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Motivations for low voltage
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Scaled Device

Results:
Density Increases by o

Speed Increases by o
Power/Circuit Decreases by ?

Wire RC Unchanged by Scaling

Constant electric
field scaling

R. H. Dennard et et. al.
IEDM 72 & IEEE JSSC,
Oct. 1974



Motivations for low voltage
2. Power dissipation

Switching power

Yin

Short-circuit power :
due to non-zero rise/fall times

Leakage power o Vp I

Vout= Vop

]

—
T 2N 4 Diode leakage
Most effective way to decrease | 7}7

power is to lower Vg
Sub-threshold current
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Motivations for low voltage

3. Low supply voltages

Thermoelectric generator
V,

o(body-environment) =

30 -50 mV

HEAT ABSORBED

(COLD SIDE) TCold

Ceramic Substrate Conductor Tabs

e . Paositive (+)

Pellets

MN-Type
Semiconductor
Pallats

Negative () R

* tellurex.com

Photovoltaic cell

Vo(dark room) =

100 - 200 mV

Energy provided by
trees

A

Vo = 20-200 MV~ RZ

pH difference'

gar salt bridge

* Love et al, “Source of sustained
voltage difference between the
xylem of a potted ficus benjamina
tree and its soil”, 2008.
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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 technologles for ULV circuits?

3.5 \
R —O— ngh perf.
30 —57— Low power ||
—A— Standby
2.5 ?\' {\,,\
2t (Thick oxidé“d\evice)
= Digital V, Analog Vip S
1.5 0
1F
Digital V_
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o [ 1 1 !
1995 2000 2005 2010

1000 500 250 130 90 65 45
Technology Node [nm]

Voltage scaling is slowing / Stopping http://www.cisl.columbia.edu/grads/tuku/research/
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CMQOS supply voltages

Ultra low voltage (Vpp ~ 100 mV @ 300 K)
3-parameter MOSFET model (long-channel model)

Low voltage

4-parameter MOSFET model (long-channel model +
DIBL)

Standard voltage (VDD ~ 1V @ 300 K)

5-parameter MOSFET model (long-channel model +
DIBL+ saturation velocity)
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NTV Pentium® Processor
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Subthreshold NTV
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Ultra-low Power | Energy Efficient _
280 mV 045V 12V
3 MHz 60 MHz 915 MHz
2 mwW 10 mW 37 mW
1500 Mips/W 5830 Mips/W 1240 Mips/\W

Technology 32nm High-K Metal Gate
Interconnect | 1 Poly, 3 Metal {Cu)
Transistors Core:gM

Core Area 2mm?

Package 951 Pins FCBGA11

Wide Dynamic Range

5. Jain, 5. Khare et. al. "A 280mV-to-1.2V Wide-Operating-Range |A-32 Processor in 32nm CMOS," ISSCC 2012
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Strong inversion N
or above threshold~

MOS transistor
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Inversion level

WI and Sl (and the all-region) currents
can be written as

W
Ip = T [f(VGB» VSB) - f(VGB» VDB)]

Denoting f (Vs Vs0)s) = ire)

Ish

where lg, is a (constant) normalization current ¢y = ucoanb,?lz

p: carrier mobility Cox: OXide capacitance unit area

n: slope factor (= 1.05 - 1.3) ¢ = k_T(: 26 mV @ 300K)
t

lin IS the forward (reverse) inversion level

w

ID — TISH[lf — l«r]

In saturation, Iy ~ constant and i, <<i; 12



The 4-parameter model

Ve — Vs

of

=\/1+if(r)—2+ln<\/1+if(r)—1>

W D
Ip = I5(if = i) = Isu 7 (i — i) e
- o B

Vp=

— Specific

VGB _VTO +O_VDB +JVSB ]

|
G e
I

current

s

n

Threshold Slope DIBL

voltage factor factor
Vro n o
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MOSFET: Weak inversion (WI) model-1

( Vp—VsB VP—VDB)
Ip=Iz—Ig=Ij\e Pt —e ¢

Veg — V-
Vp 210y = pCongiel W/L)
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Weak inversion MOSFET model-2

(VGS_VT)
Ip = Ipe\ "ec /|1 — e Vps/¢x]

Iy = .ucoanb?el(W/L)

Ve =Vro+ (n—1)Vsp

Vg, V5 = const. Vs, Vp = const. Vs, Vp = const.
I
Ip /1g log -2 i Ip
log D
14 Y A lo 08 Io
5% "
\ N
VD -\/S %\()'QeJ Vi §Q© \/S
0 'l?'t 4 "?t -

O ]. 2 3 4 5 6 ReSMIQ Montréal 2024 / 15



MOSFET: low-frequency small-signal
model In weak inversion

G
(<)
md ¢t md ¥ d
()
—/ iy
S gmbvb o — D
V
g gms_gmd 3 ID ng S I
m _ — _F
n ng, @ O = 4
gmvg
B

gms = gm + gmb + gmd
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Low-voltage operation of the common-
source amplifier

Vo Intrinsic gain stage
s (| ) (15 ideal current source) weak inversion operation
Vg B Vos
|\/|1 |A\/|= gm:gms_gmdzi(gms_lj gms:eqf\
gmd ngmd n gmd gmd

N
VDS=¢t|n(1+n\AV\
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Low—-voltage operation of the (C)MOS
inverter

g Voo VDS =¢t|n(1+n‘A,D

Minimum supply voltage for
amplification g1A,|=1

‘ideal’ MOSFET n=1

VDS = VDD

VDDmin — 2(In 2)¢t

Vioomn = (IN2)4, J. Meindl, IEEE JSSC, 2000
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Low-voltage operation of the common-

gate amplifier
VDD

The common-gate amplifier provides a voltage gain
of greater than unity for V,s>0. - Very useful

property for lowering the supply voltage limit for

the operation of oscillators (later).

