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Industrial Revolution
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* Industry 3.0
* Processes Automation . Industry 4.0
using electronics and .
information technology

Smart and Green Industry
—a 1.3 billion dollars
worldwide investment

ars A INDUSTRY 4.0
e INDUSTRY 3.0

INDUSTRY 1.0

Mechanization, steam
power, weaving loom

Automation, computers Cyber Physical Systems,

and electronics internet of things, networks

1784 1870 1969 TODAY



Moore’s Law GeePS
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1965: Moore’s Law: Prediction of future of integrated circuits

Integration density versus time | @ srousn oo
. . - AR ARRAYS
Integrated circuits market s Sostonc
% 4K
g
S/circuit g =
8
16

Y
# transistors/circuit

Theoretical limit: 8-12 nm

Source:

D. J. Frank, R. H. Dennard, E. Nowak, P. M. Solomon, Y.
Taur, and H. S. P. Wong, “Device scaling limits of Si
MOSFETSs and their application dependencies,” Proc. IEEE,

vol. 89, no. 3, pp. 259-287, 2001. 20 k transistors 3.1 M transistors 1.6 B transistors
http://www.computerhistory.org/ Intel 8086 — 1978 Intel Pentium - 1993 PlayStation 3 - 2006
http://www.tayloredge.com/museum/processor/processorhist 3 um 0.35 um 90 nm
ory.html More than Moore Analog Electronics for Harsh 6
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© : Nanoelectronics

g 10nm 1999

o :

)

= 1nm -

0.1 NM b L A e
1960 1980 2000 2020 2040 2060
lonescu, Adrian. (2008). Year

Nanoelectronics roadmap: evading
Moore's law.
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AMD’S MOST ADVANCED MOBILE PROCESSOR

“Llano"

w5 6/20M “Trinity" !
4th Gen Intel® Core™ Processor . ‘ “Kabini"

0.968 transistors, 131mm? f2013 E ?(avef:'

Carrizo”
e

“Beema’ AMD Ryzen™ Processor
e “Bristol Ridge' bla . *

35% more 37% smaller
transistors die size

5th Gen Intel® Core™ Processor
1.3B transistors, 82mm?

TSMC 7 nm
(2017)

Intel 14 nm Intel 14 nm TSMC5 nm

(2017) Power-30% . ©
el Performance +15% = " ©
(2020)
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Industrial Revolution 4.0
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* Internet-of-Things (loT) are introducing new power and
decision autonomous electronics in consumer products

 Ultra-low power
« Al-edge
* Real time

More than M
El
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Circuit level
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c Im
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ToTe tharn vio lectronics for Harsh

Process level Enviro Applications

Transistor level




SiN Passivation Layer PAD

Proc.ess IﬁLeveI — SOI Technology
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e électrique et électronique de Par

Strong inversion MOSFET

Sorbonne Univ.

Transistor Level — from Weak to Jv GQEPS

Weak inversion (WI)

|74
Iy; = Ise GS/77¢1: ) [, = NG P:

Strong inversion (SI)

2
Ngm

1 /4
2 Io; =
ISI — 2 .un 0x (VGS I/th) — S1 2 I Cox (W /L)

Ve, is the threshold voltage at Vgg = 0,%/, is the geometric ratio, u,,
IS the mobility, is n the slope factor (from 1.1 to 1.5), and C,, IS
the oxide capacitance per unit area

More than Moore Analog Electronics for Harsh
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Transistor Level — All-region M
CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

“interpOIation” mOdeI Sorbonne Univ.

interpolation I = ngm

lwi = NGm, A—— B Z,unCox(W/L)

For g,, = o, Iy 1S negligible; while for g,,, = 0, Ig; is negligible

Ip = Iy; + Iy = Ngmee |1 + = ]
Zﬂncox¢t(W/L)

(W/ Do

Ip =ly |1 (W/L)

9dm = Zﬂncoxqbt(W/L)th

where (/) is the normalized aspect ratio

14



Transistor Level — The Unified ljv GQEPS

Curre nt CO ntrOI MOdel (UICM) CNRS UMR 8507, Cen'lcratleiupetzlelzc tUn:/ P(;rlz -Saclay,

Sorbonne Univ.

aID _ aID — gms
GID 6lf ZIS
=2 1441
ngs 3y, = Iy =, (C1HV1+I)
Vy '

— aVS

B dif
2 (1T )
Ve — Vs = ¢|J1+if —2+In(—1+/1+if)]

Ve — Vin

n Vp (pinch-off voltage) comes from
the channel length modulation effect

Vp —

C. Galup, M. Schneider, and I. Si, “The compact all-region MOSFET
model : theory and applications,” in IEEE New Circuits Syst. Conf.,
2018, pp. 166-169.

