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Self-powered applications
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* Source tellurex.com

Ambient DC Ambient DC power supply voltages are power supply voltages are 
ultra lowultra low

Vo ≅≅≅≅ 20-200 mV

Vo ≅≅≅≅ 50 mV

Vo (interiors)  ≅≅≅≅ 100 mV

Vo ≅≅≅≅ 20-200 mV

ICECS 2014 3



The trend toward low supply voltages

� Q1-Are there lower bounds on the supply voltages to 
power electronic circuits?

� Q2-What are the best technologies for ultra low 
voltage circuits?

? ?
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ULTRA-LOW-VOLTAGE (ULV) IC 
DESIGN: DESIGNING FOR VDD 

BELOW  kT/q

Chapter 1 

The MOSFET : DC and  small signal The MOSFET : DC and  small signal 

models
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Many electrons    

MOSFET capacitive model in inversion
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C’ox - oxide capacitance/unit area

Q’G (Q’S) - gate (semiconductor) charge/ unit area

Q’I (Q’B) - inversion (depletion)  charge/unit area

C’i (C’b) - inversion (depletion)  capacitance /unit area
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Main approximation for compact MOS 
modeling: the charge-sheet model

Minority carriers occupy a zero-thickness layer at the Si-SiO2

interface, where 
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is the body-effect coefficient 
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Unified Charge Control Model-1
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Unified Charge Control Model (UCCM) -2
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Charge control current model
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),(),( DGSGRFD VVIVVIIII −=−=

IF=            forward current

IR=            reverse current

Forward and reverse currents

2
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IS D

F R t IS Dn
ox

QW
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L nC
φµ

 ′
′= − 

′  

symmetry of the rectangular MOSFET 

IF=            forward current
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Normalization (areal) charge 
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Normalized charge-based MOSFET model
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Transconductances - 2
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MOSFET:  low-frequency  small-signal 
model in weak inversion
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Low-voltage operation of the common-
source amplifier
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Low–voltage operation of the (C)MOS 
inverter

( )ln 1
DS t V
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VDD

vout

vin

+
- M1

M2

iD

VDD

vout

VDD

min (ln 2)
DD t

V φ=
min 2(ln 2)

DD t
V φ=
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VDD

vinVTH

Av

1VA =
Minimum supply voltage for 

amplification
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Low-voltage operation of the common-
gate amplifier

, = = =
DSqV

o ms kT
v cg

i md

v g
A e

v g

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

i mdv g
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Zero-VT MOSFETs

+
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VDD

vout
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� 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.
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ULTRA-LOW-VOLTAGE (ULV) IC 
DESIGN: DESIGNING FOR VDD 

BELOW  kT/q

Chapter 2 

Ultra-Low-Voltage (ULV) Ultra-Low-Voltage (ULV) 

CMOS logic circuits
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THE CMOS INVERTER

Static Analysis in weak inversion 1 

� The strength or current capability of the transistor is given by
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THE CMOS INVERTER

Static Analysis in weak inversion 2 

In the ideal case of NMOS and PMOS transistors with the same 
strength, i.e. I =I and V =|V |, the VTC reduces to
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THE CMOS INVERTER

Static Analysis in weak inversion 3

� Inverter voltage and current transfer 

characteristics.
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SCHMITT TRIGGER ANALYSIS

• 2 internal nodes (VX and VY)

• Feedback transistors controlled by
the output

• Hysteresis for VDD > 80mV

• No hysteresis is desired for VDD 
minimization

• For symmetric operation, 

Schmitt Trigger

Inverter

• For symmetric operation, 
corresponding NMOS and PMOS 
MOSFETs have the same current
capability
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ST ANALYSIS – DC TRANSFER 1
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ST ANALYSIS – DC TRANSFER 2
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ST OPTIMIZATION 1
Series transistor: I1/I0

Rearranging the AC gain equation for I1/I0

1
1 1

0

1
1 12

DD
O I

o

Vi V V

I
A B

v I

Iv
C D

I
= =

+

= −

+

Bilinear function

with negative pole

1 12
0

C D
I

+

0
0

1 =
OPTIMUM

I

I

Practical values of I1/I0 range from 0.01 to 0.1,

with only slight penalty in terms of the gain.
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ST OPTIMIZATION 2
Feedback transistors

Rearranging the AC gain equation for I2/I0
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ST x CMOS INVERTER 1

Substituting the optimum values of I1/I0
and I2/I0, the ST minimum operating

voltage can be calculated:

300Kat  mV5.31
873

1
ln2min =









−
= tDDV φ

73 is the best

Schmitt Trigger

inverter

333.0      0
0

2

0

1 ==
OPTIMUMOPTIMUM

I

I

I

I

ST structures are capable of operating

at lower supply voltages than the standard 
static logic!!!!

