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Chapter 1

Introduction to ultra-low-voltage
CMOS
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Motivations for low voltage
1. Scaling Orlginal bevice Scaled Device Results:
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Motivations for low voltage
2. Power dissipation

Switching power

Power = Energy/transition * f=C * Vad
Vin

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

Voo Voo
Leakage power a Vpp —
N
e Vou= Voo
T — 4

v 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

[ -_.s.. Positive (+)

N-Type
Semiconductor MNeagative (-
Pallats 0 o

* tellurex.com

Photovoltaic cell

Vv

o(dark room) =

100 - 200 mV
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Vo = 20-200mV ~ HZ

Energy provided by
trees

A

gar salt bridge

&
pH difference 8

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



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?

15t Mega Trend: Slowing V. / Growing
Power

100
Technology Supply Voltage
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Voltage scaling is slowing / stopping ~1.0V

Scott Thompson, Tl Fellows meeting 2004.
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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
Vo thermal equilibrium holds an
—~ average noise energy of kT/2.
= Oy
— = — KT
Vio =<
C
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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)?

I 1

Vo The bit (=1) energy is  —cy2
- 2 bit
Vy, L. To.distinguish bit energy from
noise energy we must have
= = 1 KT KT

- “CVS: >—=VE > —
The charge Q,;; stored in C is 2 2

Qe Ng f
N =1000 =V, >25.9 4V, C >6.18 pF

Eight standard deviations give
an error probability of ~ 101>

KT kT ] _ KT _
Q,, =CV, =V _ > — N =1=V,, >—=259mV,C >6.18 aF

N is the number of electrons and”
q=1.6 x 10-1® C is the electron charge
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Thermal noise limits for supply voltages
of logic and static memory

100_|Itvlvll|ll|llll!|!IIIlllIllv L T T T T T
~

B

R

B

V2 =kTIC  (I)

@ ] Min. Pwr. Suppl. CMOS (~5kT/e)

-
o
4L
ol

Output node < v  8[kTICspam__ .. ]
capacitance = s ! ] KT/q

5 102 I LU - S

V. =N I - G i i . ;

ou™ NG/ (1D S i S~ *SRAM -

@ _ kT/IC { Ave. Logic. e

16 : . =

Number of electrons stored
in the output node

For Vmin: out~V Technology Node

no

=(1/N)kT/q

V

out

V

min—

There is large room and

N =1 circuit storing a single electron need for a millivolt
in its output node SBCCI 2015 switch 10



Fundamental limits on supply voltage

From device physics - Minimum supply voltage for the

standard CMOS inverter
Regenerative logic requires that

0.7
| .
X 0.7 v, |Vo|tage gain | >1
05 06 o -
=
z \ = T3 r
= o 04 Vino—+ —oVy | /
w [ - : )
:E ir - (e ;
S 03 03 —
E L
5&2 02 1 77 Prof. James Meind!:
15 $ I Theoretically, the minimum supply
ol voltage for a CMQOS inverter is

R | 2 (In2) (kT/q) = 36 mV at room
: temperature (IEEE JSSC, 2000)

1
a3 04 05 08 or
INFUT YOLTAGE (volts)

CMOS inverter transfer characteristics
( Swanson and Meindl, IEEE JSSC 1972)
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Searching for the millivolt switch

n<l Cp< 0?77

Change of physical principle:

Thermal injection —» Tunneling

lorr
lope| ! I

' |
/ V
n<li 'n>1 "bDb

1, cexp(V; /ng,)
MOSFET — n=1+gD

OoX

<LV
®
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Searching for the millivolt switch

a b |— High mobility (Ill-V, SiGe)
_________ lon Ideal

el e — — — — — —

()] ()
oo o0 !
O (o) |
= ( = == BulkSi |
5 5 MOSFET |
(3) ( 8 I MUG :
= c |
& s ) |
Q ( ) : :

|
|
Voo~ V¢ : I
/OFF f\( > | |
O O : 1
O VA VDD

Gate voltage, V
Gate voltage, V;
To outperform CMOS transistors, target

parameters for Tunnel FETs are:
lon ~ hundreds of mA;

Savg < 60 mV per decade for five decades
lonescu & Riel , Tunnel field-effect transistors as energy- of current;
efficient electronic switches, Nature 479, 329-337, 2011. ION/IOFF > 105; andVDD <05V
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Searching for the millivolt switch
Measured /-V plot