More than Moore Analog Electronics for Harsh
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» Black box approach
Design of Experiments

B * Intuitive Design
o e e eiadadaa LT
301 o4 gy
—_ .. %0% 40 T T
— = ® L=0.13 ‘
'> = 30nm model + L=0.23
= 201 e simulation 35 = L=0.33 M 'l
- ==+ 60nm model 4 L=043 Y A/‘/‘
E 4 simulation 30 ¥ L=053 /;/:/4/'/ (|
H - » o -
O — . 120nm model t" ?'6? e ] L 5
101 ] simulation 8 - ’;,4—474—4_47&4“‘"" " ' L 13
480nm model QE 25 ey g pnnn . i "
A simulation ) i o S i
T T T T 20
-11 -9 -7 -5 I
10 10 10 10 Strong Moderate Weak
In/(W/L) (A) - Inversion Inversion Inversion
P
99 0 09 ¢ ¢ o 0 0 0 00 L

P. G. A. Jespers and B. Murmann, Systematic Design of Analog CMOS Circuits L
Using Pre-Computed Lookup Tables. Cambridge University Press, 2017. 105 10 15 20 25

g /I [SIA]

ngmqbt 2 '

gm
I > =
7 1 + 1 + l More than Moore Analog Electromcsfor Harq¢t(1 + V 1 + l )

Environment Applications
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Circuit Level — Find the GeePS
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« EDA Optimization problems

<
%10
:I)E

0 0 AN ==
10m 100m 10 100 1k 10k In 10n 0.1u lu 10u 0.lm Im In 10n 0.1u lu 10u 0.lm Im
IC@27°C (A/A) JDS@Z‘;OC (A/pm) JDS(c}_ 27°C (A/pm)

Noise SR -1

] DS = — Kf .gm ] DS
W fco =
——— J. Ou and P. M. Ferreira, “Implications of Small Geometry Effects on gm/ID Based Design Methodology

for Analog Circuits,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 66, no. 1, pp. 81-85, Jan. 2019.
J. Ou and P. M. Ferreira, “A gm/ID-Based Noise Optimization for CMOS Folded-Cascode,” IEEE Trans.
Circuits Syst. Il, Exp. Briefs, vol. 61, no. 10, pp. 783-787, Oct. 2014.

S - L E [ I’ [ More than Moore Analog Electronics for Harsh
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System Level — Hybrid Uv GEEPS
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* Novel Topologies as hybrid and
heterogeneous solutions

 Performance constraint share

* Faster, higher resolution and low power
IAX Algorithmic SAR

Vin -1 J
re s*.et
So Sy

“Vies OVigs

-1

i§ N

Binary Search }e==S,
V .
ﬂ S{] S.] th2

Capacitive-DAC ;ﬁ
'Vref 0vref
100 MHz, 3.5 bits, 5 mW 100 MHz, 4 bits, 7 mW 100 MHz, 6 bits, 2 mW

P h . D . L . CFOI’] ADC pI’OpOsa| A. V. Fonseca, et al. “A Temperature-Aware Analysis of SAR ADCs for Smart

Vehicle Applications,” J. Integr. Circuits Syst., vol. 13, no. 1, pp. 1-10, Aug. 2018.

More than Moore Analog Electronics for Harsh
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System Level - MEMS GeePS
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Resonator X

Mechanical { z(t) = X sin(Qt + ¢)

(M.Gouspy) K X (1 + E)afY: Qaa
~ TIA _OpAmp Converter
:’: D > (A. Mostafa)
. _
Electronics Transconductign gain YA 2
(Jodo R.R. 0. Martins) f + ph{S‘e—Shift
~ TIA_OpAmp

Resonator Y
K x (1—
y(t) = Y sin(Qt + ¢) T U@

6= 5 -(1+20¢)

Unreliable

V2

Electronics v :g- 1 4+20| e+ E A6

P. M. Ferreira, et al, “Process-Voltage-Temperature Analysis

-10 ‘ '
of a CMOS-MEMS Readout Architecture,” in Proc. IEEE Vore than Analoq £l s for Harsh 0 50 100 150
Design, Test, Integration & Packaging of MEMS/MOEMS, ore than Moore Analog Electronics for Hars 19
2019, pp. 14, Environment Applications
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Génie électrique et électronique de Paris

S | I | CO n | n P h Oto n | CS CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

Sorbonne Univ.