ReSMIQ Montréal 2024
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O

Common- gate
Colpitts oscillator
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THE CMOS INVERTER IN WEAK INVERSION 1

VDD

Vi Vo

Vo) ~|Vrn@)|—nne) Vseos) ( Vps<so))
nnwpy Pt \]1—¢e Pt

Ipnepy = lonep) - €
The strength or current capability of the transistor is given by

_|VTN(P)|
Inpy = loncp) - € "N

For the sake of simplicity let ny,=np,=n. The static transfer function of the
Inverter is obtained from

Vi—-Vrn ( _V_o) Vpop=Vi—|Vrpl ( _VDD_VO)
ION’e neg . \1—e @t :]OP-e n-@¢ -\1—e¢ Pt
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THE CMOS INVERTER IN WEAK INVERSION 2

VDD_VO
2 2 2 o Yo
1-e *

In the ideal case of NMOS and PMOS transistors with the same
strength, i.e. Igy=lgp and V\=|V+p|, the VTC reduces to

Voo Vo
V _Vip +n’¢t .In =@ &
2 2 _V¢o
1-e *

ReSMIQ Montréal 2024
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THE CMOS INVERTER IN WEAK INVERSION 3

-12

Note that:

025 VDD=250m§V
VDD
—_— 00 vDD=zoom;v
|<' Isc z
| 05— A O
> @
| o
Vi Vo 2 0.1 Voo=100mV 4 |
| N
\\
| :t, 0 e T 7 A e S
= 0 ' : J
N 0 0.05~ 0.1 0.15 0.2 0.25

Slope = -1 Vi (V)

200 mV 200 mV OmV
50 mV 46.6 mV 3.4mV
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THE CMOS INVERTER IN WEAK INVERSION 4

The inverter threshold voltage, V,,, is defined as the voltage such that
V,=V,. In the case for which the transistors have the same strength
(Iy=1p) then V,=Vp/2. If the NMOS transistor is stronger than the

PMOS transistor, V,,<Vpp/2, whereas if the PMOS transistor is stronger
than the NMOS transistor, V,,>V/2

av,
av,

VTN o ’VTP
2

1+

ReSMIQ Montréal 2024

+n'¢t -In Tor
2 | on
dv,
dVO V_Vﬂ
°"
-1
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THE CMOS INVERTER IN WEAK INVERSION 5

The minimum operating supply voltage of the inverter and any CMOS
static logic gate must be at least equal to unity, i.e.

Voo
‘dVO 1 dVO e 24 1
dVv Voo —
' No=37 dv, y. Voo n
o =2DD

Voo i = 26, In(2)=36mV at 300K

ReSMIQ Montréal 2024
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Minimum supply voltage for the CMOS
Inverter

0.7,

o o
o o
=]
wn
»
=]
o
.ﬂ“:
Vs
Q
—
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|_
o
-
[
—
77

o o
(7]

OUTPUT VOLTAGE (volts)
2

Prof. James Meindl:
Theoretically, the minimum

o

supply voltage for a CMOS
o 02 ?'SPUT v%tTAGEU('l?ons} 05 o inverter is
2 (In2) (kT/g) = 36 mV
CMOS inverter transfer characteristics at room temperature

_ (IEEE JSSC, 2000)
( Swanson and Meindl, IEEE JSSC 1972)
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Minimum Energy per Operation

Predicted by von Neumann: kTIn(2)

J. von Neumann,
[Theory of Self-Reproducing Automata, 1966].

Moving one electron over Vgp.in =2IN(2)KT/q
E.n = QVpp/2 =q 2(In2)kT/2q = KTIn(2)
Also called the Von Neumann-Landauer-Shannon bound
At room temperature (300K): Emin = 0.29 1020 J

— = Minimum sized CMOS inverter at 90 nm operating at 1V
E = CVpp?=0.8 10'° J, or 5 orders of magnitude larger!

How close can one get?

from J. Rabaey, Low Power Design Essentials, Springer 2009
ReSMIQ Montréal 2024 28



Imbalance in the CMQOS Inverter - 1

1- balanced p/n
2-strongern'

- oraf\ o\ Y g stronger pr
0.1 E E : : b 5 .

< i P2

V, —e o— |- 0.08 b R -

I O L 2
0.08 |- BT Tt & S s S -
| .04 - s

. 7 H E H
0.02 __________/__,_f ____________________________ R S e =

-

— % 0.02 004! 008 :008 0 012 014 018
. ‘ . y i (V) )
Classical CMOS inverter Vo \)!Ml Vs

Consequences of imbalance between p/n transistors:
= Non-centered VTC characteristic (V,#Vpp/2);

= Unbalanced high-to-low and low-to-high

transient times;

* Reduced noise margin;

= Lower gain at the inverter threshold voltage;....

y smus ReSMIQ Montréal 2024
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Von/2

Imbalance in the CMOS Inverterl -2

A

- Vo

Y

1.8

a : off current|ywos/ Off current|opos

1.4

1.0

0.6

0.2

101

101

10°

Y

Inverter threshold voltage V,, versus o

1.4

1.2

0.8

0.6

101

a =

W,
e B .UNL—;IV e(_"’/lL‘PAt’)
W, [Vrpl
Iop “PL_§€_< nZZ)

- Meindl| limit: In2

100

Y

101

Minimum supply voltage for unity gain
versus n/p imbalance (ny=np=1)

1C. G-Montoro, Marcio C. Schneider, T. D Fernandes, and D. G. Alves N, LASCAS 2024
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BODY-BIAS COMPENSATION-1

The VTC of an inverter is Large difference in rise and fall times
affected by process due to PMOS/NMOS asymmetry.
parameters such as VT.
0.16 mu:
o TN TN
A A —_
I A ——_
D .
g
R I DA (O - A B
N
o NN N
00 0.i02 0.|04 0.66 0‘68 Oi‘l 0.;12 0.I14 0.16 v m'u ZU“U 30‘.0 40'0 SU“U au‘.u
Vi (V) ‘ ‘ time us)