10°

108

107° H H
10712
1014 VRL Ve

ON-state

OFF-state

Drain current, Ips (A)

by,
rain Gate voltage, Vs

(a) Mechanical switch. When Vg5 >Vp,, the

electrostatic force is sufficient to bring the (b) Current versus gate voltage
source into contact with the drain. characteristics for a mechanical switch. The

switch exhibits a hysteretic switching
behavior VRL # VPI
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Potential (V)

Ultra-low voltage (ULV) CMOS

$ Subthreshold

1005 LA Il L B B B AL N B B B (N S A S S R
Min. Pwr. Suppl. CMOS (~SkTle)
10-1_:—‘- ——————————————————————————————
8|KTICspraM_ _ _ _ - --
————————— ( soinethsd R S
107 8[KTICroaic _ - -
=7 sicaisacs INDRRN =
o —o— ¢ *sram *
kT/C{ Ave. LogiC .
107- : = . =
45 32 22 16 11 8
Technology Node (nm)
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Rectifiers/voltage
o multipliers
Colpitts and

J ring oscillators

I

Waiting for the
beyond CMOS
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Chapter 2
Subthreshold MOSFET model
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The MOS transistor
Output characteristics @ V=V

103 ¢
: . oVD
Ve=0V ,»*° o~ ' 0
| i 057 P
106 | / 1.0/ : |
AT L=
R At Al Ay e cE T CE B Vs
Weak inversion l - : { < L
or subthreshold ¥ B
109
0 1 2
Ve (V)
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Weak inversion (subthreshold) MOSFET model

| V
F(VCG’ ) Long-channel model
ID Vs—Vro Vs(p)
_ — W 21
— n I, =1u—nC
S D IF(R)—IOe 4 4 0 luLnox t€
CD
Iz (V5. Vp) "=t ¢t='%<z26mV@300K)
Ve V1o _y, I
|D:|F_|R:|0e[ n SJ [1—e‘VDS’¢t]
Vg » Vs = const. Vs » Vp = const. Vs, Vp = const.
I
ID/IF logi A ID
log —2
— 14 Y A : o8 Io
5%
0 V-V, Sy o>
D' é\OQ G CO\OQ \/S
0 ! — *ﬁt 4 .ft I--¢t
01 23456 /
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Low-frequency small-signal model in weak inversion

Transconductances  Al, =0,,AV; — g, AVs + 0 AV, + 0, AV,

gmg_gms+gmd+gmbzo G /_\
g P, Ol 0o =2 o=
mg 0»-7\/6’ ms 0,-,\/8’ ¢t md "d
o, . aly, @
gmd _é,\/D’gmb WB id
Jmb Vo «—
S D
|
@’ Oms =~
0V, ¢
g :gms_gdeIF_IRZID
m -«—
n ng, ng, é( >
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Low-voltage operation of the common-
source amplifier

Intrinsic gain stage . . .
weak inversion operation

Voo (I ideal current source) @
le ()

O Oms — Yma 1 Oms Vos
e
—OVO ‘ ‘ gmd ngmd n gmd ng :eﬂ
gmd
gms :gmd @ VDS :O
ID A
7~
//
- gmd
/
/
/
Oims
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Low-voltage operation of th
source amplifier

ecommon-

VDD Vbs
| é ‘A\/‘:gm :gms_gmd :l(gms _1) gms:e?
5 y VO gmd r]gmd n gmd\/ gmd J

1 Vos
_ %
=—|e" -1
NE
or
Vos =¢ In(1+n|A|)

Vos = In(1+n|A|)
Vos = In(2) forn=|A |=1
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Low-voltage operation of the CMOS

Inverter Minimum supply voltage for
amplification |A, | =1

) Voo ‘ideal’ MOSFET n = 1
_l M, Vout
l i !
._O Vout

V
g DD VDS :¢t |n(1+n‘A\/D VDS :VDD /2
L V.. . =2(In2
VDS :VDD DD min ( )¢[

—E Voomn = (IN2)d

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

gate amplifier

VDD Vv g qVps
—_0 _Im _ e KT
b Aw=7
i gmd
Vo
‘1"*_|
Vi

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).
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VDD

Common- gate
Colpitts oscillator

24



Zero-VT MOSFETs

1 — high current/unit area for low voltages

E —o—triple well NMOS
A log(lp) : —#— PMOS

| —a— |ow-VT PMOS
—*%—zero VT

WN=97Op.m
WZVT=3,2um
L"F,"N£480n'rh" |
LZVT=500nm
Y ﬁdi‘t'ﬁ? Gy

v

|5 /active silicon area (um?)

