Zero Power Technology
as Enabler of Future
Smart Wearables



The Big Picture
Global challenges
Trillion of sensors planet
Next exponential technology:

Zero Power Smart Systems
Wearable technology for a Smarter Life:

Sensing, wireless communication, energy
scavenging

More than monitoring... feedback and
prevention

Conclusions
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Computing at the

edge of the cloud
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AAAAAAAAAAAAAAAAAAAAAAAAAAAA

More than | ele | pg
Infotainment... S e
Internet-of-Things (1oT)
calls for the deployment
of trillions of tiny
wireless devices

New Quality of Life by
ethics driven
sustainable services
with invisible technology

A.M. lonescu - Sinergy, September 30, 201



>2000: Nano Era

Size of a transistor < 100nm
Today: 3D 22nm transistors
Red blood cell

6 to8
micrometers

300x smaller

How small can a transistor be?

The evolution of microprocessor manufacturing processes
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>2007: Trillion

of sensors? " sreakthrough

5 years ahead of any other phone

2007: the iphone!!!
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Zero-Power Smart
Systems form the next

Exponential Technology
for a Smarter Life




What is Zero-Power?

Zero-Power technology: enabler of
Autonomous Smart Systems Systems
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m ( \ x 1000 more energy

efficient bit computation
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© 2012: Guardian Angels for a Smarter Life
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Wearable technology:

sense your body

Technology to be worn on
the user’s body for an
extended period of time,
significantly enhancing
the user’s experience

Four wearable categories:
Fithess and Wellnhess
Healthcare and Medical

Industrial and Military
Infotainment

A.M. lonescu - Sinergy, September 30, 2014 9



Wearable technology:

GroeaLL CHALLENGES: -~
AR anp Warer Quauimy " > -

sense your environment

Environmental related diseases: i

RESPIRATORY INFECTIONS: Globally more than 1.5 million deaths
annually from respiratory infections are attributable to the environment,
including at least 42% of lower respiratory infections and 24% of upper
respiratory infections in developing countries.

CANCER: environmental causes also
account for an estimated 31% of global lung cancer burden.

CARDIOVACULAR DISEASES: 2.5 million people die every year from
cardiovascular disease attributable to work-related

stress as well as chemical, air pollution, and environmental
tobacco smoke exposures.

DIARRHOEA: about 1.5 million deaths per year from diarrhoeal diseases
are attributable to environmental factors; WHO recently estimated that
88% of all cases of diarrhoea globally were attributable to water,
sanitation and hygiene.

MALARIA
A schoolgirl with a face mask for
INTESTINAL NEMATODE INFECTIONS protection from smokestack pollution
emissions of factories in her
HEPATITIS B and C neighbourhood in the eastern
TUBERCULOSIS Mediterranean region.

Credit: Munir NASA/UNEP/St Pictures

CAN ENVIRONMENTAL AND HEALTH CO-MONITORING
HELP AT GLOBAL SCALE?

A.M. lonescu - Sinergy, September 30, 2014 10



Anatomy of a Wireless

Smart Sensor Node
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One person = One Wireless
Multi-Parameter Sensor Node

= Vironnie ?l monitor
- |P"Hea J;;w | onﬁto

A.M. lonescu - Sinergy, September 30, 2014



Wearable technology

revolution has started!
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Wearable system architecture

Sensor Node
(miniaturized
wereable
camera)

Multiparameter
sensor node
(smart
garnement)

Smart patch:
- base foil with conducting lines
(size roughly 10 x 3 cm)
- antenna
- battery or TEG harvester
- 2 electrodes (circles) for ECG (placed on opposing
ends of the patch)

patch substrate:
polyester with printed
electronics made circuitry

Smart Garment:

- patch integrated into a garment: size roughly 8 x 8 cm

- 2 square electrodes for skin conductivity

- electrodes and interconnects in the garment

- electronic blocks: radio, micracontroler, antenna

- accelerometer, gyroscope, magnetometer /

Core body

patch substrate:
polyester with printed
electronics made circuitry

Sweatsensor {€MP-
(FinFET) sensor

-Concentric electrodes for core body temperature
- FinFET sensor and electrodes for sweat

- electronic blocks : radio, read-out IC for sensors
- other sensors and electrodes (EMG)

and electrode

glued onto garment

/

Multiparameter
sensor node
(smart patch)

electrodes

— | readout, radio for skin
conductance battery “ Microcontroler radio
Battery antenna
or TEG harverter garment /
Data
Server
Personal HUB Base Collecting &
(smart - .
Station analysis
SEn center
User
Terminal

Source: Smart Ageing H2020 Proposal.
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Feedback channels

Encourage and
motivate on an
objective basis!

Feeback channels:
Physical activity
Mental activity
Nutrition
Hydration

for behavior change!

A.M. lonescu - Sinergy, September 30, 2014 15



The effect of evolution on
behavior and energy expenditure

18kCal/kg/day 4kCal/kg/day

Can wearable smart
system technology help?

A.M. lonescu - Sinergy, September 30, 2014 16



Behavior engineering

Quality of Life involves
behavior change

supported
by Smart
Systems

A.M. lonescu - Sinergy, September 30, 2014 17



How healthcare can

really benefit?

