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Motivations for low voltage
1. Scaling Orlginal Device Scaled Device Results:
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Motivations for low voltage
2. Power dissipation

Switching power

Power = Energy/transition * f=C; * vddz
Vin

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

Voo Voo
Leakage power a Vpp -
JAN
® Vuut= VDD
4| .
< 2N § Diode leakage
Most effective way to decrease I 7%
power is to lower Vg 777

Sub-threshold current
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Motivations for low voltage

3. Low supply voltages

Energy provided by

Thermoelectric generator
g trees

Vo(body-environment) =

30 - 50 mV

A

HEAT ABSORBED
(COLD SIDE)

TCold

Ceramic Substrate Conductor Tabs

e '5"-_ Positive (+)

* tellurex.com

E—T;rpe s
Sl Vo = 20-200 mV
€

N-Type £
Semiconductor §
Pallats z“

-

.

gar salt bridge

i

&
pH difference '§L

Photovoltaic cell

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

Vo(dark room) =

100 - 200 mV
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The trend toward low supply voltages
e Ql-Is there a lower bound for the supply voltage?

 Q2-What are the best technologies for ULV circuits?

3.5 ,
—&— High perf.
3r —57— Low power
L Standby
2.5}
21 (Thick o@evice)
> Digital V% Analog Vo
15
1}
Digital VT
0.5¢
o : i y " . 7
1995 2000 2005 = 2010 , 2015

1000 500 250 130 90 65 45 32 22
Technology Node [nm]

Voltage SC&"I'IQ is slowing /stopplng http://www.cisl.columbia.edu/grads/tuku/research/
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BJTs vs. MOSFETs: structural differences

BJT

Collector Emitter Base

MOSFET

Ga te Oxide
Source Drom

L L
u==p

BJT transconductance

m

ale
oV,

Body

Gate and source transconductances
defined as ol ol

v O

The body effect reduces the gate
transconductance with respect to the
source transconductance

ng

n
n ranges from ~ 1.1 to 1.5 in bulk technologies

On =

/
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eak and strong inversion models of the

MOSFET
Weak inversion (WI) & saturation
IWI = |OeVG/n¢[ » Ly = NG,

Strong inversion (Sl) ) & saturation

1 W 2 ng;
Iy = o—| 4Cq— (V6 —Vio Iy, = ’
Zn(“ ] j( P =g Wi

V1o IS the threshold voltage at Vg5 = 0

WIL is the aspect ratio, p is the mobility and C’, is the oxide capacitance per
unit area
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All-region “interpolation” MOSFET model

| — ngrzn Ly =Ng,4
SI — '
2uC, (W /L)
forg,, =0 g is negligible while for g,, — |, is negligible.
lp =1y +15 =ngp¢ |1+ i
24Co (W /L)
- (W/L), | ,
Lo o EE, On =(W /L), u(2C54)
(W/L)
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Aspect ratio vs. current excess in

MOSFET design

W/IL) A b
(iV;’L))h b=k 1+(W/L)th
, (W /L)
- d i
O ngm¢
."E (W/L)th=4 nC’ t¢t2
§ ot e
o
G
O
Rl -
= O
=
z o .
S
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g.,/Ip model

I, =ng,.4 {1+ , In } =ng,¢& |1+ N9 4

2/ucox¢t (W / L) 4IunC’ ¢t2(W / L) (I)
2

0X

2
Defining  the specific current Isas 1o =1g, (W /L); Ig, =,unC(;X¢—t

2
I, 1s the sheet specific current —technology parameter
. . . i >> i i
the inversion level as I, =2 Iy >> 1 strong inversion
I I <<1 weak inversion
. | ng a4l
we rewrite (1) as D 85 B U f (1)
N 41,
and, with painless algebra ngm¢t 9

= [
5 1+,/1+if i
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The I-V MOSFET model (UICM)

Unified (I)current Control Model

O 2 O

I :n¢t(1+ﬁ) o n

i,

‘dlf :2|S (\/ﬁ—l)# _¢t dlf _dV (l)
¢t f S

| =
I dv,  °dv, 2 J1+i, -1
Integrating (l) between V¢ and V;
V. -V, =¢t[‘/1+if - Joiy +In (L 1) - In(fi, —1)}