<
®

—— Low (zero)-VT :

—— Standard-VT 1E-11 -—— e

-020 -0.15 -010 -0.05 000 005 010 0.15 0.20
Vp (V)

|-V characteristics of diode-connected
MOSFETs (IBM 130nm)
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Zero-VT MOSFETs
2 —high g,,/C (f;) for low voltages

N
=
b
1 O? - ’*' ..I“*‘ 3
o | - .l zero-V_
10" F gt T T eee—— |Dw-v_|_ —;
B e standard | ]
10° 10° 10°
VDD V]
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Zero-VT MOSFETs

IB Av,cg=1.56 Av,cg=2.6
Av,cs =053 Av,cs =1.55

.|}—Io
|
|

| [mA]

10" H/ o V,=-50mV
Vp bV, =25mV

D I -’I ° VGS=O
B o V =25mV
o | . v V=50 mV

Vout 0 25 50 75 100
CG amp V__ImV]
Vb?—‘ M, Ip X Vps (Vs=Vg) characteristics for a zero-VT transistor with
1as W/L=2500um/420nm. For Vss= 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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Chapter 3
Subthreshold CMOS logic and
Schmitt trigger
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Regenerative Property

What's the minimum supply voltage for
“correct” operation?

The Regenerative Property

R e e Raa VoePert

A chain of inverters

Regenerative property: a disturbed signal
gradually converges back to V5, or Vo,
after passing a number of logical stages.

To be regenerative the VTC must present

voltage gain greater than 1 in absolute value
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THE CMOS INVERTER IN WEAK INVERSION - 1

Vbb
4IsC

VI— Vo

Note that:

V,,=250mV
0.25—22 g

Vpp=200mV

200 mV
50 mV

0 0.05~_ 0.1 0.15
Slope =-1 Vi (V)

200 mV
46.6 mV
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ISC (A)

0.2 0.25

OmV
3.4mV
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THE CMOS INVERTER IN WEAK INVERSION - 2

VD D

dV, e’ —1

av,

transistors with the same strength

In the ideal case of NMOS and PMOS

Vg =Yoo n

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

Voo
‘(;Vo -1 dVO e 2t _ 1
V Voo =
o=y dV, |, Voo n
=g

Voo =264, In(2)=36mV at 300K forn=1
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6-T Schmitt trigger - 1

Vop
« 2internal nodes (VX and VY)
—| EPO «  Feedback transistors (P2/N2)
Vy P2 i controlled by the output
4-_*_—_ - Hysteresis dependent on VDD &
P1 relative transistor strength
N Vo °* Modeled in strong inversion but notin
weak inversion
*N1 —— *For symmetric operation,
I“VDD corresponding NMOS and PMOS
VX N2 MOSFETs have the same current
_{ No capability.

— 1

6-transistor (6-T)
Schmitt Trigger
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6-T Schmitt trigger - 2

V11—

Vi

Voo

<M

ilom
iIDN1

N1 _|

Vo

VX N2

_>No

IVDD

_x10" (Transistor1) x Vo @ Vi, VDD=120mV

Vpp= 120 mV /— \@nv

V.

% //i I

/// VISQ m \§

- % A Ipps
IDT}% NN ;fg my %\\\
’:—, %
///Z Z 4 Voo \
' 55 mV e
=

Output Voltage, Vo (V)

Output’voltage Vo)

Output characteristics of N and P networks
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VI—