More than Moore: Ug GeePsS

Through S1 Vias

Up to 56 Ghps

Stacled Memory Microbumps

Logic Die
CPU/GPU

Package
Suhstrale [ I ]

[ i ASIC Package Substrate i l

(a) ()

 Better data transmission — Light is not bounded to wire
connection limitations (8 Gbps for PCle)

 Higher integration costs — Requires a SiP post processing
« Smaller footprint — Computer Motherboard in a single ASIC

More than Moore Analog Electronics for Harsh

Environment Applications 2L



A 0.9 pJ/bit, low-ER GeePS

Génie électrique et électronique de Paris

S i P tran S m itte r CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

Sorbonne Univ.
Ph.D. A. Mlchard solutlon

[\

« Heterogenous SiP solution

I ot RN (%, 7 & GO — bond wires connection
B » System-level Optimization
lnw-m:ﬂhg—uwm o . ' F & e Power Consumption

e Extinction Ratio reduction
« 20 Gbps data rate

A. Michard, et al., “A sub-pJ/bit, low-ER Mach-Zehnder-based
Transmitter for chip-to-chip Optical Interconnects,” J. Sel. Top.
Quartum Electron., vol. 26, no. 2, p. 8301910, 2020. 25

g

........

1 segment MZM§

,,,,,,,

i L MZM '0.:9'“' N ; 103pib
ER = 073 dB _ 1l a"!'!*!'"r' ...... i - / ’// ’.. :&2.5 \ 20 %:,
20 Gbps 4 1 ; _/_nid P , % 5 E
0.9 pJ/bit E— S : g
P 2 1s § § 2
wpd N N 5
_ = = \ X S
2 2 215 25 pIb” %mj % % § ; 2
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s " 08 11 135 18 22 27 ’
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o e I [ aser power (W) e Driver power (W)

Time (ps) TIA + SerDes power (W) —s=—Driver swing (Vpp)
More than Moore Analog Electronics for Harsh
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Biological Solutions « Software Solutions
 lon charge conduction . Binary based
« Living cells « Von Neumann Computer
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Neuromorphic Analog
Spiking-Modulator GeePS

CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

a 55 nm Integrated SNN solution  sersemeuriv.
« Analog Hardware Solutions

Voo
« Neuron model validated
Mﬁ’_’:“ | MPrs s s : I. Sourikopoulos et al., “A 4-fJ/spike artificial neuron in 65
% Vinrs FS : nm CMOS technology,” Front. Neurosci., vol. 11, no. 123,
lfs ! pp. 1-14, Mar. 2017.
Vin(t) Vin[n] C e
» Lack of plasticity in synapses
g3 | Gy G. Indiveri et al., “Neuromorphic silicon neuron circuits,”
C‘) == Front. Neurosci., vol. 5, no.5, pp. 1-23, May 2011.
Vss
. ~ 100 r T T T T T
2.83 fJ/spike = ;
A —AM % of Vao-amy vV, [#=59mv ]
— r Vv, [3]1=-68mV
>”_‘ _100 | | | | L 1 L | |
10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
g ; 100 T T T T T T T T T
y g |
: w0 I
- T u
= 100 = T A
10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
: g 100 Low [, | " High/spike | f ‘ T High f\wh ‘ f
= : \-/VJ 0 Low fi])!kt’ Low fsprke
E
< 1.95 ﬂ/s.plke> = i
24.5 um > -100 i .
10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
Ferreira, P.M., et al. Neuromorphic analog spiking-modulator for audio signal Time (ms)
processing. Analog Integr Circ Sig Process 106, 261-276 (2021). NASP: 9 bits de resolution, 8 fl/conv
https://doi.org/10.1007/s10470-020-01729-3 More than Moore Analog Electronics for Harsh o4
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Harsh Environments: GeePS

Génie électrique et électronique de Paris

Rad I atl O n an d A I n CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,
Sorbonne Univ.