TT — Typical NMOS and PMOS
FS — Fast NMOS, Slow PMOS
SF - Slow NMOS, Fast PMOS

This asymmetry represents a waste of
energy since the maximum operating
frequency is given by the sum of the rise

and fall times. "



BODY-BIAS COMPENSATION-2

Common Techniques:
Reverse Body Bias (RBB) — Vepr > VDD,

MDD VBN < GND
halt Forward Body Bias (FBB) — VBpP < VDD,
[ 14EF VBN > GND

| Ven RBB - difficult to generate bias voltages

Ly FBB —is limited to sub-1V since two

= parasitic diodes are forward biased.
Latch-up must be avoided.
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BODY-BIAS COMPENSATION-3

VDD VDD
_|E — Fvn Vw generators (forward body
Vi— Vo Vi— Vo NBG b'\%%) VoD
—|E —| Vw 1 I
i ki M =
Standard BB T hvw hvw —Vw
Inverter inverter — — m
> >
—__ “Off” Circuit N “Midy
Bryant [2001] ‘fOn’_’ ”I\gﬁ\évl?%
Circult

V,y = results from equalization of NMOS
and PMOS currents

33



5 i
£ 100.0
- .
50,0 -+ K

0.0 A

BODY-BIAS COMPENSATION-4

Inverter transient simulation without body bias
(NBB) and with the “midway” compensation

FBB

circuit (FBB).
THL = TLH

NBB

(FBB)
THL << TLH
(NBB)

20.0
tirme (us)

Vi—

lvw ——CL

For FBB THL and
TLH are closer

and faster than
for NBB.
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Gain-enhanced self-bias inverterst

Main Feedback
inverter inverter

— ﬂ.h"_'__ %
A OV
- Y

> Vi
GND | Voo
1 Ryo Matsuzuka et al 2020 Jpn. J. Appl. Phys. 59

~=====Conv.
— [44]
Prop.

Vour (mV)

60
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The Stacked-Inverter Gate (SIG)?!
K =1y/Is and J = I, /1

N=P,  i=0,1,2
; 36 F=="Meindl imit. 2@in2
* —~ 34
Z 33
0 £ 32
\Q

Vout . — é‘thitt trigger limit: 2¢In1.84
31 \\

30 “'--..___________---_ o _______________.--""

i 29
! 1 1.5 2 2.5 3 3.0 4
i K
SIG Vppmin for unity gain versus K
. .. with J =1
Vpomin Without positive feedback — )
— no hysteresis
ReSMIQ Montréal 2024 36
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Combining techniques?t-1

ot -
- Main inverter Feedback inverter —_—— e

e e e

T Main inverter

(L | Ve ,P | e
4%_ _____________ W—D D‘ED} {i% %#E?H

(a) (b) (c) (d)

@) ROSC, (b) normal inverter (NI), (c) self-bias inverter (SBI) and (d) stacked
inverter (SI).

1 M. Ahmed et al. IEEE Access, vol. 12, 2024
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Combining techniques?-2

-~

(a)

[mV]
)

7y
o
T I T

D T

Output voltage
(%]
P

—e
o
I T

— Prop.

c===NI
—— SBI[11]
——SI[12]

o

1 ] ] 1
10 20 30 40
Input voltage[mV]

Voo 1 v 1
o H s P [T N o HY
Bl Ry
|—| OUT1 IN2 ouUT2

y y — =
IDD |DD
T T T T

(b)

(NI) normal inverter

(SBI) self-bias inverter

(SI) stacked inverter

2 M. Nishi et al. in 2020 NEWCAS
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The CMOS Schmitt trigger

« 2internal nodes (VX and VY)

:l’ « Feedback transistors (P2/N2)
controlled by the output

Po
—wy P2 « Hysteresis dependent on VDD &
Jd v " relative transistor strength
B - Modeled in strong inversion but only
Vi Vo recently (2017) in weak inversion
N1 | For symmetric operation,
R 2 oo corresponding NMOS and PMOS
VX N2 | MOSFETs have the same current
—l |: No capability.

6 transistors (6T)
Schmitt Trigger

ReSMIQ Montréal 2024
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Schmitt Trigger operation 1
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Schmitt Trigger operation 2

20

0.16

0.14

-
[4) ]

012

e
-
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0.08
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n

Output Voltage, Vo V)

0.04

0.02

0

N

Drain Current, Inm and IDF,,| (A)

0
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0.08 0.1 012 014 016
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ReSMIQ Montréal 2024

41



Schmitt Trigger operation 3

0.16 —_
<
0.14 \ -
&
0.12 —
2 g
> 04 A 3
z -
£ 0.08 _E..
= @
§_ 0.06 =
3 o
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Output Voltage, VD (V)
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Schmitt Trigger operation 4

A0 VI =75 mV
x10

10

0.16 — 8
<
0.14 \ -

& 5
0.12 —
2 g
> 04 -

> - 4
£ 008 =
o [
> /U [
3 006 =

5 a 2
© 0.04 c
™

0.02 5 0
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|
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Schmitt Trigger operation 5

0.16 .
<
0.14 ™ E
0.12 —
2 g
> 04 -
z -
£ 008 =
3 @
H 0.06 = E
5 ]
© 0.04 -
I
0.02 \.\ a
0 |
0 002 004 006 008 01 012 014 0.16
Input Voltage, Vl (V) 2 | | I | | |

|
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Output Voltage, VD (V)
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Schmitt Trigger operation 6

20

0.16

0.14

-
[4) ]

012

e
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n

Output Voltage, Vo V)

0.04

0.02

0

Drain Current, Inm and IDF,,| (A)
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Schmitt Trigger operation 7