6-T Schmitt trigger - 3

ID(Transistor1) x Vo @ Vi, VDD=120mV

Output characteristics / 155 mV e
[Vpp= 120 mV # =
///—

&

IDNl

Current

-

T o2 VO

Output voltage

<

Unstable sol

ution

004

SBCCI 2015

35



6-T Schmitt trigger - 4

Vi

Iney = lonee) €

B TN(P)|

Ny (py ¢

KCL for V,, V,, V,

Symmetric ST ny=np =1, V1 = [V1pl,

Ino = lpo = 1o Ing = lpr = 1 Inp = 1 = 1

Loop to solve

numerically
y Voo Vo L)
W 4 4 4
ot _l-e™ +le™ +l,-e
VI_VO
lL+1,+1,-e 4
0 1 2
V, -Vy V, Vo Vy -V, VoV,
e % _g % _og % _g 4
VO_VI
Vx. 4
Vo VoV, ~Vbo

|,+1,-e* +1,.e *# e
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P-network
lopo=lpp1t+lpp2
lop1=lbn1

N-network

lono=lpnatlone
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\VE

6-T Schmitt trigger - 5

VDD

Po

0.14

0.12

vy P2

P1

— 0.1

0.08

VX N

0.06

lb=l,=1,=1nA, Vg, = 120 mV

Supply voltage at which

hysteresis starts to appear
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Vi

6-T Schmitt trigger - 6

Po
Jd v
P1 [
Vo
*N1 i
v ||
VX N2 VDD
No

Vo (V)

0.06¢

0.05

0.04

0.02

0.01

VTC - Schmitt-Trigger - VDD=60mV - 12/10 = 0.7244 - 11/10 = 0.01

%

?

Vo, <24 In| 2

\/& Vy
\
o= \\@)
o
AN
\%ﬁ
(-) 0.61 0.02 0.63 0.64 0.05 0.06
Vi (V)
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I O

6-T Schmitt trigger - 7

OPTIMUM

0.01

\/ VDD VDD
l, 1+e’* —g *

-1

VDD

IO OPTIMUM 1+e 24,

op=00 mV

000
1

12110 (A/A)

70
65
60
55
50
45
40
35
31.5

— Strength ratios for
highest gain for a

given Vg
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0.91
0.81
0.73
0.65
0.58
0.50
0.44
0.39
0.33

-18.6
-9.00
-5.47
-3.76
-2.73
-2.05
-1.56
-1.20
-1.00

-2.86
-2.51
-2.18
-1.89
-1.63
-1.38
-1.16
-0.97
-0.84

39



Vi

6-T Schmitt trigger - 8

What is the minimum operating voltage that
results in gain =-1 7

VX N2

VDDmin — 2¢t In(

1

J73-8

] =31.5mV at 300K

73 1s the best number !

SBCCI 2015
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6-T Schmitt trigger - 9

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

Schmitt Trigger x Inverter - VDD=100mV - 11/10=0.1 - 12/10=1.55
| : '
: ! — : ' : Inverter
000 - : AN T e RS { .| ———schmitt Trigger |

0.1

0.08 : f : : : AL H— S— S— il

N I N W W T 0 T R S S
' ' ' : ' ' +y VEn+25mV
E-- ---]‘q--t-ﬁ-l-;-zsf-ﬁv—

0.05 --1a- P T . .' \ ......... AR bomeeeee -

0.06

Vo (V)

0.04 : : g 4 S T W R S— S—

0.03

o I— S SN A N 1S NN W O SO AR AN R

] I— S R N N T N S LN S

1 I I 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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6-T Schmitt trigger - 10

Jd

SBCCI 2015

ST-NOR gate

\VDD

d
d
d
1
1
i

v
= —
._
Vo
._ v—d—
v |\VbD



TEST CHIP
VTC = ST x INV = V5,=150, 100, 75, 50 mV.

016 o Schmitt Trigger
_— VDD=150mvﬁ‘\\"“‘\\ Inverter
0.12
S V,,=100mV
>'O 0.1 _*a% \
£ 0.08[V=75mV \\\
= e ————
- eauA YA
= . = 1
3 V,,=50mV
0.04 - \
- \‘\\Q\ & \\
x%_
0o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Input Voltage, VI (V)
IBM 180nm '1/'0‘_0'1
CMRF7 - MOSIS |2/|0_0'4
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Chapter 4
ULV rectifiers
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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

Io
+ Vp — S
I I Analysis
D + |
@ ;< VL L Constant
B Threshold Voltage
Vin =Vpcosot  C Q .
RFID
R

= 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

Vo 4 =
_ g _ |
o =1sle 1] n~1to 1.5
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Voltage rectifier with pure capacitive load

