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Ambient DC power supply voltages are
ultra low
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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 KkT/qg

Chapter 1

The MOSFET : DC and small signal
models
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MOSFET capacitive model in inversion
Qe o 1 , _dQ;
% == Co % == gb dv,
—L -._. o o -.-_-.-. _ ¢ Js _ oﬂs_
e --- == C. B =—=0C Q =—=¢
Ve p- sulbstrate i 1 “ = 1 1 C,= 1 : 1
= 1on p—t;pe - p-type - C’ i C’
Many electrons @ & G s o
approach the surfacel p T
- f tential = dQS——d(QB+Q’)=C’+C.’
¢S - Surtace potentia s d¢s d¢s b i

C’,,- oxide capacitance/unit area

Q’; (Q’s) - gate (semiconductor) charge/ unit area

Q’, (Q’g) - inversion (depletion) charge/unit area

C’; (C’,) - 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-SiO,
@ = @_ interface, where

Q], oc e¢s/¢t Cl,_—dQ; __Q;

g, ¢,

Charge-sheet + depletion approximation for the bulk charge gives

Q;; =—gN,x, = _\/ 2ge.N,9,

' \/2q€SNA _yC V= \/243SNA /C,,

b — . _ . .
2\/¢7S o) \/¢7S is the body-effect coefficient
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Surface potential for negligible inversion
charge :¢,

W . C

ox

VG — a®™ ) @ - -_ | p ¢s — ¢sa ¢ :¢s ,
-~ -;uTJs:r;t-e; ¢ L‘O = ) o

+

Threshold voltage V,, =V,, <> ¢, =29, Ad. __ G, 1

AV.  C. +C, n

0, =20, + Ye ;VTO =2¢.+V, V,isthe pinch-off voltage
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Unified Charge Control Model-1

C VG VD C;x + C[; — I’lC;x

l ,TL_ o
n* dQ; =nC d¢

n+

. B , :
{} dg, ot {“— Q,I <1 Wi C,’:_%
C

— i nC @ i
dve C+Co+Cy |, © Sl Z
G
&
+
Cox == dQ;
d0Q . do , 1
1L [ dV. =dQ, ;
Co—| pags  dce—{—¢ nC,,
C; _ ¢, L .
£y, == oy T % = Co
+ L L V,<V.<V,
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Unified Charge Control Model (UCCM) -2

dQI'[ I ¢z, ) =dv. Integrating from an arbitrary channel
n

C. O potential V. to a reference potential V,
/ yields UCCM
n=1+ € - n(V,) r 5
’ G / 4 ’
Cox _ Q[P o Q[ Q[
QIP — Q] V.=V, L nC0x¢t QIP |

Choosing the thermal charge " —_nC’
as the pinch-off charge QIP C0x¢t

’
/

The normalized inversion (areal) charge —— = q;
density is Q]p

Normalized UCCM Vo=V, =0, (6]; —1+1Ing; )
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Charge control current model

/ d¢s dQ,
Cox == dc;' ID = _lunWQI d +lunW¢t A L
aQ T dQ; Y Y

il n-o dds
c I—o dds dvc e “ #
C; - f
B ==

Cj c, Cox ’ /’ /’ . /
: T° T dQ; =(C, +C;)dg, =nC, dg,
(@) E (b: B
n=n(V;) is constant
along the channel

um,w
nC’

ox

G
@

(Q; B ¢tnC;x) ddQl

I,=-

Integrating along the channel yields

I _ lunW Q;Sz o Q;D2
D — ’
L 2nC,,

— ¢t (Q;S - Q;D ):|
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Forward and reverse currents
symmetry of the rectangular MOSFET

I,=1,-1,=1V;,,V,)-1V,;,V,)

