold may not be suitable for fabrication of nanoscalefeatures with fine pitch, and other more suitable materials
are typically harder and hence have higher contact resistance. For example, if the physical contacts are instead formed with

tungsten(W), which has a hardness of 1.1 GPa, resistivity of 55 nQ-m, and electron mean free path of 33 nm, the estimated

total contact resistance for an elastic contact at a Vgb of 0.3 V is ~1 kQ. In our circuit study we will present results for both

the best-case(gold) and worst-case (tungsten) contact materials, including thereduction in contact resistance as a function of

supply voltage.
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Conclusions

* Energy efficiency is the main nanoelecronic driver...
 Many improvements at circuit level

* New switches (Tunnel FET and NEMS) have to be
confirmed for future ultra low power electronics but FDSOI
and FINFETs are today solutions

 Adiabatic logic in association with new switches has to be
Investigated
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