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MINATEC : 20 hectares 

MINATEC on the scientific polygone  
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Power aspects are nanoelectronics drivers 
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Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 
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Why less power?      TOMORROW  

 
J. Rabaey, ASPDAC 2008  
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Unfortunately the power density is not 
decreasing with  CMOS scaling  
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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 nanocomponents ?  
Decrease of capacitances and voltage… 

Decrease of subthreshold current and tunnel effects… 

New architectures…. 
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• CMOS: what is necessary to know… 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• Power dissipation at architecture level 

• Adiabatic and reversible computing 

 

OUTLINE   
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• CMOS: what is necessary to know… 

• PMOS and NMOS 

• Inverters and logical functions 

• The global architecture 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• Power dissipation at architecture level 

• Adiabatic and reversible computing 
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A  basic function : the inverter 

0     state « 0 » 

Rp 

Rn 

VDD 

C 

R 

input 

output 

VDD    state «1» 

On if command is “0” 

Off if command is “1” 

On if command is “1” 

Off if command is “0” 

Interconnect and input 
of load gates 
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A  basic function : the inverter 

Rp 

Rn 

VDD 

C 

R 

input 

output 

VDD     state « 1 » 

0    state « 0 » 

 two different switches are necessary 
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 0 V    0 V    0.5 V 

MOSFET  OFF                          MOSFET ON                      MOSFET ON and saturation 

N+ N+ 

P 

0 V Source Drain 

under threshold 

N+ N+ 

P 

 0 V    1 V  0.5 V 

0 V 
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N+ N+ 

P 

 0 V    1 V    1 V 

0 V 

above threshold 

The NMOS transistor 
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MOSFET OFF                            MOSFET ON                  MOSFET ON and saturation 

P+ P+ 

 0 V    0 V         -0.5V  

0 V 

N 

Source Drain 

below threshold 

P+ P+ 

0 V 

N 

above threshold 

 0 V   -1 V         -0.5V  

P+ P+ 

0 V 

N 

above threshold 

 0 V   -1 V         -1V  

The PMOS transistor 
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VDD 
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D 
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S 

G 

input output 
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N 
métal 2 

PMOS 

NMOS 
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isolation

isolation

W

L

source drain

grille

isolation

isolation

W

L

source drain

grilleGate 

( )TGSsatOXon VVvCWI −′=

channel conduction  in the carriers of   velocitysaturation    satv

layer  oxyde  theofunit  surfaceper   ecapacitanc     OXC′

L  around 0,05 micron 

W between 0.05 and 0.5 
micron (except for analog or 
buffering) 

 voltageThreshold   TV
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multilevel of metallization 
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The microelectronic scaling principle 
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isolation

isolation

W

L

source drain

grille

isolation

isolation

W

L

source drain

grille

The MOS transistor is a nanocomponent 
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( )TGSsatOXon VVvCWI −′=

• The  Ion  current (short channel) 

Basic FET model 
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• The Ioff   current 
Strong effect of 
threshold voltage 

Tunnel current in 
addition 

The body effect factor 

The thermal voltage (25 mV at room temperature ) 

ecapacitancdepletion    D

OXn

C
CWLC ′=
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Importance of Ion et Ioff 

• Ioff  defines leakage power consumption 

 

• Ion  defines speed of the circuit 

Charging time of the output capacitance 

 

 

 Trade-off  between speed and consumption 
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The different modes 
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• Conventional and subthreshold modes 

 

 

 

 

• Linear and saturation modes 
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VDD 

A 

AB

VDD 

B T1 

T2 

T4 T3 

An elementary function (NAND) 

The inverter architecture 
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VDD VDD 

An Bn 

An 

Bn 
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Bn An Bn 
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Cn 
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Bn 

Cn 
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nS

VDD VDD VDD 

A more complex cell: the half adder 
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Now systems are switch based systems 
Inverter is the basic element VDD

A
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VDD

B T1
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VDD
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iF

iF
LC

DDV

eV iV 1+iV

′
iV

KC KC KC

Register Register 
Combinational 
logic 

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

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

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

Register Register 

The activity rate α  is  the mean probability 
a gate change of state during the period T 
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• CMOS: what is necessary to know… 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• Power dissipation at architecture level 

• Adiabatic and reversible computing 
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Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 
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Dissipation independent of R ( switch resistance) and 
duration of operation 

R may change during transition 

Only true if VDD   constant (conventional logic) 

Load C 

VDD 
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How to reduce leakage  power 

tDD
nV
V

DDleak IVNVINP th

T

 exp  0 ⋅+⋅=
−

To eliminate tunnel 
effects To increase 

threshold voltage 

To decrease  n  To use sleep modes 

for circuit or blocks  

The subthreshold 
current 

The tunnel current 
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2    DDdyn VCfNP α=

How to reduce dynamic power 

To increase 
parallelism 

To reduce 
interconnect 

To decrease 
supply voltage 
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Parallelism is an efficient solution 

Today advanced architectures use parallelism but 
parallelism has limitations 

Is it possible to reduce the operating frequency ? 
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2009 2012 2020 

Métal 1 

C in pF/cm 2 1,8 1,3 

RC in ns/mm 1 5 50 

Medium 
 

C in pF/cm 
 

2 1,8 1,3 

RC in ns/cm 1 5 50 

Global 

C en pF/cm 
 

2,3 2 1,4 

RC en ps/cm 11 10 7 

Is it possible to reduce the capacitance ? 
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100

Length in gate pitch    

1

410

410−

10

Interconnect 
density i(l) 

1

Many lines between 1 and 100 gate 
pitches except data buses 

Load capacitance between 1 
and 100 fF 

Input capacitance of switch 
generally negligeable 

Interconnections and load capacitances 
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It is not  easy to reduce supply voltage… 

