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Chapter 1 

Introduction to ultra-low-voltage 

CMOS 
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1. Scaling 

R. H. Dennard et et. al. 

IEDM 72 & IEEE JSSC, 

Oct. 1974  
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Constant electric 
field scaling 

 

 

 

 

 

 

 

 

 
 

 

 

Motivations for low voltage 
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2. Power dissipation 
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Motivations for low voltage 

Switching power  

Short-circuit power :  

due to non-zero rise/fall times 

Leakage power α VDD  

Isw  

Isc  

Most effective way to decrease 

power is to lower VDD 
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3. Low supply voltages  
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Motivations for low voltage 

* tellurex.com 

Vo(body-environment) ≈ 

30 - 50 mV    

Thermoelectric generator 

Photovoltaic cell 

Vo(dark room)  ≈  

100 - 200 mV    

Energy provided by 

trees 

* Love et al, “Source of sustained voltage difference 

between the xylem of a potted ficus benjamina tree and its 

soil”, 2008. 

pH difference 

Vo  ≈  20-200 mV    
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The trend toward low supply voltages 

 Q1-Is there a lower bound for the supply voltage? 

 Q2-What are the best technologies for ULV circuits? 

 

? ? 
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Fundamental limits on supply voltage  

From thermodynamics 
What is the minimum energy stored in a capacitor to ensure that the binary 

states are distinguishable in the presence of thermal noise? 

Any energy storage element 

(or “degree of freedom”) in 

thermal equilibrium holds an 

average noise energy of kT/2. 
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Fundamental limits on supply voltage  

From thermodynamics  
What is the minimum energy stored in a capacitor to ensure that the binary states are 

distinguishable in the presence of thermal noise (Theis & Solomon 2010)? 

The bit (=1) energy is 21

2
bitCV

To distinguish bit energy from 

noise energy we must have 

2 21

2 2
bit bit

kT kT
CV V

C
  

The charge Qbit stored in C is 

bit bit bit

bit

kT kT
Q CV V

Q Nq
   

N is the number of electrons and 

q=1.6 x 10-19 C is the electron charge 

1 25.9 6.18 mV,  aFbit

kT
N V C

q
    

1000 25.9 6.18 V,  pFbitN V C   

Eight standard deviations give 

an error probability of ~ 10-15 

8bit

kT
V

Nq
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Vbit 



 V2
no= kT/C       (I) 

 Vout= Nq/C    (II) 

V min= Vout=(1/N)kT/q 

Thermal noise limits for supply voltages 

of logic and static memory  

Number of electrons stored 

 in the output node  

Output node 

capacitance  

For Vmin= Vout~Vno 

N =1 circuit storing a single electron 

in its output node  

kT/q 

There is large room and 

need for a millivolt 

switch SBCCI 2015 10 



Prof. James Meindl: 

Theoretically, the minimum supply 

voltage for a CMOS inverter  is  

2 (ln2) (kT/q) = 36 mV at room 

temperature (IEEE JSSC, 2000)  
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Voltage gain1 

CMOS inverter transfer characteristics 

( Swanson and Meindl, IEEE JSSC 1972) 

Fundamental limits on supply voltage  

Regenerative logic requires that 

From device physics - Minimum supply voltage for the 

standard CMOS inverter   
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Searching for the millivolt switch 
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log ID 

VG VDD 

ION 

IOFF 

ION 

IOFF 

 exp /D G tI V n
n>1 n<1 

MOSFET    1 D

ox

C
n

C
 

n<1 CD< 0 ??? 

Change of physical principle: 

Thermal injection  Tunneling 



Searching for the millivolt switch 
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Ionescu & Riel , Tunnel field-effect transistors as energy-

efficient electronic switches, Nature 479, 329–337, 2011. 