V; is the pinch-off voltage v V. -V,
I, Is the normalized pinch-off drain current P n

112

V., -V, =¢t[\/1+:h—2+|n(\/l+:h—l)}
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The I-V relationship for a saturated MOSFET

V. -V, =¢t[\/1+:if—2+|n(\/u:n—1)}

103

106 |

10°

b (A)

7057
/ 1.0 .
/ 15

2.0 —
. Vg Ve

3.0/

0 1

2

| 3. 4 Vg (V)

Common-source characteristics
For ideal MOSFET —» n=1 B V, -V, =V, -V,
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Forward and reverse currents
Symmetry of the rectangular-geometry MOSFET

lp =1 —1g =1(Vs,Vs)—1(Vs.,Vp)

Vo —Veio) = 4 [,/1+if(r) ~2+In(\fixig, —1)]

Ip

Ir= 1% %) | [everse current
] - = 10&%) [forward current
Ip

Y ' Vp
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1+i +In [+

Universal output characteristics

\%z,/lﬂf—
t

1+i -1
b c d e f
© N o e O SsTOTEE OO
y: ..'o" ... O ...-o
O'.I“ < .. - S © §
'3/‘ " - -

© 0 (0): measured

(—): model
0 20 40 60 80 100 120
VDS/¢t

(@) i= 4.5x 102 (V5=0.7 V); (b) i= 65(Vs= 1.2 V); (C) i= 9.5x102 (Vo= 2.0 V); (d) i=
3.1x 103 (V5= 2.8 V); (€) ir= 6.8x 103 (V= 3.6 V); (f) i= 1.2x 104 (V= 4.4 V).
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Transconductances
AID - gmgAVG o gmsAVS + gmdAVD + gmbAVB

a1, dl, _ol, _Jdly

ﬂ\/G  Oms = _WS’ Oma WD » Omb WB

Ormg (O ) =

Low-frequency small-signal model

G

«Q
3
w

I
(@)
3
o

O ma Vg Ong =

%

mb Vo — O s

saturation

%

I msVs

%

B Img Vg
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THE CMOS INVERTER IN WEAK INVERSION - 1

x 1014

o 5| Vop=250mV 114

' 1.2

Vpp=200mV
VDD 0.2 S, 1

< i i i <

et SRR R ; ; 0.8
Isc %% | | | | >

=

Vl — --VO 0.1 VDD=100mV _______________ 0.6
_| Sa 0.4
\Z 0.05
> 0.2
0 0.0‘5\\ 0.1 0.15 0.2 0.25
Slope = -1 Vi (V)
VDD VoH (Vi= 0) VoL (Vi=VDD)
Note that: 200 mV 200 mV omV

50 mV 46.6 mV 3.4mV
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THE CMOS INVERTER IN WEAK INVERSION - 2

VDD = In the ideal case of NMOS
and PMOS transistors with

ImpVi 6 6 gnqv; he same strength, and

_‘ <
| I Vi=Vo=Vpp/2
Wi __ vo 0 gmdngmdnzgmd
_‘ I gmnvi 0 gmdnvi
I g mp=g mn=9m
dVO _ gm _ 1 gms T gmd _ l(eVDs/ﬂ _1) _ l(eVDD/ZQ _1)
dVI V, =V, _Voo g md n g md n n
2

Regenerative logic &> Minimum operating supply voltage of the CMOS static logic gate
must be such that the voltage gain is, at least, equal to unity, i.e.

— l(eVDD/zﬂ _1) 1 VDDmin = 2¢t In(2)
ot V,, =36 mV at 300 K

for n=1

dv,
av,
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The classic CMOS Schmitt trigger

VDD

Po

VI—

\ 4

b-transistor
Schmitt Trigger

Positive feedback transistors (P2/N2)
controlled by the output

Modeled in strong inversion but not in
weak inversion

*For symmetric operation, corresponding
NMOS and PMOS MOSFETs have the same
current capability.

Either gain improvement or hysteresis
Logic from lower supply voltages
Memory robustness ?