Ip

IF(R) B

w
L

aes

QIS(D)
2nC,

@QIS(D)ZI
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Normalization (areal) charge

n , 40
1y =107 -0nCl0 "L ;= =) DGR
Normalization charge
Drift  Diffusion , ,
qIS( D) QIS( / (_ncox¢t )
Normalized unified charge control model

b=le=Ie=Is[ir=i ]y _y 4 (4 —1+Ing))

o / 2
i1y = ey 1T = (14 i) 1
P @ W W ls an@_/so are the normalization
s THE T = e (specific) current and the “sheet”

normalization current
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Normalized charge-based MOSFET model
Up —Ug ) = s _¢VS<D) = fi+i,,, —2+In(f1+i,, -1)

Inversion charge per unit area q’

g, =~1+i—-1]

| ;2 -

,z:(1+q1) -1 lf

a0 TII:I EIE- EID 4II:I | i EII:I EI[!-
Current J :
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The I-V relationship

V, -V, =¢t[‘/1+if ~2+1n( |1+, —1)}

103 |
NN Vo=Vo |
.... loVD
V=0V Ip
7057 1

| ; /1.0, ) : [
10° ¢ . [ [15¢ f -

| 2.0 Vi Vs

2.5 =
3.0 i
109 A L, N ‘ S N i
0 1 2 3 4y, (V)

Common-source characteristics
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Weak inversion model

Weak inversion V.-V,

if(r)<1 n _VS<D):¢IL“1+if<r>_2+ln(‘\/1+if(”)_1)}

J N J
B N
(VG_VTO _VSJ/¢ W 5
t _ P 1
I,=1,e0 " [l—e VDS/@] IO:/unfncox¢t61:21Se
Vg, Vg = const. Vs, Vp = const. Vg > Vp = const.
I
Ip /I log-2_ i Ip
log—_~_
14 Y A Io 08 Io
5% ©
\ N
VD¢'Vs %\er ZL %\QQQ) i VL
O t t t t i-'I < -"t / -b¢t
01 23456
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Transconductances - 1

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

&[D &ID &ID &ID
Smg ~&meF 8ua ¥ 8y =0 Be T oy B STy 8 T 5y 8w Ty,
G S D B

Calculation of g, . ms =~ (§V 0 Z—&VF Z—ﬂszs
S S
W n
8 md :_ﬂfQID
o UCCM
i, —1i,)
gmg — IS av —
G alf alf gms _gmd
- gmg = gm =
UCCM |:> J V.. nadV; :> n
Jd, 9 g = Ems __, in saturation

IV,  ndV, n
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Transconductances - 2

2ot :%(,/Him) —1)=%unch¢t(,/1+im —1)

t

_gms_gmd gm —

2
e I n¢t(1/1+if +\/H)

For Vpo/d<<1 we have /=i,

In saturation

1 g 2

ng J1+i, i :n¢( I+i, +1)

1N

Em
ID
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MOSFET: low-frequency small-signal

model in weak inversion

G
()
1, N
8 md _E 8maVa
()
—/ i
% -
g — EmbVp
>
_ gms_gmd _ ID gms ’
gm T ” T ” O
! _/
gmvg
B

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

Voo Intrinsic gain stage
s (] ) ( 15 ideal current source) weak inversion operation
Ve @
blg ¢ Vs
8n _ 8ms " 8ma _ 1| 8w ms _ o %
M; |Av|: = 2 :_( _1]
V gmd ngmd n gmd g md
' N /
VDS
\Av\ -1
n
¢ In(1+n|A,|)

ICECS 2014 20



Low-voltage operation of the (C)MOS
inverter

g Vb —| Mf.

Vs :Qfln(l-l'n‘Av‘)

Minimum supply voltage for
amplification ﬂAV| =1

‘ideal’ MOSFET n= 1

Vos = Voo

Viopmn = (0 2)¢z VDDmin — 2(111 2)¢;
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Low-voltage operation of the common-

gate amplifier
VDD

qVps

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).

