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More than Moore

More than Moore: Diversification
Technology 2
diversification

More Moore: Analog/RF Passives VU~ SeNSOrS - pisoping

versus pure scaling Miniaturization power Actuators
_ _ 130 nm Co%f ~ Interacting with people and environment
Not only information  90nm Wing oL ol
rocessing applications Baseline system-T: package
Eut also sgengfng GMOS: 65 nm § o tormation %‘?’”'.? <
/ CPU K
o ' 45
communications, Memory, m Ef"f’e?s'"g &e’% Ny
power control... Logic 32 M § e et
22 nm [SOC}
Ubiquitous computing v 7
v
Interaction with the Beyond CMOS [ITRS]

real multi-domain
world! (physics,

chemistry, biology,
medicineY..) & A New market demands for custom smart

sensors as core of heterogeneous systems
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What is Missing

V¥ Why some sensors are not smart enough to reach application stage?

device — circuit — system

100nm lum 10pm 100um 1mm 10mm 100mm
1 ] | ] l | ~
I | I I [ | I <
1pW 10pW 100pW 1mw 10mW  100mWw
Missing read-out
integrated circuit
(ROIC)!
signal power
Mi integrity ¢‘¥ management M
icro cercor signal acro
world biasing sensor processing world
calibration
PVT multi-sensor
compensation muxing

communhnications
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What is Missing

V¥ Why some sensors are not smart enough to reach application stage?

device — circuit — system

100nm lum 10pm 100um 1mm 10mm 100mm
| | 1 !

| | ~
I | | | | I | -~

1pw 10uW  100pW 1mw 10mW  100mwW

60

Missing read-out
integrated circuit
(ROIC)!

- Technology Apps specs
MICro . npatibility Controllability MaCKrO
world Device modeling & observability  \world
Yield Packaging

optimization strategy

V¥ Multi-disciplinary design work can be a hard task
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Filling the Gap
» Each smart sensor » Real smart sensor examples developed
usually requires its by ICAS group at IMB-CNM(CSIC):

own custom ROIC!

» General ROIC figures
of merit (FOMs):

® Small size for light
packaging, aggressive
system scaling and ubiquity

® Low power for extended
operative life, minimum
overheating and local
energy harvesting

® Low cost for mass
production, disposable
products and multi-sensory
applications

F. Serra-Graells EUROCON 2015



How to Make Your Integrated Sensor Smarter

What is Missing?

Too Tiny to Be Touched
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Too Tiny to Be Touched

ROIC first challenge is to link the micro I i I I
and macro worlds by supplying the needed scd

/
B Sensor signal power B Signal integrity //
B Sensor geometry B Connectivity —
~N

B Sensor impedance m Protection against parasitics N\

Minimum area and power overheads wanted

Not all integrated sensors operate in the same
signal domain, e.g.:

i

A ALY %Jj

o]

Current Voltage Charge Impedance

F. Serra-Graells  EUROCON 2015
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NEMS Resonator Characterization

Applications in quartz
crystal monolithic
replacement, accurate mass
sensor and more...

Mechanical resonator at
frequencies exceeding MHz

A CMOS post-processed using
nanostencil lithography (nSL)
at wafer level

A Very high Q factors
V¥ Accurate modeling needed

in terms of size, materials
and package air pressure

Tiny 10/60

NaPa

Driver

X i Anchorage

lu

I \>

Cantilever

coup

" AT 1
I |
| |
[
o ; qur;l I o
YL/ \JI7
v R.‘"C.‘a‘ Lf'(ﬁh‘ Cf'(ﬂ.‘a‘ hd
Parameter Value Units
; Lot [Ew W 12;’: o
res — ) -~ fm
2m p L H 580  nm
D 650 nm
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NEMS Resonator Characterization

» ROIC designed for the
solely purpose of sensor .
characterization dri\vi o
|

anchorage

+
» Interface challenge: L—@—o—— f .
VM“H Tes meas

® Current-mode read-out
m Weak signal (nA)
B Parasitic capacitance

4
-

]
=
g

I -
par ==

cantilever ‘L,
» V.,

W .
Ji= 5

0 meff
eres dvosc dOmot

Ires — = Usta Vias - Vre
dt tat—g + (Vo ) =
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NEMS Resonator Characterization