73 is the best

number !
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ST x CMOS INVERTER 2

-10

-8

-6

-4

-2

0
 Schmitt Trigger x Inverter

v
o
/v

i

0.01 0.02 0.03 0.04 0.05 0.06 0.07
-20

-18

-16

-14

-12

-10

VDD (V)

v
o
/v

i

Schmitt Trigger

Inverter

VDD
CMOS 
INVERTER 
GAIN

SCHMITT
TRIGGER 
GAIN

50 mV -1.61 V/V -2.70 V/V

70 mV -2.80 V/V -19.10 V/V
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ULTRA-LOW-VOLTAGE (ULV) IC 
DESIGN: DESIGNING FOR VDD 

BELOW  kT/q

Chapter 3

Ultra-Low-Voltage (ULV) Ultra-Low-Voltage (ULV) 

rectifiers
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MOTIVATION
Wirelessly powered sensors

Low power/voltage level 
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Ultra-low-voltage diode circuits

LV

Dickson analysis of voltage multipliers: constant
threshold voltage diode model, but it is not appropriate 

for low voltage operation

D

V
L

I
L

Dv

How to substitute the constant ‘diode voltage drop’ model? 
Use the i-v characteristic of the diode and the load current  

VL =VP-VON

CtVv pin ωcos=

[ 1]

D

t

V

n
D SI I e

φ= −
1 to 1.5

t

kT

q

n

=

∼

φ
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Voltage rectifier with pure capacitive load - 1

Steady-state analysis

/ 2
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∫ ∫
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Assumption: very low ripple 
(high C) 

→→→→ Vo ≅≅≅≅ constant
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( )ln cosh φ
φ

 =  
o
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V
V n
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φ<<P tV n
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o P

t t

V V
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 
≅  

 
→→→→

Power Detector

Voltage rectifier with pure capacitive load - 2

 

Peak Detector

φ>>P tV n ln 2φ≅ −L P tV V n→→→→

Input

Diode “ON” 
voltage drop
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Application: microwave power detection

� Basic detector circuit

Wetenkamp, IEEE MTT-S Int. Microwave Symp. 
Dig., 1983

R. G. Meyer, “ Low-power monolithic RF peak detector 
analysis, ” IEEE J. Solid-State Circuits, vol. 30, no. 1, 

pp. 65–67, Jan. 1995.
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Output voltage ripple

Voltage rectifier with DC load - 1

IL+IS IL+IS

IS

2IL+IS

IL

C C

C L S

dQ dV
I C I I

dt dt
= = ≅ +

The discharge rate of the capacitor

0

/2
2 2

L S L S

C

T

I I I IT
dV V

C fC
−

+ +
= ∆ ≅ =∫

IL+IS IL+IS
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Steady-state analysis

Waveforms for φ>>P tV n

0 /2

/2 0

1 1

P o P o

t t

V V V VT
n nS

L

T

I
e dt e dt I

T

φ φ

   − − −
      
   

−

    
    − + − =
    

    
∫ ∫

Assumption: very low ripple →→→→ Vo ≅≅≅≅
constant

Voltage rectifier with DC load - 2

( )cosh
ln

1 /

φ

φ

 
=  

+  

P to

t L S

V nV

n I I

42

ICECS 2014



Voltage rectifier with DC load - 3

Waveforms for φ>>P tV n

φ>P tV n →

Input

Diode “ON” 

voltage drop

0

0

lnφ
 +

≅ −  
 

P
o P t

I I
V V n

I

Iφ   +
0

ln 2 1 L
t

I
n

I
φ   +    

-I0

IP=2IL+I0

IL=(IP-I0)/2

V
o

 (
V

)

Io = 4.5 nA 
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The voltage doubler

= =
+

load L L

in load loss

P V I
PCE

P P P

PCE: Power Conversion 
Efficiency

( )

( )

1 ln 2 1 /

1 /

t
L S

out P

out loss S L

n
I I

P V
PCE

P P I I

φ
− +  

= ≅
+ +

44

ICECS 2014



The voltage multiplier

Applications: 
� Generation of voltages higher than the supply 

voltage, for EEPROMs, flash memories
� Energy harvesting for RFID tag chips, for example 