ICECS 2014
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Zero-VT MOSFETs

IB - Av,cg=156 Av,cg=26
Av,cs =0.53 Av,cs =1.55

.||—Io '
|
|

| [MA]

101k o V,=50mV |

VD | bV =25mV

D l I -" ¢ V=0 _

B o V,=25mV ||

. v V=50 mV
CG amp 0 Vour %% 25 50 75 100
Vg [mV]

Vb?::l M, Ip x Vps (Vs=Vp) characteristics for a zero-VT transistor with

W/L=2500pum/420nm. For V;s= 0 V and V= 25 mV the values of
the common-gate and common-source gains are 1.56 and 0.53,
Vin respectively.
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ULTRA-LOW-VOLTAGE (ULV) IC
DESIGN: DESIGNING FOR VDD
BELOW KkT/qg

Chapter 2

Ultra-Low-Voltage (ULV)
CMOS logic circuits
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THE CMOS INVERTER
Static Analysis in weak inversion 1

DD

VGB(BG)_‘VTN(P)‘_nN Vsp(ss) Vbs(sp)

Z T

”N(P)'¢t

|

IDN(P) = ION(P) €

The strength or current capability of the transistor is given by

_‘VTN(P)‘

”N(P)'¢z

IN(P) = ION(P) €

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

Ipy =1pp

Vi—Viy _Vio Vop—Vi _‘VTP‘ _ Vop—Vo
n-g, & — n-g, &
I, e 1 1-e =1, -e 1 1-e
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THE CMOS INVERTER
Static Analysis in weak inversion 2

Voo —Vo

V[ZVDD‘FVTN_‘VTP‘-F’/Z. L.In Lor +n.¢t'1n I=e jt
2 2 2 I 2 —¢—0

I—e ™

In the ideal case of NMOS and PMOS transistors with the same
strength, i.e. I,\=l,p and V\=|V;p|, the VTC reduces to
_Vop—Vo
V,, n-o l—e *

V1:2+ 2’-ln _‘;O

l—e

Vop =V _|VTP | _ Vio _ Vop—VYo
— 2'n'¢z ¢t ¢t
Iy =1,y 1, e 1=e * |-|1-e

ICECS 2014
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THE CMOS INVERTER
Static Analysis in weak inversion 3

x 10 12
! ! ! ! 1.4
0.25 e e | —— Vo |-
| i | seh
0.2 S A | A S
i i i i <
_.0.15 e | S B B e s | V- I S
> e 5 e = <
2 | | i 10.6
~ 01 U R S At B R
| | | 104
0.05 . AN A N— A
! ! ! ! 10.2
0 : : . ; 0
0 0.05 0.1 0.15 0.2 0.25
Vi (V)

Inverter voltage and current transfer
characteristics.
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oL,

SCHMITT TRIGGER ANALYSIS

Yon

l'l.lll:l

R —vop

o
Mi

Schmitt Trigger
Inverter

2 internal nodes (V, and V,)

Feedback transistors controlled by
the output

Hysteresis for VDD > 80mV

No hysteresis is desired for VDD
minimization

For symmetric operation,
corresponding NMOS and PMOS

MOSFETs have the same current
capability
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MOSFET current in

ST ANALYSIS - DC TRANSFER 1

weak inversion:

=g

”ﬂ—lp_zl—"'

VGB(BG)_nN(P)'VSB(BS)

J1—e

_ ”N(P)'¢z
Loy =Lonepy - €
y Vop Vo Vi-Vo
¢—f I,-e g +Il-e¢f +1,-e g
e - VI_VO
I,+1,+1,-¢ *
VI _VX VI _VO VY _VI VO _VI
e 9, —e ¢, —e ¢, —e 9,
v VO_VI
oy I,+1+1,-¢ *
e’ =
Vo Vo—Vi _ Vop

9 9 9
[, +1,-e " +1,-e ‘e

_ Vbs(sp)

Z

"Nepy T

Solved for Vo

"~ Shows
Hysteresis

ICECS 2014
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ST ANALYSIS - DC TRANSFER 2

VTC - Schmitt-Trigger - VDD=100mV - 12 = 0.5nA, I1 =10 = 1nA

V,, =100mV
L s

IO

4y

IO

\ \ ! \ \ ! : ; ‘
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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ST OPTIMIZATION 1