20
0.16 .
o] Z 15
0.14 = E
0.12 —
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o m 1U
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§ 0.08 :,C-:
5 0.06 = 5
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© p.04 -
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0.02 \ 5 0
0
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Output Voltage, VD (V)
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Schmitt Trigger operation 8

0.16
o <
0.14 A -
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0.12 -
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Schmitt Trigger operation 9

3

0.16 - 2.5
o 3

0.14 \\ E >
0.12 3
Eo -

> 0.1 - 15
g &
£ 0.8 I

= 3 1
S 0.06 z
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o 0.04 ) 0.5
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- ]
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Output Voltage

The 6-T Schmitt trigger

012

Hysteresis mode

Amplifier mode

120,

Fpp= 100 mV
00 22 _

0.1

0.08

0.04

0.02

=120 mV

Vpp =350 mV

i'.r'J.l' )

20

0 20

40

60 80
Input Voltage F; (mV)

Minimun VDD for hysteresis

—

ertln(z ++V5

Unstable
solution

=

75 mV at 300 K

"'-\

o

0.02

0.04

0.06

0.08 01

LASCAS 2019

0.12
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ST sensitivity to p/n imbalance

ST inverter is less sensitive to process parameters
(VT) spreading than the standard inverter.

Vo (V)

Schmitt Trigger x Inverter - VDD=100mV - 11/10=0.1 - [2/10=1.55

0.1 | I
H = Inverter
0.09 . : Schmitt Trigger ||
0.08 - ........................................ -
0.07 - wf e et e e e -
: : Vin + 25mV
006 =--nemn=- besmemanas T e LT T . T ILLT T FEEEEES e A
Vtn + 25mV [Vtp[=25mV
'105 _..lvtp.l. ._I_. .2.I5§m ......................................... g. ......... LR E T —
004 | m--eemeeebecencnnns T T T o e e e . T LT T T T ey ep———
{FS
003 --cmmeenponmnnanns . .................................................................
(11 S L L LT T T e R T . e A e I T LT T PP
1 T I . T D L T . e A e A L LT
0 | | 1 I | I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Vi (V)
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SCHMITT TRIGGER as an amplifier

VDD=60mV

2-.
VDD
S 0
2
— ¢Po %-2
I L’_PZ_ " e
—1| P1
vid ] Vo 1006 100 1.5479
— 1000
— [N L i 90 1.3110
Wr‘_‘VDD ®9%.001 0,001 ' o
- N2 11710 (A/A) : : 12710 (A/A) 80 10973
— 1| No
1 - 75  0.9987
l, 0 70 0.9051
I Result in highest 60  0.7324
pOSSIb|e gain for a giver gg 05774
\/ Voo Voo VDD
1, 1+e** —e ** 1 40 0.4384
' VDD
Lo lopmivum lie 2 36 0.3869
r 31 0.3333

lo.1 - is the current strength of Ny, , and Py, ,



The ST as an ULV Logic Inverter-1

Conventional Inverter x Schmitt trigger

VbD
The conventional inverter :[0
Is the ST with 12=0. V]}, eI
Vi Pl
DD
J i+ o
Po R
Vi— }H{] @_*_‘_{VDD
N>
No

ul f

Voomn =26, -In(2)=35.9mV, at 300K | |Vpp i, =24, - ln(8+ 5

9

j =31.5mV, at 300K

Swanson & Meindl

1972 Pasini et al 2017



Voltage Gain v, /v, (V/V)

-0.4

-0.6

The ST as an ULV Logic Inverter-2

Conventional Inverter x Schmitt trigger — Experimental Results

Vpp=42 mV.

Voltage gain transfer

-0.8 / \\\% ﬂ
4 | INVERTER A
Vop= 44 mV
-1.2
-1.4
0 5 10 15 20 25 30 35 40 45
Input Voltage }; (mV)

|

= 45

Minimum Supply Voltage
(7 e £ & +
o (=] e (] W

L7
w

—— INVERTER

—— ST-L/=0.1, L /f = 0.4]

Sample number




6-T Schmitt trigger logic

NOR gate ST-NOR gate

\V/DD

VDD VA ‘T

’

k,

L ’ |
E ‘/’E\' 3w

' g
1 =

VDD




Inverter, SIG, and standard ST

50 - | '
e, _-I{"---_"-- :
ST ——  Stacked
w0l N mx\ —— Inverter |
NN Classical ST
S
Ty . l\\.
MY
~ 30| ~ N |
s “\
e %
5 N
h:“ 20 B .:."x: - , |
"'\.""""- £ .
.\ h ", ; - w
10| SO 2
S o~ .
., - ""--.____1..---
S
0 ' ' ' T
0 10 20 30 40 50
Vi (mV)

|Voltage gain|: Stacked Inverter >Standard ST>Inverter
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Ultra-low-voltage CMOS ring oscillators-1

W/L PMOS and NMOS transistors to
balance the current strengths of the

I transistors for a supply voltage of
60 mV. The four types of ROs

(kg C,fgu = tan(w/N)

/ 1
Zn/8e =1+ tan? (m/N)~ 1+ ;fm*.-‘*\."}?