+ Vp - Vo
—
b D

Steady-state analysis Assumption: very low ripple (high C)
— V, = constant

T/2 T/2 Vb 0 Ve Vo T2 [ Ve—Vo
] & [
| 1odt==> j[e”‘”‘ l]dt—— [le ™ /-1gt+[|e ™ -1pdt|=0
T—T/2 T -T/2 T -T/2 0

V eVP/n¢t +e_VP/n¢t
—2 =1In

: ] =In| cosh(Vp /ng; ) |

Power Detector

' 2
| V. 1(V
———————————— = __\__i____P____,VO VP << n¢t - — = —(—P)

ng, 2\ ng,

-T/2 0 T/2

Peak Detector Diode “ON”

T/2 0 T/2

voltage drop

.S ——

, Vp>ng > V. =V,-nglIn2

-l t /

Input
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Voltage rectifier with DC load - 1

+ VD - VO 1 T/2 | 0 [—VP—Vo] T/2 [VP_VO]
——P —fIDdt:—S f S | t+je”¢* ~1t =1,
b D T/2 T12 0
+ —
@V T D
B A Diode “ON” Vo _, cosh(Vp /ng, )
—=1N
= volta%e drop N 1+ 1, /1
Waveforms for (
1o+ 1
Vo >n ~\/, — _pPT's
P ¢t :> VO _VP n¢t In |S 0.12 Half-wave rectifier
Vin A nbn2(1+1 /11 Vo 010] n6=48.5mV . model
’ J edas.
_________________ L____1_ VO ] |g=4.5nA ¥ Simul.
0.08] C=470nF
> 1 Vin: Square wave f=125kHz
T2 0 T/2 ¢ ]
S 0.06- —
-VF, < Vp=75mV Vp=150mV
O -
IDA lp = 21, +lg 0.04
0.02
————————————————————————— |, =la-lg
-T2 0 T2 2 0.00 ———r——— 8 - r
| > 1E-11 1E-10 1E-9 1E-8 1E-7
-lg t I, (A)
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Voltage rectifier

with DC load - 2

Output voltage ripple

+ Vﬁl:-ls Vo Vin A A
— 1 — [V
| = — I\X/\ 0
D 2141 ’
_I_ S —— -T/2 0 T/2 t
V. C I l Q v,
IN
|L+IS_T_IL+IS

The discharge rate of the capacitor

dQ dv
| =—C _C=—C x| +1
¢ gt dt =S

dV. = AV ~ IL+ISI: I, + 1
cC 2 21C

2
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The voltage multiplier - 1
N-stage voltage multiplier
Voltage doubler

> Vi

+
p— + D2
Vin D1? C2 (JD—Vin D1* co | °° ‘n—_

= Generation of voltages higher than Vg,
for EEPROMSs, flash memories.
= Energy harvesting for RFID tag chips
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The voltage multiplier - 2

I N \V/ 14 T T T T T T T T T —rrrrm 70
cn-1'. ; N—% [ . PCE @Vyn$ =16 — ]
. 12} ~60
[ ] &
010} =450
£ | 15
g I 1 &
! 1932
o 1 B
X 6} N30 2
g N\ 16
g - \ VL @Ving =16 2Ny 8
Z 4: \ _ g :20 %
- E o
2 \, =40 Jq0
o7 100 10" 102 103 10t
Modlfled Bessel functlon’ Mormalized |load current I lg
first kind, order zero _ o
Power conversion efficiency
| I, T
B - imi I. Nn
P P+P,. Mmaximized for 5 ?,
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The voltage multiplier - 2

Model of the N-stage

voltage multiplier

k_

RantVL I L

c =

(N, )2

NNN—O0 AYAVAY
+ Ramt 4 Ro +
Cin Rm
() v = 2 @Ovw  Pw
I
O

I

Design for minimum available power/maximum range in terms of k.