To outperform CMOS transistors, target 

parameters for Tunnel FETs are:  

ION ~ hundreds of mA;  

Savg < 60 mV per decade for five decades 

of current;  

ION/IOFF > 105; andVDD < 0.5 V.  

http://www.nature.com/nature/journal/v479/n7373/fig_tab/nature10679_F1.html
http://www.nature.com/nature/journal/v479/n7373/fig_tab/nature10679_F1.html
http://www.nature.com/nature/journal/v479/n7373/fig_tab/nature10679_F1.html
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http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
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http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
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http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
http://www.nature.com/nature/journal/v479/n7373/full/nature10679.html
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Searching for the millivolt switch 
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(a) Mechanical switch. When VGS >VPI, the 

electrostatic force is sufficient to bring the 

source into contact with the drain.  

(b) Current versus gate voltage 

characteristics for a mechanical switch. The 

switch exhibits a hysteretic switching 

behavior VRL  VPI 
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Ultra-low voltage (ULV) CMOS 

Subthreshold 

logic 

Rectifiers/voltage 

multipliers 

Colpitts and 

ring oscillators  

General purpose 

analog 

Waiting for  the 

beyond CMOS 

millivolt switch  
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Chapter 2  

Subthreshold MOSFET model 
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The MOS transistor 

VD 
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Output characteristics @ VD=VG 
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Weak inversion (subthreshold) MOSFET model 
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Long-channel model 
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Low-frequency  small-signal model in weak inversion 
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Low-voltage operation of the common- 

source amplifier 

DS

t

V

ms

md

g
e
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VDD 

VI 
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+ 

VO 

IB 

ID 

weak inversion operation  
Intrinsic gain stage 

 ( IB ideal current source) 
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Low-voltage operation of the common- 

source amplifier 
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Low–voltage operation of the CMOS 

inverter 

 ln 1DS t VV n A 

min (ln 2)DD tV 

VDD 

vout 

vin 

+ 

- M1 

M2 

iD 

min 2(ln 2)DD tV 
DS DDV V

VDD 

1VA 

Minimum supply voltage for 

amplification  

    ‘ideal’ MOSFET  n =  1 

VDD 

VDD 
vout 

vin 
VTH 

Av 

VTH = VDD/2 

/ 2DS DDV V

SBCCI 2015 

J. Meindl, IEEE JSSC, 2000  
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Low-voltage operation of the common-  

gate amplifier 

The common-gate amplifier provides a voltage 

gain of greater than unity for VDS>0.  Very useful 

property for lowering the supply voltage limit for 

the operation of oscillators (later). 

 

Common- gate 

Colpitts oscillator 

,   
DSqV

o ms kT
v cg

i md

v g
A e

v g
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Zero-VT MOSFETs 

SBCCI 2015 25 

I-V characteristics of diode-connected 

MOSFETs (IBM 130nm) 
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1 – high current/unit area for low voltages 

log(ID) 
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Low (zero)-VT 

Standard-VT 
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Zero-VT MOSFETs 
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2 – high gm/C  (fT) for low voltages 



Zero-VT MOSFETs 

 ID x VDS (VS=VB) characteristics for a zero-VT transistor with 

W/L=2500µm/420nm. For VGS= 0 V and VDS= 25 mV the values of 

the common-gate and common-source gains are 1.56 and 0.53, 

respectively (moderate inversion operation). 

+ 

vi 

- 

IB 

VDD 

vout 

CL 

CS amp 

vout 

vin 
+ 

- 

M1 Vbias 

IB 

VD

D 

CG amp 
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Chapter 3  

Subthreshold CMOS logic and 

Schmitt trigger 
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What´s the minimum supply voltage for 

“correct” operation? 

Regenerative property: a disturbed signal 

gradually converges back to VOL or VOH 

after passing a number of logical stages. 

To be regenerative the VTC must present 

voltage gain greater than 1 in absolute value 

1VA 

Regenerative Property 
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THE CMOS INVERTER IN WEAK INVERSION - 1 

Note that: 

VDD VoH ( Vi =  0 ) VoL ( Vi = VDD ) 

200 mV 200 mV 0mV 

50 mV 46.6 mV 3.4mV 

VDD=250mV 

VDD=200mV 

VDD=150mV 

VDD=100mV 

VDD=50mV 

Slope = -1 

ISC 
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THE CMOS INVERTER IN WEAK INVERSION - 2 
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In the ideal case of NMOS and PMOS 

transistors with the same strength 

 The minimum operating supply voltage of the inverter and any 

CMOS static logic gate must be at least equal to unity, i.e.  