Series transistor: 11/10

Rearranging the AC gain equation for 11/10

i
1

7 Al + Bl Bilinear function
Vv 0 ) )
L@ = — i with negative pole
vi Vo=Vi :% Sl Cl + l)1

1 0

Ll
0 lopTIMUM

Practical values of I11/l0 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 I/,

2
(12 A2+£I2]B2+C2
Yo _ L 1,
V. Voo )i ? i
et | 22| D, +| 2 |E,+ F,
1, 1,
\/ Voo Voo
I, Vl+e® —e -1
T a _VDD
0 loPTIMUM 1+ 20,

ICECS 2014
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ST x CMOS INVERTER 1

Substituting the optimum values of 1./l
and l,/l,, the ST minimum operating
voltage can be calculated:

1
V min:2¢tln
DD (\/%_8

j =31.5mV at 300K

73 is the best

number ! 7 /
Vi L =0 = =(0.333
Ip 0 1 0
| Po Py OPTIMUM OPTIMUM
'-.-'EI—I_T_I—W
| Py
I e
IR ST structures are capable of operating
”-’EI—'?EI—WDD
Lo at lower supply voltages than the standard
. static logic!!!!
SChMltt Tl‘lgger ICECS 2014 33
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VO/Vi

ST x CMOS INVERTER 2

Schmitt Trigger x Inverter

-10 —-

42 -

-14 - 50mV  -1.61 V/V

270VN o\

15 7/0mV  -2.80 V/V -19.10 V/V
181« Schmitt Trigger |=—
—& Inverter | %
20! \ \ \ \ \ \
0.01 0.02 0.03 0.04 0.05 0.06 0.07
VDD (V)

ICECS 2014 34



ULTRA-LOW-VOLTAGE (ULV) IC
DESIGN: DESIGNING FOR VDD
BELOW KkT/qg

Chapter 3

Ultra-Low-Voltage (ULV)
rectifiers
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MOTIVATION

Hub or base
station

Sensor? Senso?

Wirelessly powered sensors

Low power/voltage leve

Capacitor

SensorT
Antenna
et i ——————
;; i
: Receiver |—p»
i Baseband
! Processing
1
| Transmitter |g—
|
I PN il
- SN X T
' 4 RF-DC \EEPROM | | |nterface
il I. Conversion ADC
LY 1
— L\ ——— A vervey woeseed
-
Holding Sensor
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Ultra-low-voltage diode circuits

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

I

+ Vp — 77 Dickson

%I 4l | Analysis
D + | 5y

—~ V L J Constant
@ T L || Threshold Voltage
Vi =V, cos wt C |- /
..{'.__.
e Vb

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

v kT
WLy S
lip Slgle™ = n~1t01.5
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Voltage rectifier with pure capacitive load - 1

MAVARSRVA N Steady-state analysis "
T’I—o 1 =
b D — J [,dt=0 [D:[S[e”@ ~1]
o + C p— I -T/2
C> Yin i [ [—VP—VoJ T/2 (MJ 1
= [ e ™ =ty [ =14 |=0
= I =T/2 0
Vp >>ng, - -
Vln A N, In2 V . .
~— P Assumption: very low ripple
————————————————— R (high C)
. — V, = constant
T/2 0 T/2 t
Vo vV eVP/”@ +e_VP/"¢2 :|
—2 =In =In Cosh(V /n¢)
| P/
DA . n@ l: 9) |: :|
i ) 0 T/2

>
- t

ICECS 2014
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Voltage rectifier with pure capacitive load - 2

N Vﬁl_ VA
? Vv
_» 0
I, D nd =ln[cosh(VP/n¢t)}
+ p— t
Vin C Power Detector
1 >
g -—_ 1 V
s %EUJ

Peak Detector Diode “ON”
voltage drop

e

Vp>>ng, — V, =V,—nglIn2

Input

|

|
[ T
0 > 4 6 8 10 V2ing, |CECS 2014
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Application: microwave power detection

——=0 4

= C detected voltage

Y

Basic detector circuit

Output voltage (V)

10 L — ==———
Linear law detection
1 - ; ./
0.1 ,/ —
0.01
131072 =
1% 10"
1% 1079 = = —— —
:i Noise limit —/—————
1108 -
*"“_e0 50 40 -30 -20 -10 0 10

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

pp. 65—67, Jan. 1995.