N-stage voltage multiplier
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Diode connected MOSFET 

Low-voltage I-V characteristic of a 
diode-connected zero-VT transistor.
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AC/DC converter in 130 nm CMOS technology

24-stage rectifier
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ULTRA-LOW-VOLTAGE (ULV) IC 
DESIGN: DESIGNING FOR VDD 

BELOW  kT/q

Chapter 4

Ultra-Low-Voltage (ULV) Ultra-Low-Voltage (ULV) 

oscillators

ICECS 2014 48



An important application of ULV 
oscillators

TEG OSC Dickson

AC/DC
Load

∆∆∆∆T V VDCVAC

1 K 30 mV 0.2 Vp-p 1 V

1 uA

TEG – thermoelectric generator

OSC – oscillator

∆∆∆∆T VDC
VDCVAC
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Inductive ring oscillator - 1

Cross-coupled LC oscillator

φφφφ=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

g G
=

+

Oscillation frequency

Voltage gain

Recall that ms md
m

g g
g

n

−
=

Cross-coupled LC 
oscillator

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

  
= + + = + <<  

  
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Inductive ring oscillator - 3

7-stage ring oscillator 

Vout normalized x VDD

Vout x f

VVDDDD =70 =70 
mVmV

Lnom=100 nH

Zero-VT
W/L = 150 µm /           

0.48 µm

Calculated Sch. Sim. Poslayout Exp.

VDD,min 32.6 mV 37 mV 40 mV 53 mV

frequency 1.07 GHz 730 MHz 560 MHz 560 MHz
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Inductive ring oscillator - 4

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 

from drain to gate

Enhanced swing 
Colpitts oscillator 

(ESCO) *Enhanced swing 
IRO (ESRO)

* T. W. Brown et al, 
IEEE JSSC, Aug. 2011.
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ESCO: small-signal model - 1

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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ESCO: small-signal model - 2

Second-order small-signal model of
the ES Colpitts oscillator.
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ESCO: start-up condition

2 1 1 2
2 1

1 2 2 1

1 2
   

> + + + + +   
   

ms md

C C C C
g g G G

C C C C

2 1 2

1 1

+
=

+
md

C G G

C g G

Optimum value of capacitors
to minimize gms (for the conventional 

Colpitts gmd = G2 =  0 !) 1 1+
md

C g G

2
lim

1

ln 1
 

= + 
 

DD

CkT
V

q C

Colpitts gmd = G2 =  0 !)

For ideal inductors (and 
capacitors) G1 = G2 = 0

2

1

1ms md

C
g g

C

 
> + 
 
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Powered by a 

thermoelectric generator
T ≈24  ◦C

Colpitts oscillator: first prototype
VDD=22.2 mV

24 //  NMOS

Zero-VT (ALD 1108)

VT=59 mV, IS=11.2 uA
thermoelectric generator
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Colpitts oscillator: second prototype

L1

L2

C1

Zero-VT
IBM 130 nm

Vdd < 20 mV

Some values

VVDDDD=15 mV=15 mV

C2/C1=0.12

VPP≈440 mV fosc≈110 kHz
VDD=15 mV

W/L = 2500 µm / 0,42 µm
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VVDD,DD,minmin x x C2/C1C2/C1

experimental

simulated

Second prototype: experimental
results 

VVPP  PP  x Vx VDD DD calculated

fosc≈110 kHz

weak

inversion

simulated
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ESCO designed for operation at 800 MHz

� Micrograph of the ESCO built in 130 nm technology
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Spectral diagram of the ESCO (VDD = 86 mV)

OscillatorOscillator

VoltmeterVoltmeter

Oscillator Oscillator 
Supply Supply 
VoltageVoltage

Buffer supply 
voltage
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Enhanced swing IRO (ESRO)-1

VDD=3.7m V

VDD=4.7 mV
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Enhanced swing IRO (ESRO)-2
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22--stage ESROstage ESRO

1111--stage Dickson stage Dickson 
charge pumpcharge pump

Zero-VT  transistor as 
a diode

W/L=4.2µm/0.42µm
VT =76.5 mV 
Isat = 500 nA

StepStep--up converterup converter--11

IBM 0.13 µm technology

22--stage ESROstage ESRO

Zero-VT  transistor
W/L=500µm/0.42µm

VT =63 mV
Integrated inductors

L1 =18.8 nH, L2 = 66 nH
Q ≈ 8
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Experimental results

StepStep--up converterup converter--22
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