? : INV (standard inverters),

Voo INVB (standard inverters, substrates

to the gate),

ST (conventional ST),
and STB (conventional ST,
substrates to gates)

Y Y VY

| buffer buf;'fer _

B b o
vl '
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Ultra-low-voltage CMOS ring oscillators?-2

Waveforms of the buffer outputs

(top) and differential output voltage Single and differential output voltages for the
of the buffers (bottom) for the ST STB, with Vo= 80mV. Differential output (diff.)
with the gates connected to the is 20 mV/div

substrates and

T Veo=48mV

1J. Ferreira and C. Galup-Montoro, "Ultra-low-voltage CMOS ring
oscillators," Electronics Letters, March 20109.
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Ultra-

100 :
—=— INV —+— INVB /,j
80|| e ST —— STB [ A&
v Id
> o
E o Y 4
< {7’
- i/
3 40 Ase”
|
- R
‘.-;? n
201 2/
o /
/e
40 5 60 70 80 90 100
Vpp: mV

The peak-to-peak amplitude of oscillation

for four types of ROs
10%| | —=— INV —+— INVB
o ST ——STB
N ././.,r.”'
E_ 104 ,ﬂ"’. -
= - @
[3) ./. Y P
q:) [ g pe e oo °
C:J' rs v 2 Qo . >0 A’r
e P

10’

VDD’ mV

40 60 80 100 120 140 160 180 200

ow-voltage CMOS ring oscillators-3

20

15

10

ot

48

49 50 51

02 53 54 55 56

Vo bmin: MV

Histogram of the minimum supply voltage for
the start-up of the STB oscillator (40 samples)

Measured oscillation frequency as a function
of the supply voltage
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ST-Based Divide-by-Two Frequency D|V|der1 2

ST-based frequency divider with 2 stages
3.0um 3.0um
300nm 300nm
VA g _| PO,A PO,B e
D Q L D Q}—fl4 = P2 300nm ,
ve . 1
[[p1.a Pe |
CLK—> NaQ > NQ I—lfﬁ_| 3ot
_I Vo
;jm s
X
B N e e L
J 7 : —e— ¥y [ s
— '—l N2 "
| "No,A L2um 200
L I] 300xm 300nm
P P —Na e kim

NO,B

A A |H.*r+*]'r' A1 I it "l WM W E -lﬂ' W
N IR ] | | | { | [ | | TR

Koo by oy wol A YW e W e e B Ben N e St Lo L

Output signals of frequency divider
(21%) at f,;= 32768 Hz, Vp=76 mV.
Classical logic: upper wave

ST logic: lower wave

1 D.G. Alves Neto, C. Galup-Montoro, ISCAS 2020
2 N. Lotze, Y. Manoli, JSSC 2012
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130 nm CMOS

ST P i e r C e OS C i I I at O r 1 Parameter Oscillator A Oscillator B

VDD
Crystal ABSO7W- AB38T-
ST amplifier _ _ _ _ _ _ - - =-- part number | 32.768kHz-D1 | 32.768kHz-12.5pF-E-7
—l_Meo C1 = Cq [pF] 6 25
Vy M,, Cs3 [pF) 115 1.60
T LI 1 R (G 5 5
" M., -
6
¢ ® o Vo . B - A
—Il: Mna 1 Voo
T 1 [ 24
Vx My E—
1 Mno 3
\\ )
_ S2
| . . = B
| 0
1 52 53 54 55 56 57
2 70 /\_/W Voo [mV]
= 140- Vpp =120mV Minimum supply voltage for
[ .
5 70—W starting u
378 | . . g up
500 - VDD =180mV
108 \ ﬁ h f 1 M.Siniscalchi, F. Silveira, C. Galup-Montoro,
20 40 [us] 60 80 100 IEEE TCAS-I, 2020.

Waveforms of oscillators A and B &Y
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An important application of ULV

oscillators

Dickson

1K TEG OSC .2 Vp-
30 mV P-P AC/DC

1 uA

1V

AT Ve Vac

TEG —thermoelectric generator

OSC - oscillator

ReSMIQ Montréal 2024
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Zero-VT MOSFETs-1
2 — high g,,/C (f;) for low voltages

f. [Hz)

ReSMIQ Montréal 2024
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Zero-VT MOSFETs-2

IB Av,cg =1.56 Av.cg=26
Av,cs = 0.53 Av.cs =155

.|}—Io
|
|
| [mA]

10" H/ o V,=-50mV

Vi | bV, =25mV
(11 o Vo0

B o V =25mV

o | . v V=50 mV

CG amp % Vou 0 25 50 75 100
V g [mV]
Vb?—‘ M, I X Vps (Vs=Vg) characteristics for a zero-VT transistor with
1as W/L=2500um/420nm. For Vgs= 0 V and Vys= 25 mV the values of
the common-gate and common-source gains are 1.56 and 0.53,
Vin respectively (moderate inversion operation).
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The pioneer of zero-VT MOSFETs and
ULV digital
- Cryogenic Ultra Low Power CMOS
James B. Burr

Department of Electrical Engineering, Stanford University, Stanford CA 94305
burr@mojave.stanford.edu

This paper reports 7-stage 1.5um zero Vt CMOS ring oscillators operating at
170MHz/V down to VDD = 70mV at room temperature, and 360MHz/V down
to VDD = 27mV at 77degK.

Stanford’s Space, Telecommunications, and Radioscience Laboratory has been
working on an energy-efficient CMOS technology since December 1990 which
can achieve good performance at extremely low supply voltages. Early
theoretical work predicted minimum energy at supply and threshold voltages
around 120mV at room temperature.
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Inductive ring (X-coupled) oscillator - 1

VDD VDD o— O
E‘L EL ' :
- V}n Cl 9mVin Imd L Gp ::C vaut
H LR 5
- . Vout _ Ym 1 __l
I';in Gmd + GF 1— ? tan (f,»'
Stage 1 Stage 2 1 — LCwW?
. tan ¢ = .
Cross-coupled LC oscillator wl(gma + Gp)

Criterion for oscillation (Barkhausen)

= 40 &V V=l Sy O g

+G B
 WUC=1 Ina e

What's the minimum
Vp for oscillation?
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Inductive ring oscillator - 2

Voo Voo

ik

—k

Cross-coupled LC
oscillator

- G
Voltage gain=1 == (i) %zlm(u Pj

Oscillation frequency w’LC =1

Voltage gain 9 -1
gmd+GP

What's the minimum Vg for oscillation?