Hysteresis dependent on VDD & relative
transistor strength
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120

The 6-T Schmitt trigger  u-m
Hysteresis mode n B
Amplifier mode Qmmw

042 e
—

VO VDD: 120 mV \ O 20 40 60 80 100
Input Voltage F; (mV)
£ r;":
- i$€T—— Unstable
solution
M ——
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Schmitt Trigger small-signal model

Voo = oy
T gms2.Vy
O F'|:| gmo0-Vi gmdoO-Vy
"2 ()
Wy —|_|—|I| Q_/ I|;
B vy gm2-Vo
| P 0
Ve | g @ngVi Cf)gmcﬂ VO @gmm Vy
N1 —1 Vo
W || |_|
. e Voo @gmmv: <¢ gmd1-vo @gmm Vx
iy
gm2-Vo
1 = @ N
1+ Oms19mo ng-VE® gme-Vx®
- gml gml(gm52+gmd0) gms2-Vx
A st =
gmdl 1— gmslgmz _—
gmdl(gmsz +gmd0)
Voltage gain becomes 0 for Supply voltage at  Theoretical minimum:
1, | which hysteresis___\ ~75 mV, but practical
Voo = 24, In(2+ IO + |2 + I1)‘starts to appear minimum ~100 mV
2 lo D2
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6-T Schmitt trigger logic

NOR gate ST-NOR gate

VDD

Vo

|\VVbD

¥ 4 a2 ra
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SELF-CASCODE MOSFET (SCM)

| = ISZifZ — ISl(ifl_ifz)

i, = 1+IS—2 i, = 1+i i, =ai.,
ISl Sl

Applying UICM to M1

V, . _ 1+1,, -1
—= = [1+i,, — J1+1 +1In
o - e ( JMH/Q_J

Vv

In weak inversion, ifl <<l |Ix S Iha

t
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SELF-CASCODE MOSFETs (SCM)

-

> H

Hypothesis: both S, & S,
in saturation
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Self biased current source (SBCS)

T If Vo = 0 and M, and M, operate in WI
L. it follows that .
| | | T - ot T +in| e 2
_ ne, = 1+i,—J1+i,/a, +In
1 \// f3 \/ f3 3 W—l
| . l
M 051:1+i 053:1+i
1 3
+ B o iy
M2 Mét — f4 053
M1 v3 || ctransistors are biased at constant
r inversion levels defined by aspect
Ml ratios, independent of technology &

temperature

ss

Coupling two SCMs via an op amp
and a current mirror
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Using the SBCS for parameter extraction

Threshold voltage (VT) and
specific current (IS) extractor

\dd

VG _VTO

n

o)

V. =0=V, =V,, fori;, =3

I3 = 3 ->Vg3 = Vg

reference current

| =lsgleg

=lgqliz [(1+S,/S5)

2
I =1, (W/L); ., :ynch%

« if mobility ~ T, then |~ Ig,is PTAT

LASCAS 2019
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Inaccuracy of the Sl approximation

T Assuming M3 in Sl in the linear region
[| ( equivalent to a resistor)

.ll Il Iy = @ In” o, ~4[S jzln a,
I;Mz T Vott g (ﬁ_l) >

+1
q"'l M3 E. A. Vittoz, CCCD Workshop, Lund, 2003.

LE]

For Ina, = 4 (practical maximum value)

6400 7200 2.57V
2.5 400 610 0.65V

1 Strong inversion model. 2 Accurate all-
region MOSFET model 30



Variations of the SBCS topology

M 1 VDD -17¢ 1 1
MEE“ Mg Tj 121 |1y Illz]Mw II‘] Coupling two SCMs via a
Ll } Voltage-Following Current
lrat 1
(ML N
Mea ] (W.1)
Mol | Ms Wl L1 E. M. Camacho-Galeano, C. Galup-Montoro and
19 M. C. Schneider, "A _2-nW 1.1-V _Self-Biased
Current Reference in CMOS Technology”, IEEE
Vi) M Trans. Circ. Syst. I, February 2005
M1 L
VFCM
A:1l
1:N 1:M |J m7 | 1k vs e mo  gf¥mio0
M7 | | M3 | M9 | M10 M | | |'_ |'_ |
I = | 1

iout

M1

o H—L~ HL= | e R

Vx =Wy

I_
AL g

H. J. Oguey and D. Aebischer, IEEE
P. He|m, S. SChUItZ, and M. A. Jabn, 4th IEEE J. Solid-State Circuits’ July 1997.
International Workshop on Cellular Neural Networks LASCAS 2019 31
and their Applications (CNNA-95), 1995.
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Application of ULV oscillators in energy harvesters