+ |
» ROIC designed for the y I@_Eﬁ

solely purpose of sensor ;I;
characterization

» Interface challenge:

® Current-mode read-out
m Weak signal (nA)
B Parasitic capacitance

» Current conveyor (CII)
based ROIC:

B Low input impedance
® Output current scaler

® Built-in bias generator —o—>
Veusn Z
? M12
Iy 0 0 0 Vv
Vx = 1 0 0 Iy Mi1
Iz 0O —MN 0 Ve
N
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CCII- CMOS circuit

NEMS Resonator Characterization

1 LT
» Monolithic integration at IMB-CNM(CSIC)
and experimental results:

Parameter Value  Units

Ryes 40 MQ

o T ) T ; T j Lies 33 kH

' fhes = 1.5MHz | Cres 034  aF

Q o~ 8000 : Cstat + Ceoup 275 aF

o
J
noiey
<f
o}
B
o
=

Ccant <50

1
ot

I
ot
ot

Nano-cantilever

Normalized magnitude [dB]
—_
S

N
S

5 4 -3 -2 -1 0 1 2 3 4 5
Frequency offset f-f, . [kHz]
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oF- ' _________ ' _____ o &Pall _____ P ' ......... ' _________ ' _________

NEMS Resonator Characterization e

Monolithic integration at IMB-CNM(CSIC)
and experimental results:

Normalized magnitude [dB]

04 - it b E
: o 350) <
; 125099 o
=
. ] {2,0(280) =
N -1004{ n
L L b
S 3 :
" 150210 2
W : : - =< .
x 5 5 5 ) g0
Y 2004 41,0(740) "= =
N | - %
i : g =
] Ho.5(700 @ &
3004 3 ) S
. k ; =
S qoo [ & Z
—— —————— : ) s
0 40 80 120 160 200 240 280 320 360 /a “

t (S) Equivalent mass (ag)

5 -4 -3 -2 -1 0 1 2 3 4 5
Frequency offset f-f  [kHz]

TeEs

g J. Arcamone et al., A Compact and Low-Power CMOS Circuit for Fully-Integrated NEMS
Resonators, IEEE Transactions on Circuits and Systems-II, Vol.54:5, pp.377-381, May 2007
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Process & Matching Nightmares

V¥ Sensor technologies tend to ~ Common
interference +
suffer from large process and (mechanical,
mismatching deviations Shermall _
optical...)
Differential
reading

Countermeasures at ROIC level?

m Blind sensor for process and interference
cancellation in differential read-out, but its
effectiveness can be limited by
mismatching itself

e.g. Gaussian
Pelgrom Law

\

® Large area, minimum distance and ‘D
symmetrical layout design 22 N
o (AP)= L +B3D
® Calibration mechanism WL <~ AN
(automatic or with external control) ?0;7 Global
m Digital post-processing may be too / \

e.g. dopant e.g. thickness

late to recover dynamic range! _
non-uniformity gradient

F. Serra-Graells  EUROCON 2015
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A Microdroplet Dispensing System

Applications in photonics, 5;/,_)/

molecular electronics,

digital I/O
ROIC

reference

biosensors... pipet

* $200%um

active
pipets

Fluidic NEMS
operated as a
bioplume

battery

Accurate positioning
for microdoplet high uniformity

piezo-resistive
stress
sensor

microdroplets

Multi-channel digital ROIC for
integrated piezo-resistive
stress sensors:

pipet tip

® Low power to prevent drying

® Low voltage for single cell
battery supply

Blind sensor against interferences

cnml:) gl EUROCON 2015
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Integrated Piezo-Resistors

» Differential read-out of
weak stress signal
+0.1% / £0.0004% = 9bit

> Process corners £20%
V¥ Large disturbing signals
in the order of £1%

V¥ Technology mismatching
deviations £2%

V¥ Residual disturbing signals
+0.02% = £50LSB!