Input power (dBm)

Wetenkamp, IEEE MTT-S Int. Microwave Symp.

ICECS 2014
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Voltage rectifier with DC load - 1

Output voltage ripple

< o O Vin A V
— | P _
ID — Iix\/t_ e .= -1 VO
2l +lg A
-
+ — T2 0 T/2 {
C—I D— Vin C Tl Q Ve
- L
I +lg I +lg
_l_ The discharge rate of the capacitor
I, :dQC :CdVC =1, +1
dt dt
0
I, +1. T I, +1
[av,=Av="t—"8 "1 s
C 2 2fC

-T/2

ICECS 2014
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Voltage rectifier with DC load - 2

+ Vg - V, Steady-state analysis
——P _
b D ;] o (—vp—vo] - (vp—voj
+ — S ng, ng, .
TV, C — j e —1 Z+I e —1 dt —IL
<> - IQ r ~T/2 0
Waveforms for V, >> ng,
Vi a BV Assumption: very low ripple - V, =
: =S P constant
____________ b ___1_ V,
-T2 0 T2 l ; V_o —1In cosh (VP /n¢t )
neg, 1+1,/1g
_VP
IDA lp =21 +lg
_________________________ | =lelg
-T2 0 T2 2»
— -Is t

ICECS 2014
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Voltage rectifier with DC load - 3

Vo

+ VD -
—
b D
+ p—
Vin C

Vp>ng, —

Half-wave rectifier

/

Vp=150mV

® Meas.

Diode “ON”
Input voltage drop
\ |
!
I, +1
V.=V, —ngIn| £—L
I,

Waveforms for vV, >> ng, 0104 né=48.5mv
walall IL | =4 BEnA
Vi, " (+/0) v. Jos l, = 4.5 nA
______________:"_“‘_'I _______ vV 1 Vin: Square wave f=125kHz
5 ]
> < 0.06-
-T/2 0 T2 t — Vp=75mV
S —
Ve > 0.04
=2l
IDA P L+|0
0.02
——————————————————— I =(lp-1,)/2 00 +—F——r———
-T/2 0 T/2 P 0) 1E-11 1E-10
| | >t I (A)
~lo
ICECS 2014
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The voltage doubler

——PCE@ V,p/ng=12

071 . P - PCE@V,/ng=6 324
| | . ‘. ,-"/ \\'\., - PCE@ Vp"'"¢1=3 29
Vm VX Dz, V 06+ oS AN ~—~PCE@ Vp/ng=1.5 1 50
—_ I i + . H L . 5_ ' \l\\\ \\\\\. —.— VL@ fonlbt:‘]z 18
C1 Dz . :-"If r,/ [ \\\ l\\\l \\\ rFe UL@ Upjln¢‘=6 16
x \ L 0.4 I I . \\\ k- V @ Vp/ne=3 344 =
Dy YT T I B N TR T IIAE
C) Vin kD1 C2\ Q II__ o 03 _h‘- -‘,__;fi" I \‘\ 1\\ :;'
—_ I T \\ \ ’ :In';ﬂ “‘L\H | ‘ \ \‘\ 10
D1 N \ 1/ M - N N
T—= \ 021 s s ) ﬁ\ 6
\ ] ,;""_." . ] \
= NN /i o =\ .
\ \ 0144 7 g Y Y
N \ o -,*l : A NN
P Y A (o I N = 12
PCE — " load __ \ L\ 0.0 - 0

“\ 100m 1 10 100 1k 10k 100k
//

LY
P’ I)load + Poss I /1s

Fig. 3. Power conversion efficiency and load voltage of the voltage doubler
versus normalized load current for values of |5 /e equal to 1.5, 3,6, and 12.