Oms ~ Ymd

Recall that g_= -

gmd

md

. . .« 9 Vos/oe Vool o
In weak inversion == (i) — =" =e" since V; =V, =V,

gmd

VDD,min = O |n|:1+ I’l[l-l— GP j:|:¢t In[l-l— n] for GP <<1

gmd gmd

Similar to the result (1/2) of the CMOS inverter

68
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Inductive ring oscillator - 3

Questions:

1. How to reduce Vpp i, ?

2. How to increase the Vy-limited
voltage swing?

Stage 1 Stage 2

Introduce voltage gain
from drain to gate

Change topology, e. g., take
advantage of CG gain

Enhanced swing
Colpitts oscillator

Enhanced swing (ESCO) *

IRO (ESRO)

C,

L, C,
*T. W. Brown et al,

= IEEE JSSC, Aug. 2011.
ReSMIQ Montréal 2024 69

Stage 1 Stage 2



Enhanced swing IRO (ESRO)-1

VDD

L4=46pH
Q=57

L,=1.16 mH
Q=60

Q=62

L,=1.22 mH

] Trig'd

TekRun | [

Slage 2

*f\/\/
ALY AW, ¥

VDD=3.7m V

AT T TETNR ..

Chi] 50,0mVQea P

VDD=4.7 mV

Ch1 50.0mVOAEE 50.0mvoaM 400ns

A Chl J 52.0mV
ReSMIQ Montréal 2024

S0.0myuM 400ns . A Ch1 7 52.0mV

(a)
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Enhanced swing IRO (ESRO)-2

VDD

~—Yoltméter

L4=4.6 uH
Q=57

L,=1.16 mH
Q=60

L,=1.22 mH
Q=62

Stage 1 Stage 2

Experimental

18} |

# Fig. 13. Picture showing the discrete prototype of the enhanced swing induc-

o | tive-load oscillator and test equipment.

14

121

Ve V]

08 F

06

04 F

02}

) o g 10 15 20 2 2
VDD [mV]

Fig.12. Simulated (dotted line) and experimental (solid line) peak-to-peak gate
voltage versus supply voltage of the ES inductive-load ring oscillator. ReSMIQ Montréal 2024 71



ESCO: small-signal model

I~
r'-
N
| 1
|
O
N
SG)
|
®
+
—
O
+ [
A
~—
o
+
o
|
-
—
9
+ (O
£
o=

Vv
d o !
S C — gmsvs o gmdvd = gmvs
1+ =%
1

ReSMIQ Montréal 2024

72



ESCO: start-up condition 1
1+9E2 v, (T) 1 L, G,
C, C, C, . C, c T
. >|1+—= 10y +—G,+| 2+ —+—= |G,
Cl CZ 2 Cl
=6 gag) oo L=+ (ag )
Optimum value of capacitors C G +G
to minimize g, (for the conventional E> —2 — L 2
Colpitts g,,4=G,= 01 C, Ong + 6

For ideal inductors (and E> g >[1+&j9 d
ms Cl m

capacitors) G; =G, =0

VDDIim = k_T In (1+ &j
g C,
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Colpitts oscillator: first prototype

Vpp=22.2 m\

Powered by a
thermoelectric generator

VDD
L,=9.8 mH
Rp=600 kQ
ng=4|2|pF
__lE S0P | c,,=154nF
4 T Re=1MQ
Cys+Cop=97 PF
L,=9.8mH L Cpe=440 pF
Rp=600kQ " Rp=3.5MQ

24 [ NMOS

. Zero-VT (ALD 1108)
thermoelectric generator VT=59 mV, IS=11.2 uA
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Colpitts oscillator: second prototype
Vdd <20 mV L1

Zero-VT
IBM 130 nm

L,=9.8 mH
Rp=600 kQ

= Some values
—iGy

L 2 Transistor / "

zero-V;

L,=98mH _| c,=440pF
Rp=600 k2 T~ R,=7 MO

WIL = 2500 um / G, 42 um

Tek Run | iy ] Trlgd

P v,),) UmV

Vostaomv | )\ )\ f
w/-

Teraee ‘M|2.|;dpé TR,
ReSMIQ Montréal 2024 75
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ESCO designed for operation at 800 MHz

VDD
Vibuttor +
LE1360H e T .............
Q=13,9 :
Cy0, tiﬁl.pF
Cys=0.7 pF
Vool buffer Vhuttar -
L2420 —=(C,=35pF
Q=133

Micrograph of the ESCO built in 130 nm technology

ReSMIQ Montréal 2024 76



Spectral diagram of the ESCO (Vyp = 86 mV)

dBm

60 ' L L L L
550 600 650 700 750 800 850

f [MHz]

SUpPRIY;
\Voltage
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TABLE 1

EXPERIMENTAL RESULTS FOR THE OSCILLATION FREQUENCY AND MINIMUM
SUPPLY VOLTAGE OF THE OSCILLATOR TOPOLOGIES

B Theoretical IC prut?typr:ﬂl?,{}mn Discrete
Topology V. (min) * CMOS prototype
dd L'T'.fr.l’ [r”ﬁ”} ﬁs.rr 1":'!(.!’ f’ Hf‘”} ﬁ:.rr
ILRO @, In(1+n) 53mV |550MHz | 50 mV 11 MHz
i
ESRO | gn|1+n—L ] 32mV  [400MHz | 3.5mV | 1.1 MHz
\ 1
. . GG
ESCO | @In| I+ 1+ L /L. 86 mV |700MHz | 15 mV 108 kHz
\ 1/ =2

* For lossless passive devices and operation of MOSFETs m weak inversion

Values of components:
ILRO — IC prototype — L = 100 nH. Q) = 8.
ILRO — discrete prototyvpe — L = 4.6 nH. QQ = 50.
ESRO — IC prototype — L, = 20nH. Q; = 9: L, = 80 nH,
{-22 = 5.
ESRO — discrete prototype — L, = 4.6 uH, (3, = 55.
Lz = 1.2mH. )2 = 60.
ESCO — IC prototype — L, = 13.6 nH. Q, = 13.9. L, = 24.2 nH.
Qz =13.3.C, =6 pF.Cs = 3.5 pF.