V¥ Gain tuning mechanism
to be included inside ROIC
+2% / 0.01% = (8+1)bit

piezo-resistance
N

quasi-static stress signal
(£0.0004%...40.1%)

mismatching

(+2%)

nominal
value
(100%)
+. ....................... A
A I
! | I
! | I
H ! 1
.- 2 : I :
common disturbing o |
signals (+1%) o !
PV |
: I
— -, -~
T differential disturbing 'T
signals (£0.02%) : i
Rsens_Rre f |
- :
| |
I :
| |
I offset (+2%) i
! |
\ : 1
1 E ! L
0 | i
sampling period 1ms time

F. Serra-Graells
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Multichannel ROIC Architecture

Overall programmable

sensitivity (I.,,,) %mﬁ
ol I S P P .
Differential gain balancing ) A apc Siieg 5
through sensor bias (Al.,,) L @ O 1 pac |0 /0| |
Differential OTA R ‘2::::::::::::::::::::::::::::::J;::f
pre-amplification _'W.ﬂ&— |
R | \,‘_ZZZZZZZZ:ZZZZZZZZZZZZZZZZZZZIZ:: N
Integrate & fire current-mode % |
A/D conversion Ryt | 0IIIIIII)IIIIIIIIIIIIIIIIIOINCTS
Digital-only read-out and 1‘*"'1{8} """""""""""""" g
program-in interface —WW— {
R,-ef Imf
Channel-based modular

ROIC design
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Low-Voltage and Low-Power CMOS Circuits

» Gain calibration through .
m Recalibrated at start-up ' i : (Shase a
. T e
®m  Compensation of b -
piezo-resistor mismatch T B
and OTA unbalance 64 %)ﬁ 6
L o oy

» Differential V to single
ended I conversion:

® Biased in weak inversion for |
best G,,/Ip and lowest |
technology sensitivity

B Low equivalent input noise
and high CMRR

F. Serra-Graells EUROCON 2015
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Low-Voltage and Low-Power CMOS Circuits

» Spike-counting ADC:
B Compact CTIA with correlated double
sampling (CDS) for low-frequency noise

®m Class-AB window reduction
comparator
B Built-in modular & &
- Vt’ni Vrgf-vﬂl
and floating init “I I:k—o init

threshold Ly .
generator _‘_L_;j_ ‘“E“_ %D&pﬂiﬁ >
int T reset/CDS V,@' o

F. Serra-Graells EUROCON 2015
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Quad ROIC CMOS Integration

» 0.35um 2P4M CMOS technology 2.4mm x 1.3mm (3.1mm?)
. DAC
Piezo-resistor sensor Sln.gle
. . processing
bias inputs channel
I : 1 ,’/
— - -
. 2 8 8 -
= = _- — =
< Pre-amplifier T
T [t
@n ””’ L )
P 1 ADC 1M ¢ ;
R AR | W
|| sy HRETE =
c - _. _. —. € ﬁz :
EEE N EB B *
\\\ 4
T 500pm 1 L T ! S~ =
Digitall/O
Digital interface 100pm

» Direct wire-bonded to integrated piezo-resistors substrate

F. Serra-Graells EUROCON 2015
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-0.4  -0.2 0 0.2 04 06 0.8 1

V.

SETNS

-1/7'5 f [IIIV}

600
Experimental Results
)
‘ARseilslkoRsens o g:};tT{/?:z IcomRsens = 6kLSB/% iz il :
Tl
®m 130pW/ch at +1.25V (+3.3V technology) ol
® Thermal compensation 600 <
B Good linearity + 60
= CMRR>100dB =
) )
ek 2
L e PR
1 10 100 1000 -100  -80 -60
AV, [mV]

# R. Dura et al., A 0.3mW/Ch 1.25V Piezo-Resistance Digital ROIC for Liquid Dispensing MEMS,
IEEE Transactions on Circuits and Systems-I, 56:5(957-65), May 2009

EUROCON 2015
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Biasing Specials

V¥ Some sensors require ROIC to
incorporate control loops for
their proper DC biasing

V¥V Multiple ports may be needed resngigt‘cérs
by ROIC to compensate for A 0
unavoidable parasitics A @
lock-in
amp
A When possible, lock-in operation
is advised to strongly reduce
equivalent noise bandwidth
()
&
A Indirect measurement through o]
time-domain processing is a PFC
promising alternative

)

)

F. Serra-Graells  EUROCON 2015
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Integrated Electrochemical Sensors

>

V¥V Expensive package

Applications in biosensors,
quality control...