 

1

2



 DD
O

V
VI

O

dV

dV

n

e

dV

dV

DD
O

V
VI

O 1t

DD

2

V

2










  300Kat  mV362ln2min  tDDV  for n=1 
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6-T Schmitt trigger - 1 

• 2 internal nodes (VX and VY) 

• Feedback transistors (P2/N2) 

controlled by the output 

• Hysteresis dependent on VDD & 

relative transistor strength 

• Modeled in strong inversion but not in 

weak inversion 

•For symmetric operation, 

corresponding NMOS and PMOS 

MOSFETs have the same current 

capability. 

6-transistor (6-T) 

Schmitt Trigger  
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6-T Schmitt trigger - 2 

Output characteristics of N and P networks 

IDN1 

VDD= 120 mV 

C
u

rr
e

n
t  
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Vi 

Vi 
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59 mV 

59 mV 

55 mV 

Output voltage (VO) 



IDN1 

Vo 

Vi 

VDD= 120 mV 

Vo 

C
u

rr
e

n
t  

Output voltage 

Unstable solution 
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Output characteristics 

IDP1 

Vi 

Vi 

55 mV 

59 mV 

59 mV 

55 mV 
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6-T Schmitt trigger - 3 



Symmetric ST nN = nP = 1, VTN = |VTP|, 

IN0 = IP0 = I0, IN1 = IP1 = I1, IN2 = IP2 = I2 
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Loop to solve 

numerically 

KCL for Vx, Vy, Vo 
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N-network 

P-network 

IDP1=IDN1 

IDP0=IDP1+IDP2 

IDN0=IDN1+IDN2 

6-T Schmitt trigger - 4 



I0 = I1 = I2 = 1 nA , VDD = 120 mV 

 

Vo 

VX 

VY 
0 2 1

2 0 2

2 ln 2DD t

I I I
V

I I I


 
    

 

Supply voltage at which 

hysteresis starts to appear 
SBCCI 2015 

Infinite gain 
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6-T Schmitt trigger - 5 
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No hysteresis 
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6-T Schmitt trigger - 6 
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VDD=60 mV 

Strength ratios for 

highest  gain for a 

given VDD 

VDD 

(mV) 

I2/I0 opt 

(A/A) 

ST 

Gain 

St. Inv. 

Gain 

70 0.91 -18.6 -2.86 

65 0.81 -9.00 -2.51 

60 0.73 -5.47 -2.18 

55 0.65 -3.76 -1.89 

50 0.58 -2.73 -1.63 

45 0.50 -2.05 -1.38 

40 0.44 -1.56 -1.16 

35 0.39 -1.20 -0.97 

31.5 0.33 -1.00 -0.84 
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6-T Schmitt trigger - 7 



What is the minimum operating voltage that 

results in gain = -1 ? 

300Kat  mV5.31
873

1
ln2min 










 tDDV 

73 is the best number ! 

SBCCI 2015 40 

6-T Schmitt trigger - 8 



TT SF FS 

ST inverter is less sensitive to process parameter (VT) 
spreading than the standard inverter. 
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6-T Schmitt trigger - 9 



ST-NOR gate NOR gate 
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6-T Schmitt trigger - 10 



TEST CHIP 

VTC – ST x INV – VDD=150, 100, 75, 50 mV 
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IBM 180nm 

CMRF7 - MOSIS 
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I1/I0=0.1   

  I2/I0=0.4 
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Chapter 4 

ULV rectifiers 
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Ultra-low-voltage diode circuits 

LV

Dickson analysis of voltage multipliers: constant 

 threshold voltage diode model, not appropriate  

for low voltage operation  

How to substitute the constant ‘diode voltage drop’ model?  

Use the i-v characteristic of the diode and the load current 

VL =VP-VON 
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Voltage rectifier with pure capacitive load 
Steady-state analysis 
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Assumption: very low ripple (high C)  
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Waveforms for  

/2 0 /2

/2 /2 0
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Voltage rectifier with DC load - 1 
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Output voltage ripple 
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The discharge rate of the capacitor 
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 Generation of voltages higher than VDD 

for EEPROMs, flash memories. 