2 2 —
10 107 =
N PAL’mm 2
[Voing,| P, P —_lanT
g 5 ) T 8R
@ 2 ™, ant
% \ o \
@ 10! o ™,
o S~ =) \
g ~ = N
2 ‘@ N
E = ™
S © 1 P,
£ I~ e 10 -
3 2 ~
= E ~
(‘U-loo‘ c \u
E = N
o ‘Mx = \..\
= — ﬁ e,
~o 8 "~
N E ™
<]
10-1 1 1 1 1 1 1 1 1 1 1 Z
1073 1072 1071 109 @, v, 107 100 A A L NN
Rectifier parameter kg (ng)’ 1073 1072 1071 100 B Vi 101
nt *L 'L
Rectifier parameter k; a{nmz
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What about diodes?
4 log(lp)

\

/

VG
—— Low (zero)-VT
Standard-VT

pn junction

lipl (A)

100y ;

|
10“_;?% GENECES //

N — /

|—— Zero-VT MOSFET]

100n{——

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

1000

Vout [mV]

Vout [mV]

N =18 - BLACK DOTTED LINE N

=24 -RED SOLID LINE N =36 - BLUE DASHED LINE

900

800

700

600

500

400

i i i
750 800 850
Frequency

N =18 - BLACK DOTTED LINE

i i I i
900 950 1000 1050
[Hz] @ Pav=-20dBm

N =24 - RED SOLID LINE N =36 - BLUE DASHED LINE

1100

3500

3000

2500

2000

1500

1000

500

Pav -[cIBm]

@ Frequency = 900 MHz
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Chapter 5
ULV oscillators and applications

CCCCCCCCC



Application of ULV oscillators for energy harvesters

1 uA
—>
1 K TEG 30 mV OSC [0.2Vp-p Dickson 1V bC
AC/DC load
AT Vbe Vac Vie

TEG - thermoelectric
TEG OSC generator

OSC - oscillator

Step-up DC
converter |Oad
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Inductive ring (X-coupled) oscillator - 1

Voo Voo o— o
_gf- —gf- + +
N V}n Cl ImVin Imd L Gp ::c Vaur
= L = 5
—— o Vout = — Im ! __l
I’Fin Gmd T GF 1— ? tan (f)
Stage 1 Stage 2 1 — LOL,_;Z
_ tan ¢ = -
Cross-coupled LC oscillator wl(gma + Gp)

Criterion for oscillation (Barkhausen)

= 40 &V V=1 Ty O

+G B
_ w’LC=1 Ina T3

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

—|i —-

Cross-coupled LC
oscillator

- G
Voltage gain=1 ==) (i) I :1+n(1+ Pj

Oscillation frequency w”LC =1

Voltage gain In__ _4q
gmd+GP

What's the minimum V for oscillation?

Oms ~ Ima
n

Recall that g, =

gmd gmd

. . .« 9 Vos/t _ wVopltr
In weak inversion == (i) — =" =e™" since Vg =V, =V,

gmd

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

gmd gmd

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

V,

- Enhanced swing
_ Voo Voo Colpitts oscillator
Enhanced swing L [ L, (ESCO) *
IRO (ESRO) " 1
2

Y Y Y\

o I-:_mn_l_l E E - .
- " 2 L, C.

*T. W. Brown et al,

Stage 1 Stage 2 = IEEE JSSC, Aug. 2011.
SBCCI 2015 60




The enhanced-swing Colpitts oscillator (ESCO)

Vy

vDD
—C,

gn v
c, °
L, [> e, ( —C,

AlE —C - “ ¥ Gy L=l S §1
a : G., G,+(Cf+ C2) ©#g) - L +( s Cz) L

eq

—_—
/
=
o
£

v , .
4 Vs = > OnsVs — YmaVa = 9V On = Gms~ (1+& )gmd
L, =~ C, 1 C, C,
_f_i
Cl
_ Weak T C
For lossless inductors and :> Voo :_|n(1+_2j
capacitors T v G
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Colpitts oscillator: first prototype

Off-the-shelf components

Cyq=42 pF

Cys+Cqp=97 PF

:
:
ened | |

VDD

L,=9.8 mH
Rp=600 kQ

iC4,=90 pF

1
=l

| Ciox=1.54 NF
[~ Rp=1MQ

L,=98mH
Rp=600 kQ

L C,p =440 pF

T Ry=3.5MQ

® .
Hieosdaes
0 e

———

hermoé ric

generatoregy
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Zero-VT (ALD 1108)
VT=59 mV, IS=11.2 uA

Vpp=22.2 mV
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Colpitts oscillator: second prototype