Compatible with CMOS
monolithic integration

Selectivity by functionalization
of their microelectrodes surface

Reduced speed (~0.15s) A
and life time A

V:SEHS

|

ISE‘TP.S
>~

Potentiostatic operation and
amperometric reading

%
i

dsens

MW ADC —+—

F. Serra-Graells EUROCON 2015
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Mixed Electrochemical ROIC Architecture

Feedback
: : : 21
Low-pass first-order single-bit CT AZ A/D DAC S TN
modulator with sensor in the loop: R T Gmod
J S/ e
.. . . . . D
® Minimalistic analog circuits J deomp| T 6,
® Low power ROIC overhead PR o I e
respect to sensor itself ! R Single_bi’t rel
_ ] % iIm Cd“”i quantizer
B Accurate sensor dynamic modeling needed \ ]
-------- ]f:J l_ez:;:lttgfghemical

noise shaper

Thermal noise dithering
against tonal behavior

+1|— Geomp
-1 dmod
) VA mo

dsens DC [FS]

Irs

-1 )
108 06 04 02 0 02 0t
Im DC UFS’]

H H -140 M il N H M i H M
ngh oversamplmg 10m 100m 1 10 100 1K
against dead zones Frequency [Hz]
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Low-Power All-MOS Circuits

A Two analog blocks only Feedback (Nor
. < © Gmo
» Latched comparator for 1bit Ty . I ‘
quantization + current reference for b Al
1bit feedback DAC Lsens Y deomp| 0 05
jommmne R Vrw
—I: ," \\R Singl bo ref
M11 | O :Iin e w: mg el— 1t
M10 F [‘El 1\?;_‘ L BESEI L ,-l H\; [ ( '::%nod %:\ ’ ": aantizer
r _I r _I |u UI I_ L ¢’th N S ,’I
Mi2 | — W<~ Electrochemical
% noise shaper
LsensVy M13 | —
° B
| n T
M4 M3 Inod @o—c‘ M8 M6 W M5 1\;:5”)—@53
o ¢rtz |_ Geomp © 0<} [ © Geomp
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Electrochemical sensor

Monolithic CMOS Integration o Soom Au microelectrodes

IMB-CNM(CSIC) inexpensive 2.5um
1M CMOS technology (CNM25)

In-house sensor Au post-
processing at wafer level

2.3mm x 2.8mm (6.4mm?2)

= 2115 ¢

A Low area overhead of AX ADC

e s @ i Ak @

eaneenaEn
e )
[y S
i

A Digital only interface for
low-pass filtering and programming
of potentiostatic voltage and
current full-scale

A Overall 25pW at +5V

Potentiostatic Digital 1/0O Digital
AYXM interface

F. Serra-Graells  EUROCON 2015
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Experimental Results

A Electrical tests show good

enough dynamic range to not
limit measurements

+
V&) .
\
Sensor
emulator Digital
igita
interface

2Hz noise bandwidth (OSR=256)
-60 ! T ! !

70 beerd

_80 feeeeedee

-90 k- b .

2100 F---- Lo

Gmod PSD [dBpg/0.25mHz]

“110 Feeeeeie-

2120 I s R R A R R i ; ; ; ;
100u 1m 10m 100m 1 -60 -50 -40 -30 -20 -10 0
Frequency [Hz| Iin [dBrs]
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1 ! ! i
Experimental Results 8 i
A Electrical tests show good -
enough dynamic range to not &
limit measurements <
A Electrochemical tests return
comparable performance to |
lab desktop equipment 0.2, m o o
Time [s]
1
Micropipette F S P e CoXT )
y = 0.4879x +0.3469|: A> ADC :
A . B 0-8"{ ]Roxc """""" o -
[Fe(CN)s]"™ — [Fe(CN)e]" ™ +1e”  _ L. e vt frrseseees — -
Reservoir if Y 1 ISR SN S - SR S e _
=R SO N SHOOS ON : . ]
i : : : : :
, P Y S e 5o ISR R .
' S R R S . | CH Instruments _
' : :  1030B Multipotentiostat
T~ 0.2 s (= 049312 — 0.0043)
‘O I I U T L\ R? = 0.9998 -
Digital [ 1 ‘ : l
interface % 0.2 0.4 0.6 0.8 1 1.2
@ S. Sutula et al., A 25-uW All-MOS Potentiostatic Delta-Sigma ADC for [Fe(CN)g]~* [mM]

Smart Electrochemical Sensors, IEEE Transactions on Circuits and Systems-1, 61:3(671-679), Mar 2014
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Flexibility as a Must

ROIC controllability/observability to increase overall sensor yield?