ESCO — discrete prototype — L, = La = 9.8 mH. Q; = Q2 = 80,
C, = 1.54nF.Cs = 0.44 nF.

ReSMIQ Montréal 2024
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Motivation

Hub or base
station

Wirelessly powered sensors

Sensoﬁ Senso? SensorT

Low power/voltage leve

Antenna

Receiver

Transmitter

‘_—--~A

Baseband
Processing

S

RF-DC

P
J |I Conversion
1

I

Holding

DI

|\EE':’R"3"V| Interface

ADC

Sensor

Capacitor
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Low-voltage diode circuits

Dickson analysis of voltage multipliers: constant
threshold voltage diode model, not appropriate
for low voltage operation

Io
+ Vp — Dickson
' I Analysis
D + |
@ 0 VL - - Constant
_ Threshold Voltage
Vin =Vp coswt C Q UHF
RFID
== - Vp
VL =Vp-Von

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

“ 5 KT
gy ©q
ID:IS[e —1] n~1tol.5
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Classical rectifier analysis

d

+ |

C
Vi :Vp coswt TN\ Vi C!) correct

2
- L=L|1+2 2Ve
p =1 T AV
A\/;'_L wrong
fC
o Low Vp
) AV - 0,Ip —> oo !!

The diode does not have a constant
voltage drop, diode current is LIMITED!

High V.
L VP>>Von

- -
Vv
on
\‘ AV T
—
Il |
~7>A1i—
0
1
[0} T 2T

10.0mv

118mv

1.48ms

9.64ms

Ch1 Mean

112.0mv

~Ch2 Freq

120Hz
] Chz2 Pk-Pk
1 783mV
Ch1 Pk—Pk
15.14mv
Gl 50.0mv SChZ] 100mv  &MZ.00ms A ChZ & 378mv

18 Aug 2010

19:56:19



Physics-based rectifier mquQI

V., &V, (V)

o> —o- -

4 120.0p
4 110.0p

4—='AA-‘/-M_‘\

|, =4uA

100.0p

- = -VI'I'I (V) —_ 90,0|J
in (A) - 80.0u

4 70.0p
1 60.0p
1500p .
1 40.0u
30.0p
20.0p
v {1000

1

0.0

e —
67.0m 68.0m

s0zh

——————
69.0m 70.0m

~

71.0m

- 120.0p
4 110.0p

ﬂ ~ ILT QC ~ ILT f;
V= C (1_ 272.) = C 11,/ Gaussiin
/' function

NN%

1 100.0p
1 90.0p
1 80.0
] 70.0p
1 60.0u
1500 -
1 40.0p
130.0p
120.0p
v 1100

aaaanal (0.0

I,: peak current I AUSUOUTTTTT
6-: conduction

angle V, = 45V, f=120 Hz and 1 =4pA. I = 4.4 nA
and ng= 50 mV. C=150 nF and 600 nF.

—
69.0
time (s)

da

AAAAAAAAAAAAAAA

B b
m 70.0m

71.0m



ULV rectifier with pure capacitive load - 1

Steady-state analysis
+ Vg, -V, y ysl
Tk' 1 T/2 Vb
o + C p— -T/2
C) \_/ln | I 0 [_VP_VOJ T/2 [MJ |
= j ew ™ —1dt+j et ™ /_1(t|=0
= T -T/2 0
Vp >> ng, -
Vin A nj,In2 Vv _ _
~__ P Assumption: very low ripple
————————————————— L I A2 (high C)
> — V, = constant
-T12 0 T/2 i
-V V eVP/n¢t _|_e_VP/n¢t
—=In =In| cosh(V, /n
5 A | n¢t { 9 [ ( P/ ¢t)]
-T/2 0 T/2 ° >
- t
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ULV rectifier with pure capacitive load - 2

4 Vﬁl_ Vo
? V
—
I D ﬁz In| cosh (Vp /ng;) |
+ p— t
JL)V.:
CD \1'” ¢ Power Detector
| 1 2
oln? = Vp <<ng — Vo L1/ Ve
ng, 2\ ng,

Peak Detector Diode “ON”
voltage drop

i

Vo >>ng, > V =V,-ngIn2

Input

|

| >
0 2 4 6 8 10 Veing,
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Application: microwave power detection

10
1
m - O+ 0.1
, s
® 0.01 = 2|
:.|:c detected voitage _g-_g’ —: =4 == : : : -
5 i i i i : ' i i
— - — | 3 +
S 1x1072 | | ! ) — ! i
‘- g —
_T_ o —— 7/ Square law detection : ~ ~ -
- 1 %1074 =="=3 ——————= : . —
E : — ——
. : . = 7 =
Basic detector circuit T e — L =
=g 3 i e e |y E—
— 1 Noise limit — 2 == ] e
)
1108
—— 60 50 40  -30 20 -10 0 10 20

Input power (dBm)

R. G. Meyer, “ Low-power monolithic RF peak detector Wetenkamp, IEEE MTT-S Int. Microwave Symp.
analysis, ” IEEE J. Solid-State Circuits, vol. 30, no. 1, Dig., 1983

pp. 6567, Jan. 1995.
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ULV rectifier with DC load - 1