1.E+04 1 IM CFR Wearout
: . Decreasing 90/65 nm
. _Fallure Is s il iptels Tl <15 years
Increasing In 2. g m 180 nm
nanometric & ey y
) i ‘e >100 years
electronics ok XN
1.B+02 1 *a creasing
* Transistor Burn-In ailure Rate
lifetime below
few years! 1 E+01 HASS | Constant Failure Rate |

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

n+ lontrack

Time(equivalent hours)

M. White and Y. Chen, “Scaled CMOS Technology

o ' Reliability Users Guide,” JPL Publication 08-14
$:20 Increasmg : 3/08, 2008. (NASA report)
+ -
QETE
++
++- - + Error Densn&y n Moore Analog Electronics for Harsh 26
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Transistor-level: vg GeePS

Génie électrique et électronique de Paris

R e I | ab | I |ty R eS | I | e n Ce CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

Sorbonne Univ.

.AIDS/l.DS. /2(\)% | Ag'm/lgm .

12| 12|
1| EEEEETE
> o8 < 08
n n 2%
5 06 5 0.6

> : >
04 _ Ny 0.4
Reliable Design Space 1 = Reliable Design Space
0.2 : - 0.2
02 04 06 08 1 1.2 02 04,06 08 1 12
VDS V) DS V)

Modeling HCI and NBTI of ST 65 nm

P. M. Ferreira, H. Petit, and J.-F. Naviner, “A New Synthesis Methodology for
Reliable RF front-end Design,” in Proc. IEEE Int. Symp. Circuits Syst., 2011, pp. 1-4.

Enable a gm/ID meth(_)d()logy P. M. Ferreira, H. Petit, and J.-F. Naviner, “A synthesis methodology for AMS/RF

circuit reliability: Application to a DCO design,” Microelectron. Rel., vol. 51, no. 4, pp.

Negligible aging — reliable design 7es-772 pec. 2010

Space More than Moore Analog Electronics for Harsh

Environment Applications 27



System-Level: Faulty GeePS

Génie électrique et électronique de Paris
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Sorbonne Univ.

* Continuous Time XA _ gjj
ADC S - i
+ Building block failure £ Eoml
tests S = =

10° 10 10 10 10 10 10 10 10

; 10 10
* O pAm p Fal I ure Normalized frequency Normalized frequency

« Gain drop
[ ] GBW Iimitation °r ?.'—\dealmodulator 0 = |deal Modulator p p-::: Itter

© | == =Skewl(lowV _model) 15ps ji

1+ Skew2 (standard V. model) o 20pitter

_a0|' = ' 30pjitter

=301

« Skew
. 2 3 -s0
a a
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. ) ) — SR [deal) 582508 - - .. | SR iier - 30p1 26,008
P. M. Ferreira, H. Cai, and L. Naviner, “Reliability T sNRiskewiyzstads 120 I I S —20p) - 3240
P : » : = - [ ¥ . X L SNR(jitter = 15p)= 40,9dB .
Aware AMS / RF Performance Optimization,” in s : T o] SWRMSkewrsa22dg 140 » - IR i
. . . . . 2 3 4 5 6 7
Performance Optimization Techniques in Analog, 0 0 N equency (Hz)” 0 10 10 10 Frequency (HD). 10 10
Mixed-Signal, and Radio-Frequency Circuit Design,
Eds. IGI-Global, 2014, pp. 28-54. More than Moore Analog Electronics for Harsh
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Harsh Environments: T, \§ GEEPS

Génie électrique et électronique de Paris

H i g h Te m p e ratu re CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

Sorbonne Univ.
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Smart Vehicles — efficiently sense and
communicate with other nearby devices
Safety in working environment — high
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Low costs — use standard processes,
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Harsh Environments: [ \§ GEEPS
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Génie électrique et électronique de Paris

gm /ID M et h O d O I O gy fal I S CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,
|n hlgh tempera‘ture Sorbonne Univ.

riGeePs
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Temperature Aware Ug GeePS

Génie électrique et électronique de Paris

gm /ID M eth Od O I Ogy CNRS UMR 8507, CentraleSupélec, Univ. Paris-Saclay,

Sorbonne Univ.

J. R. R. O. Martins, Ph.D. cand methodology
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! — T=27°C ! —— T=27°C
06 ! —T=75°C |__ 06 ! —T=75°C
Ny : — T=125 °C ;\“ — T=125 °C
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= 0.2 : = 0.2 ! |
0 L=10um ! 0 L=0,18um :
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g 1 / Temperature Normalized Parameter
m

- J. R. R. De Oliveira Martins, et al., "A Temperature-Aware Framework on gm/ID-Based
- g Methodology Using 180 nm SOI From =40 °C to 200 °C," in IEEE Open Journal of
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