PREAMP AGC
\/\l
A X d
N/ rea
OF= S e 1 e G
~ ~ ~
[ Configuration register <— proignram
B Single ROIC can fit m If available, non-volatile memory
several sensor designs (Flash, OTP...) to store configuration
® Built-in test mechanism m Specially useful when sensor or
to screen smart sensors before application specifications are
post-processing or packaging incomplete!
m Compensate for sensor aging m Extra design work for making each

stage configurable
® Independent optimization of
dynamic range for each stage

F. Serra-Graells  EUROCON 2015
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Flex

IR Spectroscopic Gas Recognition System

Applications in toxic gas warning,
environmental monitoring...

Thermal pbolometer LWIR sensors

Multipath optical cell to amplify
gas IR absorption effect

B Blind reference and lock-in
demodulation for
high accuracy read-out

B Sensor deviations and mixed IR
technologies need high flexibility
for each channel

® Low power ROIC to avoid
thermal drifts of IR sensors

IR absorption

Mirror N

-

——
-
- =

IR
microbolometer

i

-

-
. -
-
-

g AN IR
pulsed
emitter

Optical

filter array

________ - IR blind
sensor
Gas \ JUL
digital Lock-in sync.
fingerprint

F. Serra-Graells
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library




ROIC Channel Module

» Sub-Hz high-pass
pre-amplification

» B-parameter independent

programmability per
channel!

How to Make Your Integrated Sensor Smarter

» Dedicated blind channel for cancellation
of common disturbing signals

» ADC with digital lock-in demodulation

F. Serra-Graells

EUROCON 2015

| locki !
“,é,, : Viiina ockin i
|
" j
I T I s R |
! sens L l C f . |
= i I c _oca onfig. ||
2 ! I biasing register [* | O:
| |
3 | H— G o
5 | G % [ =
z é | mp m s N E
: Y% = i 1 level WP 24bit | 1A
° ' -leve
2 Rsens | sens PDM async. _4_)ol
,g i - Iadc neg ) down | counter i 9ude
; | ) ] ;
= l |
"'V\/\?V\I—é S~— — v \i
| Lock-in A/D|Converter i
I |
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Low-Power Channel Circuits

A Fully integrated A Highly linear

sub-Hz variable differential
corner & gain transconductor
pre-amplifier with soft limiter
IC o <}
%unen d 1Vblind V;zmp
—— [ 2 | . .
T, A Integrate & fire PDM with 3-level quantizer
T ML
i M3 i init init [ —
I/ttmep E“ —_(,')_ | ¥o Vint
........... _H_i_ i int pos L ILIL_Tt
U ||CB : (| neg LiLI
\‘I\I\‘ _____|_|_ ______ ,: event event B 1 11 O 1
V.. © 7 B ViegtVin =
- HA R Vamp IC |i ﬁf——’_’m
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32-channel microbolometer sensing inputs |

32-Channel ROIC I

> 0.35um 2P4M
CMOS technology

L power & bias - L
m  350um-pitch &

B 11lmmx 1.6mm (17.6mm?2)

Sensor biasing &

m Direct wire-bonded to
high-pass preamplifier

IR pbolometer array

€

=

o

e 0]

[e0]
Differential transconductor
PDM

ADC
Asynchronous
counter
v sl

F. Serra-Graells EUROCON 2015
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Experimental Results 50
40 |-
A 120pA/ch at +3.3V o
= 20 |-
=1
agm < 10 |-
A Full programmability E
-gﬂ U___ .....
Parameter Value Units = -10
Isens I to 10 LA 20 (..
fe 0.754+0.10 | Hz 30
3.6+04 Ul
49+8 -40
389176 50
G | 2601 | dB ol
3440.1
40+0.1 30 -
454+0.1 m 20(
Gm 18 uS =
25 < 10
=
36 Z o)
45 op 10
V/CintVin 1.7 Hz/pA =
0_8 20 |-
Viensneq @10Hz 250 nVims /v/Hz 30
THD Vamp<300mVpp <0.1 % oL : _ i R
Crosstalk <0.5 LSB 03 1 10 100 1K 10K 100K