Is it possible to reduce the supply voltage ? 
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• CMOS: what is necessary to know 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• Applications and metrics 

• How to reduce supply voltage 

• Inerest of steep slope devices 

• Power dissipation at architecture level 

• Adiabatic and reversible computing 
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How to reduce supply voltage, the limits 

• 1 Trade-off speed-dissipation 

 

• 2  variability and design constraints 

 

• 3 Cascadability of gates  

 

• 4 Thermodynamical limit 



 40 

1 The trade-off power-speed 

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 

Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 
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( ) 2/3
TDD

DD

VV
V
−

≈τ Trade-off  speed consumption 

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

The trade-off power-speed in subthreshold mode 

Dreslinsky et al proceeding IEEE 2010 
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Decrease of elementary switching energy 

Yes but increase of operating gates 
and variability effects 
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Global analysis necessary including variability and power consumption 
analysis 

2 Variability and design constraints 

LW
A

VT =∆ max

3.1≈η

( ) maxmin 1 TTDD VVV ∆++= γ

1

1
1
−∆

=
ητ

γ

( )η
τ

TDD

DD

VV
Vk
−

=

( )
( )T

TT

V
VV

τ
ττ max∆+

=∆

Law of Pelgrom 



 47 

Variability and technologies 
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Gupta 2010 proceeding IEEE 

The subthreshold regime  
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• Boltzmann + Shannon : Minimum switching energy 

 

 

• Heisenberg : Minimum channel length 

 

 

 

• With tunnel effect (Zhirnov-Cavin) 
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4 The fundamental limits  
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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 

• Cascability of devices 

 20-50 mV 

• For very low voltage fundamental limits 

  Below 20 mV towards 2 mV 
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Interest of steep slope devices ? 

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

⋅⋅
=

2

maxImpossible d’afficher l’image.

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

 
Prof. Tsu-Jae King Liu  
Workshop on Zero power technologies for Autonomous Smart Systems  
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• CMOS: what is necessary to know… 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• Power dissipation at architecture level 

• Adiabatic and reversible computing 
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Trade-off flexibility-power 

With an ASIC a factor 100 is possible for power 
reduction 
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Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 

Optimization of voltage and frequency 
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Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 

Optimization of Threshold voltages 
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Harry Veendrick IEDM 2009 Short Course • 
 Low Power / Low Energy Circuits: From Device to System Aspects 

Optimization of SRAMS 
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A  low power processor 
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A  low power processor 
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A  low power SOC 

65nm low-power technology, 

H.264 encoder, 

1.0V, down to 
0.57nJ/pixel  
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Example of an autonomous sensor for 
energy efficiency in building 
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Example of an autonomous sensor for 
energy efficiency in building 
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• CMOS: what is necessary to know… 

• Power dissipation: static power and dynamic power 

• Power optimization at component and circuit level 

• 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 
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Information and heat dissipation 
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Information and heat dissipation 
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An example of a reversible gate: the Toffoli Gate 

An example of non reversible gate Impossible to guess 
inputs from outputs 
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The adiabatic charge of a capacitance 

C 

VDD Not an abrupt variation but a linear variation is 
applied to the capacitor 

If RC is small compared to the duration T of the 
ramp, charge-discharge currents  and Joule 
dissipation are small 

 
RC/T small RC/T very small 

Input 
voltage 
current 

Voltage at 
capacitance 
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R 

VDD 

LC

Charge of CL 

2
DDL

L
dissipée VC

T
RCE =

• 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 

T
VCi DDL ⋅=

R 

0 VDD 

Discharge of CL 

0 
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RC charging at minimum dissipation theory 
 IEEE 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. Schlaffer, Student Member, IEEE, and Josef A. Nossek, Fellow, IEEE 
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otherwise non adiabatic dissipation  
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PMOS is on only if VDD greater than VT 

Non adiabatic dissipation 
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From adiabatic logic to reversible logic 

It is necessary to identify 
inputs from outputs, that 
is not possible with 
conventional logic but 
with reversible gates 
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The fully adiabatic 
pipeline 
 

 

 

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

Dissipated energy is not 

Dissipated energy is  
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42 ρλ

=
ξH
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Leakage is zero 

 

A voltage VPI  Is necessary for contact 

WL
kgVPI

0

3

27
8
ε

=

Nanorelays for adiabatic logic 
The threshold voltage is a limitation with 
CMOS technology and the subtreshold 
current a drawback 

S electrostatic actuation surface 

ρ resistivity of the metal 

λ mean free path in metal 

H hardness of metal 

F electrostatic force 

K effective spring constant of the beam 
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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 †, Navab Singh †† and Kaustav Banerjee * 
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with adiabatic logic 
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Energies are not so different 
but models have to be 
confirmed 

Zero leakage is the main 
advantage of nanorelays 

Comparison MOS and nanorelays in 
adiabatic mode  
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What kind  of contact at nanoscale ? 

LC

Courant 

Tension 

dv

????? 
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Non adiabatic dissipation 
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The best-known contact material for minimum contact resistance is gold (Au), which has a hardness of 0.2-0.7GPa, a 
resistivity of 23nΩ·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 Ω 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 nΩ·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 kΩ. 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. 
 

Integrated Circuit Design with NEM Relays 
Fred Chen2, Hei Kam1, Dejan Markovic3, Tsu-Jae King Liu1, Vladimir Stojanovic2, Elad Alon1 
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 

Trade-off reliability-energy efficiency 
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• 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 

 

Conclusions   
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• Low power electronics design 

 Christian Piguet 

  CRC PRES 

• Proceedings of the IEEE 

February 2010 vol 98 Number 2 

Circuit technology for ultra low power 
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