1 uA
—>
1K| TEG [30mv| OSC p.2Vvp-p Dickson 1V DC
— AC/DC load
AT Vbce Vac Ve

TEG - thermoelectric
TEG OSC generator

OSC - oscillator

Step-up DC
converter load

LASCAS 2019 -



Inductive ring (X-coupled) oscillator - 1

o— o]

Voo Voo + +
L -1
t g -g vm Cl)gm Vj‘n gmd L GP __C de
e O
] A 1
L § Vout _ 9m 1 =1

1 Vin  Ggma+ Gpl—jtang

tan & 1 — LCW?
an @ = »
_ wr‘(.’?m,d -+ (Jp)

Criterion for oscillation (Barkhausen)

= $=0 &V, JV, =1 N On 4

w’LC =1

What's the minimum
Vpp for oscillation?
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Inductive ring oscillator - 2
E'VDD Voo -g Oscillation frequency w’LC =1

Voltage gain i —1
gmd +GP

A
e ! What's the minimum V for oscillation?

L

- G
Voltage gain=1 =) (i) gms :1+n£1+g_P]
md md

s _ g¥osln _ g0l gjnce V. =V_ =V
g G D DD
md

In weak inversion =) (ii)

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

Similar to the result (/2) of the CMOS inverter
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Inductive ring oscillator - 3

Voo Questions:

L
1. How to reduce Vpj :.?

2. How to increase the V,-limited voltage

] X

swing?
Introduce voltage gain from Change topology, e. g., take
drain to gate advantage of CG gain
vDD

Voo Voo Enhanced swing
L [ L, Colpitts oscillator

! ! (ESCO) *

L, L,

| L, o
= = *T. W. Brown et al,

Enhanced swing = IEEE JSSC, Aug. 2011.
IRO (ESRO) LASCAS 2019 36




The enhanced-swing Colpitts oscillator (ESCO)

Vd
VDD
gn: y —C, L G
¢, ({ “ «a
L, » 50 I,
—IE —-— C = Gy ; 1.1 ¢ !
- ! 6n=6:(gog) Gon =1+ (o) L

™ OnsVs — ey = gr,nvs g.—; = Oms" (1+ % )gmd
1

|||_\A.¢_.LJ
N
|
AL

<

I

.y

= ‘I\JOQ

Weak

For lossless inductors and ‘ Voo :k_Tm(lJr%}

capacitors inversion q 1
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Colpitts oscillator: first prototype

Off-the-shelf components

y Vpp=22.2 mV
DD
L,=9.8 mH
Rp=600 kQ
4=42 pF
: . w™0PF | ¢ =1540F
»=97 pF
L,=9.8mH L C,,=440 pF
Rp=600kQ [ Rp=3.5MQ ' y
hermoeléethic™

= = gene‘rator g

24 11 NMOS-
Zero-VT (ALD 1108)
VT=59 mV, IS=11.2 uA .

38
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Zero-VT
BM 130 nm

C2/C1 0. 12

- i'f'o';c~11o kHz

VDD-15 m\V

Toomvan

M|2 oOps A] Thi T 124mv

400

200

LASCAS 2019

Rp=600 kO

Colpitts oscillator: second prototype

VDD

Integrated Zero-VT MOSFET

L,=9.8 mH

L,=9.8 mH
Rp=600 kO

| C,=440 pF
[ Rp=7 MQ

C}lwteted

Experiment C2/C1=0.29 .
: O  ExperimentiC2/C1=0.12
1 ] ] 1 1 \

40 50 60 70 80 90
Vdd [mV]

100
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Colpitts oscillator — IC prototype
vbD

L=13,6nH

Q=139
C,=0,66 pF

Ly/2420H =
Q=133

| 130 nm technology

(Vpp = 86 mV)

-60
550

600 650

760 7é0 860 850
f [MHz]
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Enhanced-swing ring oscillator (ESRO)

18+

16 -

14 +

121

Vee M

08+

06

04+

02t

Voo
L4=4.6 pH Ly=4.7 pH
Q=57 Q=52
L,=1.16 mH L,=1.22mH
Q=60 Q=62
%E--:
:
Stage 1 Stage 2
‘-"-'-', : . lL - u . J,
Y
. Stage 1
Stage 2

p

'0+0u

/

.
S
T

03
....+oo.n

R R e

i+
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\VARAVA

. VDD=3.7mV

— Experimental
| sassesees Simutated

10

15
Vo [MV]

8}

o
o
e
o
5
o
»
5
”
-
o
o
-’

e

25

|
»
P!
"
"
’
e
1

|
1
|
&1

Fig. 12. Simulated (dotted line) and expenimental (sclid line) peak-to-peak gate
voltage versus supply veltage of the ES inductive-load ring oscillator.