Frequency [Hz|

g S. Sutula et al., A 400uW Hz-Range Lock-In A/D Frontend Channel for Infrared Spectroscopic
Gas Recognition, IEEE Transactions on Circuits and Systems-I, 58:7(1561-8), Jul 2011
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Massive Parallel Processing

V¥ Connectivity issues for
large sensory arrays

Analog
bus
Multi-channel
ROIC architecture?
®m Parallel A/D conversion
reduces equivalent noise
bandwidth
Analog
bus
m Early A/D conversion
avoids inter-symbol
crosstalk
B Dedicated ADC per sensor
increases area and
power (temperature) Digital

bus

Parallel
Area/
g % 8 g s pover
Q9O [ ] Jock
P9
|~
0990 | o .
QOO 51
Q9O 5 < |
PR | =
h I
) & & Digital
S mux
) & &
) & &) ) < data
) & & ©
L Signal
integrity

F. Serra-Graells
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Mew Infrared Technologies

High-Speed Uncooled IR Digital Imager NIT

Real-time FPN correction Uncorrected output

digital maps digital frame
m High frame rate achievable , -
at room temperature e
m High fixed pattern noise (FPN) 72, 7; 727 7@ 7@

1owin<y> { (pps DPS DPs | dout DPS DPS  rowour<y>
® High speed multiplexing spec % H }’ % <x>} ”[
at focal plane array (FPA) level

Applications in strategic
equipment, production
quality control...

MWIR imager

Photoconductive PbSe MWIR
sensors post-processed
by VPD on top of CMOS

IR sensor

Low power digital pixel sensor
(DPS) to not increase sensor
temperature

CMOS circuit
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control —#
ROIC Pixel Circuits N e ———aY -
: Configurable digital out i
shift register / ripple counter clk i
A Sensor capacitance compensation | | T . |
i MIAT
A FPN offset (dark current) v YY)
and gain (sensitivity) T] Lcoe | Vors
digital compensation | et p
| Tdark C'}_.
A In-pixel A/D conversion I
i [: |CTIAZMZI _J— jl]_e]E]
A Local bias generator and @ Ll
asynchronous operation to | e ! Analog ) |
.. . . . ! reference | !
minimize inter-pixel crosstalk DS, ) | ”‘%H] DPS, wevraor | || ppg,
Vbias ) H_
A Daisy-chain digital read-out and
simultaneous program-in
Sub-pW /pix static power
135um-pitch in 0.35um 2P4M — e
Cc™MOSs technology T — __,i:_j,{:
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ROIC Pixel Circuits [ Vi=1600000000° 1= 100p000000"
| — e
A Sensor capacitance compensation ) , , , ,
e S e e T At A
E
A FPN offset (dark current) S S SSUU¥ ANSNNS  AUSY SUSY U A
and gain (sensitivity) - ' ' ' '
dlgltal Compensatlon §0 400_............é.......... .. ........... :1 .............
=) —.’—E)E—(E)OOOOOO’
A In-pixel A/D conversion B Y A R A A [ A
A Local bias generator and : : ; : :
asynchronous operation to an="1000000000"  ¥="100900000"
S -
minimize inter-pixel crosstalk i R R '
- .
B 0 e ooy
A Daisy-chain digital read-out and E L
simultaneous program-in R B e I I & A Nntisasatt
:: H ' H '
Sub-pW /pix static power A R /74 B
135um-pitch in 0.35um 2P4M : |
CMOS technology : ‘ :

0 500 1000 1500 2000 2500 3000
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Sensor Integration at Wafer Level

» Au deposition and patterning for contacts + active layer by PbSe VPD

» Sapphire window on top + wire-bonding to chip-carrier
External
chip cae oo

Wafer reticle

A - - - - - ST NN s e e o e e

Laser cut  Sapphire window

-Standard-GMOS

Digital pixel
Sensor array

80x80pix
FPA

14mm

32x32pix | | ’ ;
‘ M

VPD PbSe post-processed
FPA

7777777

14mm

» Access to sensor common bias terminal through ROIC pads
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IR Test Results

A In-pixel full FPN compensation A High speed digital frame mux
for both read-out and program-in