Output voltage ripple

+ VD — | V,

— Nhs — Yin Ve

| 7 — e B o
D 21, +lg AV

-T/2 0 T/2

| <+
-
@)
|

The discharge rate of the capacitor

d dv
I, = c?tC:C dtC;IL+IS
}dVC:AV;ILJrIST:ILJrIS
C 2 2fC

-T/2

ReSMIQ Montréal 2024
88



ULV rectifier with DC load - 2

+ Vp - YA Steady-state analysis
—— _
b D | 0 [—vp -V, ] /2 (VP -V, J
+ — S L %
— e ~1lidt+ | |e =1dt|=
@Vin C T -[ J
- |, ~T/2 0

Waveforms for_ Vp >> nNg,

Ve . Assumption: very low ripple -» V, =

in A N In[2(1 |L/|§)] Vi, constant

________________________ | _ Vo
T/2 0 T/2 - ; Vo —In cosh (VP /n¢t)
V. ng, 1+1, /1

IDA lp =21 +lg
------------------------ 1, =1l
-T2 0 T2 2
— -l »t
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ULV rectifier with DC load - 3

+VD_

Diode “ON”
V0

Input voltage drop
N ——

I+ 1
|Q Vp >ng  — Vo=V —ngIn| —2
L

o

Half-wave rectifier

] = Model
Waveforms for Vg, >> ng, 0.10] No=485mV o Moas.
" [2(1 I/ﬂ |g=4.5nA % Simul.
n n + _
Vin s ; 451Ny 008] lo=45nA
\"\"‘I P Vin : Square wave f=125kHz
------------ L R T VA -
< 0.06]
< - Vp=75mV Vp=150mV
-T/2 0 T/2 t ,>\ /
Vi, ~° 0.04 -
A 1,=21, +I
I PoLo 0.02
________________________ _ 00 h———rrrr
- I.=(p-10)/2 g1 1E-10 1E-9 1E-8 1E-7
R 0 T2 I (A)
| L
— t
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The voltage doubler

My .
PCE = R}HL o 1 Vi In [2(1 + IL./}IS}]
uuL Jﬂtha (1 + I.S‘))-IL-}
——PCE@ Vp/ng,=12
0.7 9 . ---- PCE@ Vp/ng,=6 324
i —i _.-‘"’-l.- T F

Vm |D2 T/ ™\ o PCE@ Vp/ne=3 422

— Vo 0.6 }a N AN - PCE@ Vp/ng;=1.5 {5

C1 || ' [N N\ —a—V, @ V,/ne, =124 18

0.5 - I \.\ ™, L@ p! NG =

_: _ o N AV@Veing=6 16

@ Vm D1 Q 0.4 _.".IIJ'I \‘\ " ﬂ__\\ *o III"II-LE-@ vF"’mi'I:S 14
1 I W {7 “-‘\ VL@ Vplna =157 1, |
m -
= 10 °

8

6

4

2

. T 0

100m 1 10 100 1k 10k 100k
I /g

Power conversion efficiency and load voltage
of the voltage doubler versus normalized load

current
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What about diodes?
4 log(lp)

\

/

VG
—— Low (zero)-VT
Standard-VT

pn junction

100} 5

—

10U 5

T4 5

lip[(A)

100n 4

Zero-VT MOSFET|

|

10n
-200,0m

-100,0m 0,0 100,0m  200,0m

vp (V)
Diode-connected zero-

VTMOSFET
- high drive capability
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AC/DC converter in 130 nm CMOS technology
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Zero-VT transistors

Step-up converter

Fully-Integrated Oscillator

11-Stage Charge Pump

18))nq abeyoA 1018111980

IBM 0.13 um technology

1mm?"

11-stage Dickson
charge pump

Zero-VT transistor as
adiode
W/L=4.2um/0.42um
V;=76.5mV
Isat = 500 nA

2-stage ESRO

Zero-VT transistor
W/L=500um/0.42um
V;=63 mV
Integrated inductors
L,=18.8nH, L,=66 nH
Q=8



Wire-bonded prototype designed with off-
chip inductors

=—©— Increasing VDD ‘
| | == =DecreasingvDD | o L D |

1500

[mV]

- 1000

\

500

é 1‘0 VDD [m\/]ls 2i0 2‘5
Output voltage of the DC/DC converter for increasing and decreasing
95

input voltages



Design parameters and experimental
ne ULV step-up converters

results fort

Fully integrated

Design with off-

design chip inductors
WIL =
WIL = /
2000um/0.42um
500um/0.42um
gpg = 7.08 MANV Omg = 19 MAV
Oscillator md = L, = 220 nH =
L,=18.8nH,Q,= | 27201
Design 8.7 >8
' L, = 594 nH =
parameters L,=66nH, Q,=8.1| 2 = - Qo
WI/L=4.2 W/L=4.2
um/0.42um um/0.42um
Charge Pump
Is=550nA;n=14 | Ig=550nA;n=1.4
C=2pF C=2pF
foe 550 MHz 50 MHz
Active area 1 mm? 20 mm?
| Start'”f} itl'\L/:m”A; Vooumn = 77.6 MV | Vpp mn = 17.4mV
Experimental :
At Vpp=50mV; I, = 9.4 UA
Vv, =1V PCE =9.4%
I, = 3.3 UA I, =30 uA 926
At Vp,=0.1V; V =1V L L
oo - PCE=1% PCE=6.2%
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Summary

Minimum Vg for voltage gain =-1

Inverter Stacked Inverter Standard ST
2¢,In2= 2¢,In1.77= 2¢In (227)=

Minimum Vg for hysteresis

Three-Inverter ST Standard ST
2¢,1n2=36 mV at 300 K 2¢:In(2 +v5)= 75 mV at 300 K
Z NMOS Oscillators
Minimum Vg for oscillation
Cross-coupled Enhanced-Swing EEEBe S
Cross-Coupled Colpitts
@In(1 +n) @¢In[1+nL, /(L + Ly)] @¢In[1+ C5/C /(1 + Ly/L;)]
L, _load capacitance L,, L, - drain and souce
L,- coupling capacitance capacitances
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