PCE: Power Conversion

Efficiency
1—"¢f1n[2(1+1L /1)]
P V,
PCE = = £
Pout + Ploss (1+IS /IL)
ICECS 2014
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The voltage multiplier

[

| |
(3n-1|L

C1

Dn-1

s

@Jin DTA
_ !

I

<
D2

C2

NkVL
Dn

Cn

1

N-stage voltage multiplier

Applications:

= Generation of voltages higher than the supply
voltage, for EEPROMSs, flash memories

= Energy harvesting for RFID tag chips, for example

ICECS 2014
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Diode connected MOSFET
3 /

10“; e G
— /

Wy D B S

100n 4 \/

|

|ip|(A)

Zero-VT MOSFET]|

10n . . . . ,
-200,0m -100,0m 0,0 100,0m  200,0m

vp (V)

Low-voltage I-V characteristic of a
diode-connected zero-VT transistor.
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Vout [mY]

AC/DC converter in 130 nm CMOS technology

N=18-BLACKDOTTEDLINE ~ N=24-REDSOLIDLINE N =36-BLUE DASHED LINE
1000 T T T T T T T

900

800

700

600

500

400

200 i i i i i i i
700 750 800 850 900 950 1000 1050 1100
Frequency [Hz] @ Pav=-20 dBm

N =18 - BLACK DOTTED LINE N =24 - RED SOLID LINE N =36 - BLUE DASHED LINE
3500 7 T T T T

3000

2500

2000

Vout [mV]

1500

1000

500

Pav [dBm] @ Frequency =900 MHz
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ULTRA-LOW-VOLTAGE (ULV) IC
DESIGN: DESIGNING FOR VDD
BELOW KkT/qg

Chapter 4

Ultra-Low-Voltage (ULV)
oscillators
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An important application of ULV

oscillators
1 UA
—
1K| TEG |30mv| OSC p.2vp-p| Dickson
= PPl acpc| 1V
AT Voe Vac Ve

TEG - thermoelectric generator

OSC - oscillator

ICECS 2014
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Inductive ring oscillator - 1

O

Voo Voo o
+ +

L L
—g —g vio 9nVin | [ame 3L | |ep T ¢ Vou

e LB T

i ) V{mt _ g T J_
- = I'fz'n Imd T+ G P 1 — :I' tan (EJ
2
Stage 1 Stage 2 tan q"J _ 1 LCw

. wr‘(ﬂmcﬂ + (;p)
Cross-coupled LC oscillator

Criterion for oscillation (Barkhausen)

== g0 &V, V=1 Ty 8

w’LC =1

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

Voo
EL

£ S|

VDD

Oscillation frequency w’LC =1

Voltage gain—&n 1
gmd+GP

What's the minimum V for oscillation?

Cross-coupled LC

oscillator Recall that g = 8ns ~ 8md
n

Voltage gain=1=) (i) %=1+n(1+ ng j

. . L gms — ,'ps'% _— VDD I — —
In weak inversion = (i) =e™'" =" since V, =V, =V,
md

Voo min =@, 10 1+n(1+ GPJ =@ In[l+n] for Or <1
gmd gmd

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

ICECS 2014 51



ut (VDD=100 mV)

el

out

\ A

Inductive ring oscillator - 3

7-stage ring oscillator

Zero-VT

L,.,=100 nH

dBm

=50 —
-55---
—70- ]

-30 -

VDD,min 32.6 mV

W/L = 150 um /
0.48 um

frequency 1.07 GHz 730 MHz 560 MHz

ICECS 2014

550 555 f[MHZ] 560 565
37 mV 40 mV 53 mV
560 MHz
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Inductive ring oscillator - 4

Questions:

1. How to reduce Vpp in?

2. How to increase the Vp,-limited
voltage swing?

Stage 1 Stage 2

: Change topology, e. g., take
Introduce voltage gain advantage of CG gain

from drain to gate g

> Enhanced swing
Voo Voo Colpitts oscillator
Enhanced swing 5 . L, (ESCO) *
IRO (ESRO) ! , !
2