-1024 400 AT
imager
300 @1650fps black body
source
)= 500°C
Before * -s12 g 200 @
D
[
L 3| 100 - -
s = i 4
0l 10 20 30 40 S0 60 70 3'0 o 0 -ﬂ “‘“‘nn‘“‘h’

%)
=3
=3
S

chopper " 4
@330Hz

= -1024 H
- 2500 : A A
§ -s12
IETEEEEEE. 0 ' §
-0 0 200 400 600 800 1000 !
Digital read-out code [dec] g - )

g7 J. Margarit et al., A 2-kfps Sub-uW/Pix Uncooled-PbSe Digital Imager with 10-bit DR Adjustment and FPN Correction
for High-Speed and Low-Cost MWIR Applications, IEEE Journal of Solid-State Circuits, 2015, accepted

—
3
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Flexibility as a Must

Massive Parallel Processing
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When Package Matters
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Power-Aware Design

V¥ Smart sensor ubiquity means limited power source!

Analog circuit techniques for low-power?

I—I_I

V¥V Low-voltage design V¥V Low-current design
(supply or technology specs) (life-time or thermal specs)
B Charge-pump supply multipliers m Class-AB amplifiers
® Bulk-driven transistors ® Noise-shaping architectures
® Current-domain processing ® Asynchronous operation
B Inverter-based amplifiers B Short duty-cycles
u u

Local energy source solution (or combination) for each scenario?

Stability

= E2

battery energy harvesting

supercaps
Autonomy
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Remote Powered Impedimetric Sensor

Applications in chemical industry A Complex I/Q impedance

control and biosensors... measurements for solution
conductivity and permittivity

13.56MHz ISM near field inductive monitoring

coupling for remote power supply

Sealed container

Power ASK for program-in

Solution to be monitored

Load PWM for read-out Fully-integrated system with impedimetric transducers

‘ Electrode-
| q| Rectifier Regulator — v | solution  Solution
Read-out qll interface  equivalent
nit 4| l_—— Back- |impedances  circuit
Co telemetry —
Data T '
demo- )
Read-out dulator | | Pulse-width
antenl‘la . H modul_ﬂu][
A Contact-less and package-less E,‘;‘.‘;;f;‘!l-—
—
Digital - % conirol
control '

signals
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CMOS Integration

» 0.35um 2P4M high-voltage » Number of turns optimized
CMOS technology for maximum supply
voltage and out-band

2
®  3.5mm x 3.5mm (12.25mm?) self-resonant frequency

m 3M power coupling coil (L~8uH, Q~1) _
and supply capacitor (C~2nF) at periphery = Pads for prototype testing
purposes only

AR EENEEE EEE R LI

S ) 53

oo
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Lithography-Less Post-Processing

Polyimide
A Poly-Silicon material + native passivation .
oxidation (3nm) to improve SUCEY i i
microelectrode reliability R i l i l l i l l l-
SI0) —p
» 4-microelectrode by CHF;-based  icomecion :: Powi] :
reactive ion etching (RIE) Thermally
grown Si0,
Si /

substrate

SB8Bum
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Lithography-Less Post-Processing RIE etch
]
A Poly-Silicon material + native

oxidation (3nm) to improve Il BN BN B .

microelectrode reliability M
» 4-microelectrode by CHF;-based

reactive ion etching (RIE)

= ¥ =

» Interdigitated 2-microelectrode
by RIE + ‘piranha’ (H,S0,) solution

Passivation

SiO,  Polysilicon

I —.
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Experimental Results

A Remote power 5mW at 3mm (up to>10cm with external resonator)

A Complex impedance measurement at 13kHz (10kHz to 100kHz)

1st measurement 2nd measurement
range (I= 1uA) range (I= 10uA)
5000 N N 120 -
(4 ) .
2 4
Z 500 - N
3
ﬁ 4
=
g 50 | FEM simulations
o in dashed
5 . T T T y
50 500 5000 0 20 40 60 80
Conductivity (pS/em) Relative permittivity
4-microelectrode Interdigitated

2-microelectrode

g F. Segura-Quijano et al., Towards Fully Integrated Wireless Impedimetric Sensors,
MDPI Sensors, 10:4(4071-82), Apr 2010

F. Serra-Graells EUROCON 2015



http://dx.doi.org/10.3390/s100404071
http://dx.doi.org/10.3390/s100404071

How to Make Your Integrated Sensor Smarter

© 0 N oo U o W N =

What is Missing?