Zero-VT
IBM 130 nm

L2

Vop=440 mV

-
-

 C2/C1=0.12 |

f.. =110 kHz

- VopTlSmy

Toomv o

M2.00ps A Chi J 124mv

L1

Transistor /

zero-V;

VDD

1,9.8 mH
RP=600 kQ [+ RP=7 MO

Integrated Zero-VT MOSFET

L,=9.8 mH
Rp=600 kO

off 2

| C,=440 pF

=
calculated
! ! ‘ ’ 'y ! ’ !
1800 - - N Y PRRRR. U o
Vep XVpp .7
: ‘ ‘ : VAN L . L
L] A A iy C2C1=012 Ry
400 vt S RN
: e
: .
12005 e A PR Al 4
. K
L
Ed
1000[ - i by ALt T
. :
‘ s : : ‘
: Loet : : :
800 - -y . \"d """" P
|2 i simulated
600 LT e SRR EERRE
0L
200k ------ T U S e +  Experiment C2/C1=0.29 .
: : ‘ : O  Experiment C2/C1=0.12
0 i 1 ] 1 1 1 1 I I
10 20 30 40 50 60 70 80 90 100
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Colpitts oscillator — IC prototype

VDD
Voutr+ .""-'.‘ﬂ"‘-.":_‘ .....
L=136nH e, T _____________
Q=139 i
C,=0,66 pF Ciutor Invi  Invz  Invs
gmd=8 mAV
| +
Cys=0.7 PF
L72420H ==p_ | d ] 0
92:13,3n T ’ iz £ SN
L L 130 nm technology
0

X 695
Y: -6.542

dBm

-60
550

600

650

T(I)O 750 SCI)O 850 SBCCI 2015
f [MHz]
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Enhanced-swing ring oscillator (ESRO)

VDD | e Experimentat |
181 | cossaneee Simulated Pt
Ly=4.6 pH Ly=4.7 uH ] | N S U . 4
Q=57 @2  E e el ‘
L,=1.16 mH Ly=1.22 mH f———t+———————————————— 1
Q=60 Qe el T
121 1
=
a 1r 1
o
08+ 1
06 4
— 3 04 f 1
02}
Stage 1 Stage 2 4 i | ; i ; J
0 5 10 15 20 25 0
e . ; o - Van [MV]
FEP AL AL TEE LI NS AT RIS 3 LR RS TR T i EI s Fig. 12. Simulated (dotted line) and expenimental (sclid line) peak-to-peak gate

voltage versus supply veltage of the ES inductive-load ring oscillator.

LR ‘o

_V I\ W WV VWV N

28 2 2 op ow 2 o o

3

. VDD=3.7mV

Ch1[S0.0mVOAEE 50.0mVOSM 00ns | A Ch1 /' 52.0mV o 0. 65



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

B Theoretical IC prnt?typ[rTlS{}mn Discrete
l'opology V. (min) * CMOS prototype
dd Vi (i) ﬁ-‘.‘n" Vit (miin) ﬁ;.w'
ILRO @, In(1+n) 53mV | 550 MHz | 50 mV 11 MHz

ESRO gg,mf]mf'] 32mV 400 MHz | 35mV | 1.1 MHz
L

. Cy/C
ESCO c}lnfll—-'—LJ 86mV |700MHz | 15mV | 108 kHz
5, 2

* For lossless passive devices and operation of MOSFETs in weak mnversion
Values of components:
ILRO — IC prototype — L = 100 nH. )} = 8.
ILRO — discrete prototyvpe — L = 4.6 nH. Q = 50.

ESRO — IC prototype — L, = 20nH. Q; = 9: L, = 80 nH.
{-22 = 5.

ESRO — discrete prototype — L, = 4.6 uH, Q, = 55,
Lz = 1.2 mH. )2 = 60.
ESCO — IC prototype — L, = 13,6 nH. Q, = 13.9. Lo = 24.2 nH.
(Jo = 13.3.C, =6 pF.Cy = 3.5 pF.
ESCO — discrete prototype — L, = La = 9.8 mH. Q, = Q2 = 80,
Ciy = 1.54nF.Cs = 0.44 nF.
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Energy harvester

OSC

Off-the-shelf
inductors

21.8/ 23 mV,

~.1/xx Vpd Dickson

.048/1 E’A

48/1.0 V]
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