Stage 1 Stage 2 =  |EEE JSSC, Aug. 2011.
53
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ESCO: small-signal model - 1

=
31-1 G1 J=_
D
Yo gV
gmsvs gmdvd Q VvV
—c, = = |
c 2 ® ¢ N L

V, v,
C L, p— G,+g,
2 62 ng :: 02 ; CZ ﬁ 2 gm
. =
= . C,
Vv 9n = Gms~ (1+?)gmd
- d S _ 7 1
Vs — C 4 gmsvs_gmdvd :gmvs
2
1+—=
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ESCO: small-signal model - 2

I

=

-

||
|1
O

w0

C

| |
i
O

Ci¥ .. .. 1_1.,C 31
6a=6rt(Gag) G490 5 L eae) 1

oq

Second-order small-signal model of
the ES Colpitts oscillator.
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ESCO: start-up condition :
Gn 1
*)'+£2 Vd(T) Leq
gms>[1+&]8md+QG2+[2+Q+&]Gl - C:
C, C, ] 1

Optimum value of capacitors

to minimize g, (for the conventional |:> 2 — G +6,

For ideal inductors (and :> g > (1 + &} g
capacitors) G, =G,=0
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Colpitts oscillator: first prototype

Powered by a
thermoelectric generator

VDD
"
L,=9.8 mH
Rp=600 kQ
Cyq=42 pF
——|E Cp™O0PF | ¢ 154nF
| i T Re=1 M
Cys*Cgy=97 PF
L,=9.8 mH =L CZexr=440 pF
Rp=600 kQ Re=3.5 MQ

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

Zero-VT
IBM 130 nm

Vpp=440 mV

Tk AN e ey

Trig'd
T

u

ANy AR

-~ C2/C120.12:

il Toomv on

Mi2.00[s A Chi & 124mv

L1

Transistor
zero-V;

4«

bD
L,=9.8 mH
Rp=600 kO

]

AL

=

=

Some values
=t o

1,=9.8 mH

Rp=600 kO =

W/L = 2500 um / 0;42 um
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f,..=110 kHz

L C,~440pF

Rp=7 MQ

=
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Second prototype: experimental

results

35

:::::::Zil limit (2) S i mu I a t ed

30~ B experimental
gs experimental
% 15

10+ 3

ol

U .3 ; -2 : -1 1]

10 10 10 -

C2/C1
f,s=110 kHz
weak
inversion
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1800

1600

1400

1200

L,=9.8 mH
Rp=600 k)

_HE-:L- —c,
Transistor/
zero-V;
L,=9.8 mH A ¢,
Rp=600kQ TR
= =
Vpp X VDD calculated
DD
Ad.max:m
: : s
T i R S h o]
: : KA : : !
‘""'"'"'"'f'"""""""f""““T:';"c27C'1§io;12"f """" N i
‘ 3 ‘ SI*T 3 ; ‘ 3 NS
e IRREIEI ST LR I ot S PR
‘ ; : L el
: ‘ : SEC
o e
| T
Kd
R R I ./ o N R R L SRR
. e . .
. . R . .
= . B \’ rrrrrrrr - e -]
b/ || .2 . simulated
I S SR SR o *  Experiment C2C1=029 | .
‘ § § : O  Experiment C2/C1=0.12
L 1 i i i i i | |
10 20 30 40 50 60 70 80 90 100
Vdd [mV]
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ESCO designed for operation at 800 MHz

VDD
Vouttor +
L=1360H . T _____________
Q=139 ; :
C,70,66 pF U Couer  Invi Inve  Invs
Cys=0.7 F

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

80 1 1 L I L
550 600 650 700 750 800 850
f [MHz]
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Enhanced swing IRO (ESRO)-1