Ch1| 50.0MVES@E 50.0mvOLM 200ns . A Ch1 7 52.0mV
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Ultra-low-voltage diode circuits

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

+ Vp — Dickson
' = nalysis
D +

Constant

Threshold Volt
Vi :Vp coswt C — reshold Voltage

Vi

= Vp
Vi =Vp-Von

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

KT
V_D ¢t =?

Ip = Is[e™ ~1] n~1to 1.5
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Single-stage voltage rectifier

+ VD | V,
@ O . :
> P Steady state analysis
D, 4 | ‘Low ripple
L 'S

@Jin C i@ *Square wave input
1

%T |t = | j {e[\leJdHTf[e(m]l]dt =1,

-T/2

Vo _1n cosh(Vp /gy )
1+ 1, /1

—
”— -

e I, YT~
Vp > Ng, » V, =V, —ng In [2(1+ —LJI ; —> Diode “ON” voltage drop

-~ -
R
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Single-stage voltage rectifier

LASCAS 2019

45

+ VD - V,
-S (0]
g anan
D I
21 +lg V, =Vp —ng In| 2| 1+
V. CHIY °
N
- - - 0.12 Half-wave rectifier
+ + -
L 'S L i
I ] = —— Model
— 0.10 1 ng=48.5mV ® Meas.
p— ] |g=4.5nA ¥ Simul.
V. 1 C=470nF
in A ngn201+1 7191V 008 Vin : Square wave f=125kHz
_________________ L____1_ ]
Vo S 0.064 —
> < Vp=75mV Vp=150mV
T2 0 T/2 .
t .
-V,
|DA lp = 21 +lg
T
1E-7
________________________ =l ’
T/ 0 /2 2
L -l »t



N-stage voltage multiplier

The voltage multiplier

Power conversion efficiency

|| . >
I
Cn-1 : Dn-1 * Dn

Output voltage
i — NIHE;J (VAX”Q‘ ):|
ng, 1+1, /1

Modified Bessel function,
first kind, order zero

(PCE)
PCE — I:)Ioad
\'A —_
D PCE s I, T}
Il maximized for -
I, Nng,
14 T —
NE}, : /"'"““"x\\ PCE @V,/np, =16 —

=8 —— |
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_ RantVL I L

(nd )2

Model of the N-stage
voltage multiplier

102

N
[V.ing,)]

& ~J

o

8.1

%10

Q

3 ~

E

=3

c [

=

Q@

N

g100

o B

= .

"lu\‘\
-1
10 1 1 1 1 1 1 1 1 1 1
1073 1072 1071 100 g, v, 10

Rectifier parameter k,

(ng)?

L

The voltage multiplier - 3

__________________________________

Voltage multiplier

A% O model MV

Rant + i RO i

iCin Rm i
wi==3 @vaw (D

Vi

Design for minimum available power/max

__________________________________

Imum range in terms of k.

102
Pﬂme
g V r
. N P, =— =
2 A 4" 8R
g \ ant
AN
T N
& 40 N
E ~
3 .
E ~
£ N
E N
g N
o ~
Bt
[e]
=z
o0 L Ll L N
1073 1072 1071 100 gy, 10!
Rectifier parameter kg (ng)?
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What about diodes?
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Diode-connected zero-VT MOSFET
- high drive capability (W/L=7)
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Zero-VT MOSFETs

Av,cg=1.56 Av,cg=2.6
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Ip x Vs (Vs=V5;) characteristics for a zero-VT transistor with
W/L=2500pm/420nm. For Vz= 0V and V= 25 mV the values of the
common-gate and common-source gains are 1.56 and 0.53, respectively
in (moderate inversion operation).
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Energy harvester
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