 Energy harvesting for RFID tag chips 

The voltage multiplier - 1 
N-stage voltage multiplier 
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Voltage doubler 



The voltage multiplier - 2 
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load L L

in load loss

P V I
PCE

P P P

Output voltage 

PCE is 

maximized for  

Modified Bessel function, 

first kind, order zero 
Power conversion efficiency 



The voltage multiplier - 2 
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Model of the N-stage 

voltage multiplier 

Design for minimum available power/maximum range in terms of kc 
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 ant L L
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R V I
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Diode-connected zero-

VTMOSFET  

 - high drive capability 
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What about diodes? 

log(ID) 

VG 

Low (zero)-VT 

Standard-VT 

pn junction 



AC/DC converter in 130 nm CMOS technology 
24-stage rectifier 
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Matching 

network 
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Chapter 5 

ULV oscillators and applications 
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Application of ULV oscillators for energy harvesters 

TEG – thermoelectric 

generator 

OSC – oscillator 
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TEG OSC Dickson 

AC/DC 

T VDC VDC VAC 

1 K 30 mV 0.2 Vp-p 1 V 

1 uA 

DC 

load 

TEG OSC 

Step-up 

converter 
DC 

load 
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Inductive ring (X-coupled) oscillator - 1 

=0  & Vout/Vin=-1 

Criterion for oscillation (Barkhausen) 

2 1ω LC 

1m

md P

g

g G




What´s the minimum  

VDD for oscillation? 

Cross-coupled LC oscillator 
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Inductive ring oscillator - 2 

What´s the minimum VDD for oscillation? 

2 1ω LC 

1m

md P

g
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Oscillation frequency 

Voltage gain 

Recall that 
ms md

m

g g
g

n




Voltage gain=1 1 1ms P

md md

g G
n

g g

 
   

 

In weak inversion 
/ /  since DS t DD tV φ V φms

G D DD

md

g
e e V V V

g
   

(i) 

(ii) 

Similar to the result (/2) of the CMOS inverter 

 ,min ln 1 1 ln 1 1  for P P
DD t t

md md

G G
V φ n φ n

g g

  
       

  

Cross-coupled LC 

oscillator 
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Inductive ring oscillator - 3 

Questions: 

1. How to reduce VDD,min? 

2. How to increase the VDD-limited 

voltage swing? 

Introduce voltage gain 

from drain to gate 

Change topology, e. g., take 

advantage of CG gain  

Enhanced swing 

Colpitts oscillator 

(ESCO) * Enhanced swing 

IRO (ESRO) 

* T. W. Brown et al, 

IEEE JSSC, Aug. 2011. 
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2
lim

1

ln 1
 

  
 

DD

CkT
V

q C
For lossless inductors and 

capacitors 

The enhanced-swing Colpitts oscillator (ESCO) 

Weak 

inversion 

 T ≈24  ◦C 
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2

1

1

d
s ms s md d m s

v
v g v g v g v

C

C
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 T ≈24  ◦C 

 24 //  NMOS 

Zero-VT (ALD 1108) 

VT=59 mV, IS=11.2 uA 

 

thermoelectric  

generator 

VDD=22.2 mV 

62 

Colpitts oscillator: first prototype 

Off-the-shelf components 



Colpitts oscillator: second prototype 
L1 

L2 

C1 

 Zero-VT 
IBM 130 nm 

 C2/C1=0.12 

VPP≈440 mV 

fosc≈110 kHz 

VDD=15 mV 

W/L = 2500 µm / 0.42 µm 

SBCCI 2015 

 VPP  x VDD  

simulated 

calculated 
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Integrated Zero-VT MOSFET  



Colpitts oscillator – IC prototype 

130 nm technology 

 

SBCCI 2015 

(VDD = 86 mV) 
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Enhanced-swing ring oscillator (ESRO) 

SBCCI 2015 

VDD=3.7mV 
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32 
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OSC 

Load 21.8/ 23 mV .48/1.0 V 

.048/1 A 

~.1/xx Vpp Dickson 

AC/DC 

Energy harvester  
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Off-the-shelf 

inductors 
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