VDD

Ly=4.6 uH

Q=57
L,=1.16 mH
Q=60

L,=1.22 mH
Q=62

L, L . —

V

Ch1| So.omVOREIE S0 0myOoRM 400ns A Chl £ 52.0mV
ICECS 2014

L;=4.7 uH Tek_ﬂu_ﬂ [ | — ]_

N N T TS

e |

'VDD=3.7m V |
50.0MVCrSEEE 50.0myOSM 400ns| A Chi £ 52.0mV
(al
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Enhanced swing IRO (ESRO)-2

VDD : 1
=—Voltmeter
L4=4.6 uH L=4.7 pH
Q=57 Q=52
L,=1.16 mH L,=1.22 mH
Q=60 Q=62
LYY Y\

= 1

Stage 1 Stage 2
Z
Experimental . ; ; : : ;
B *_,.—’.’ Fig. 13. Picture showing the discrete prototype of the enhanced swing mduc-
. L~ | tive-load oscillator and test equipment.
141
12+
=
o 1
o
=
VERS
06
0.4
02t
i - L i L L i
o 5 10 15 20 -3 20
UDD [mi]
Fig. 12, Simulated (dotted line) and expenimental (solid line) peak-to-peak gate
voltage versus supply voltage of the ES mductive-load nng oscillator. ICECS 2014 63



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

B Theoretical IC prﬂt?typr:TlSDmn Discrete
T'opology V. (min) * CMOS prototype
dd Lll;.l’(f [r”:-'l”-} ﬁa.w' l"";.l’c.l’ EHHH} Jlr;.l.'!-'-l"
ILRO ¢, In(1+n) 53mV | 550 MHz | 50 mV 11 MHz

L
ESILRO :;gln(lm | ] 30mv* [400 MHz | 3.5mV | I.1 MHz
p:

_ C,/C
ESCO @}lnfll—-'—l—] 86 mV |700MHz | 15mV | 108 kHz
s 2

* For lossless passive devices and operation of MOSFETs in weak inversion
~ Post-layout simulation

ILRO. ESILRO. and ESCO refer to inductive-load ring. enhanced swing
inductive-load ring. and enhanced swing Colpitts oscillators, respectively.
Values of components:

ILRO — IC prototype — L = 100 nH. ()} = 8.

ILRO — discrete prototype — L = 4.6 nH. QQ = 50.

ESILRO — IC prototype — L, = 20nH. Q, = 9: L, = 80 nH.
{-22 = 8.

ESILRO — discrete prototype — L, = 4.6 uH. (), = 55.

Lo = 1.2mH. Q)2 = 60.

ESCO — IC prototype — L, = 13.6 nH. Q; = 13.9. L, = 24.2 nH,
Qo= 13.3.C, =6 pF.Cs; = 3.5 pF.

ESCO — discrete prototype — L, = Lo = 9.8 mH. Q, = Q2 = 80,

Cy = 1.54nF.Cy = 0.44 nF.
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Zero-VT transistors

Step-up converter-1

Fully-Integrated Oscillator

1a3ynq abejjop Jo3e1950

s
&
w
o
L
3
g

1mm?nP

* 11-Stage Charge Pump

IBM 0.13 um technology

14mmA

11-stage Dickson
charge pump

Zero-VT transistor as
a diode
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,=18.8 nH, L, =66 nH
Q=8
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Step-up converter-2

Experimental results

Pout

r 1 5 ‘ ‘ -
‘| —#— lout=10nA —&— |out=10nA
‘| —©— lout=100nA 457 | —@=—lout=100nA [ g
|| == lout=1uA |-/ .. —— lout=1uA
‘| =b— lout=2uA AF | P Jout=2UA | o
! lout=5uA lout=5uA
‘ B T e
§‘ 3 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
=, ‘
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr D 25F b
=]
(@] .
o ] T e e S N P
B A [
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0-5,,,,,,,,,,,,,,,,,, S
i i 0
v 90 Vv 95 100 105 110 70
op [MV]

1
100 105 110

Start-up atv,,=1v

I, =1UA
Vop,min =73 MV

VDD = 86 mV
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