Too Tiny to Be Touched

Process & Matching Nightmares
Biasing Specials

Flexibility as a Must

Massive Parallel Processing
Power-Aware Design

When Package Matters

My Nice Smart Sensor

F. Serra-Graells EUROCON 2015



How to Make Your Integrated Sensor Smarter

When Package Matters

V¥ Packaging costs can be dominant in hybrid smart sensors!

» Sensor needs? » ROIC optimum size
= Signal integrity and parasitics o8 015um 1P6M CMOS technology
© Pitch matching = 1 layer/mask
“ Filling factor , I6-mask set 4 lover/mask
“ Exposure window
i

» Application requirements? depends on 5 B

process modules o

“ Sensing area _ e 3
“ Environment compatibility 25mm Stepper 12.5mm
m ..

Scaling Wafer

map

<

double-side

with TSV bump-bonding wire-bonding .
é Costs A Modular ROIC design
+ MCM packaging ?
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2D Modular Direct X-Ray Imager

Applications in mammography,
defect detection... Wire-bonding

CdTe or Si direct X-ray S
pixelated detectors
Hybrid imager packaging iﬁlteff
by bump-bonding substrate
(bump growing + flip-chip)

Blimp-bonding

X-ray detector bump-pad MIM capacitors

Threshold storage
Comparator | Analog integrator 7 LOC%\}I bias
\

A Fully autonomous DPS with: S
m Charge-integration ADC
m Dark current cancellation | ¥ | L ot |00
B Gain FPN compensation | X-ray
B Built-in test etector DPS
B Local bias generator Bump
bonding e
A 55pm-pitch detectors CMOS
with high fill-factors et N

ter / Shift register Control logic
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Packaging for Seamless 2D Image

> Pixel detector-to-circuit rerouting...

CHIMPIX ROIC module CHIMPIX ROIC module
41 42
: M
Read-out Pop P
pixels 1/0 i< S
5 2 IJ.m — —, pixel Li i i
. Scribe g E%—i& (ﬁ
li :
pitch e =
S5um
pltch Detector : Py, :
pixel
Detector

EWT= 1,00V Signal A = SE2 Dete :7 Jul2014

seamless array WD = 56mm Photo No = 5252 Time 16:1033

g= S00KX

V¥ Inter-pixel
crosstalk?

# R. Figueras et al., A 70-um Pitch 8-uW Self-Biased Charge-Integration Active Pixel for Digital
Mammography, IEEE Transactions on Biomedical Circuits and Systems, 5:5(481-489), Oct 2011
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CMOS ROIC Module

> 0.18um 1P6M CMOS technology
> 94 x 94 pixel (5mm x 5mm) module
A 52pum-pitch

A 6pW/pix at +1.8V

Gen-1
100pum pitch
100% area

Gen-2
70um pitch
49% area

S55um pitch
30% area
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Wafer-Level Sensor Integration

> 4”-wafer 55um-pitch Si X-ray detectors from IMB-CNM(CSIC) to be tested...

cnmi:)l F. Serra-Graells' EUROCON 2015



How to Make Your Integrated Sensor Smarter

© 0 N oo U » W N =

What is Missing?

Too Tiny to Be Touched

Process & Matching Nightmares
Biasing Specials

Flexibility as a Must

Massive Parallel Processing
Power-Aware Design

When Package Matters

My Nice Smart Sensor

F. Serra-Graells EUROCON 2015



How to Make Your Integrated Sensor Smarter | Mise i aiel s e araliel Baes s Smart 60/60

My Nice Smart Sensor

Custom + standard chip set A Local energy harvesting + storage
for ROIC + controller memory
A Single ROIC design to cover

a full family of sensors A Wireless communications
(e.g. chemical) and remote power
Disposable part?
" ROIC Thanks for
& our attention!
8 Signal processing, standard | CONTROLLER y
=> biasing, calibration, interface :
1T} tuning, multiplexing, Programming, ]
0 autotest... memory,
SPI communications...
Local energy Remote
:_|__ harvester POWER MANAGER powering [ Mobile
app
% Local energy
storage
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