Wearable smart systems can
help by
Sensing and diagnosing complex
situations in real life
Long-term autonomy and data fusion

Interact with both the patient and the
environment

Quality of life: tool for behavior
engineering

Improving security and safety
Better decisions in real life

A key component of Care Cycle!

A.M. lonescu - Sinergy, September 30, 2014



Care cycle and wearable

smart system technology

Assesing and R

preventing frailty -
f{ A \\” < i

Healthy f_JJ l Frail '

A I 5. I

Pre-frail F f:at:?t?nﬁ: :

- context- E

' :_:‘::‘:nl:::we":::;:::-e - MONITORING & b fE.;I;"::asrt‘?monitor :

- multi-sgr!ging ASSESSMENT ch ianame i

- low power processor el Health professionaz — ]

- body comms |

- energy autonomy :

- hetero-integration :

- middleware
*Advanced signal
processing

*GCloud storage &
Eaclline learning

A.M. lonescu - Sinergy, September 30, 2014 19



Activity & energy

expenditure monitoring

Individualized Assessment
on Smart Hub

Physical Activity
monitoring with smart
garment:

Accelerometer, Gyro

24/7 activity recognition and
energy expenditure
estimation
Physiological signals with
multi-parameter smart
patch:
ECG, heartbeat
Respiration
Bio-impedance
Skin temperature
Bio-chemical sensing

A.M. lonescu - Sinergy, September 30, 2014 20



Paradigm change:
a sustainable healthcare

strategy based on

prevention enabled by
future zero-power smart

wearable technology




Benefits

Quality of Life, sustainable
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World market for wearable

technology

Present: . :
) Preliminary Scenario Forecast - Wearable Technology
Infotainment Millions SUS
Future: 60,000
Social
50,000
Health
i 40,000
Sports & Fitness _
B Downside
30,000
_ Base
Worldwide health 20,000 Upside

expenditure 10000

growing 7% s 11111
annually (7.3TUSD ’
in 2012)

2012 2013 2014 2015 2016 2017 2018

Source: IHS Inc. September 2013

A.M. lonescu - Sinergy, September 30, 2014 23



Key enabling technologies

Low power multi-parameter sensing

Low power communications

Energy scavenging and storage

Heterogeneous integration: on-foil (flexible substrates)

i Environm. Emotional
Hetaro? Physical
E: ) Smart Smart Smart
integration
Systems Systems Systems
| l
; i METRICS ; B METRICS b METRICS

Compu-
tation

Commu-
nication

Energy >
harvesting

Embedded
software

I !

Inter-
operability

24




Low power sensor roadmap

demonstration
virtual demonstration

solution not known today Year 3 Year 7
1MW Accelerometers'’ 100nW Accelerometers’, 100uW Gyroscopes?
1uW Bar.3, 100nW Blood Pres.4, 10uW Body Microphone® 100nW Bar.3, 17uW B.-Mics.5
14W Gases®, 10uW Particles’ 100nW GasS, 1uW Part.”
10puW Biosensors? 100nW Biosensors®, 1yl Biosensors®
1uW Readout circuits0 100nW Rdt. circuits™
2013 2015 2017 2019 2021 2023

Source: Guardian Angels Flagship, C. Hierold.
A.M. lonescu - Sinergy, September 30, 2014 25



Integrated nanowire array
biosensors

microfluidic
channels

J
A one arg epte DerO D A0 € C .



Sensing with computing technology

Liquid-gate FINFET
High-k: important for sensitivitv and stabilitv

slectrolyte

reference
Vi
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contact [ Jgp._gate oxide “ contact

channel

source drain
Si-substrate ISFET
) V\iq Iﬁ... I"»n—channels‘l
/1 ~ I |
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SiO» 3.9 35-41[38-40]
SisNgy 7 46-55[40,41]
AlbO; 9 52-58 [19,36,40]
Ta,Os 22  56-58 [24,42]
HfO, 25 57 -59 [43]

inergy, September 30, 2014
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Hysteresis-free FINFET biosensor

~#-acc. 1o inv.
-0 inv. to ace.

A.M. lonescu - Sinergy, September 30, 2014




FINFET bio-sensors

Full-scale pH and protein low power sensors
Intel processor- Ilke technology convergence

Metal FinFET —~— L T@Pm
[ pH 3 —— 4 1E7 so| PH3 _
eyt _E:: 7 . T Al,= 128 nA/pH
= 3 pH & F 41E8 F =) &
= [ pH 7 g _=300 Ha V.
E pHE s & E P
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o

L ]

O

: ’
1

| S s
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j
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T sensors 8 — -~ ‘ P ¢ [ D,: 3 SiINW FinFET with T, = 20 nm

F 17 ) R U WU NPUN [ NI TR S BRI SR R
30 40 50 60 F0O 80 90 100 110 120 130

Time [h] Smart patCh die
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FINFET Iinverter sesnor

V]

out

Output Voltage, V

20 F VOH (TR, "_':.::_:»I}%\\/”_
L _ﬁ% Lt
| -.._"-...
[ -."n FinFETs-based Amplifier
15 [ — Metal Inverter I"\_‘- N pH AV, [mV] AV, [mV] A=AV AV,
. — T ¥ Ay
- $.0 3-4 30 185 6.2
[ —— pH 3 ||- Ly 4-5 6 40 6.6
- ! '.-'.' Vi g
10L pH 4 HeRNE SR ' ' ' 5-6 27 174 6.5
oL pH S N !
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- pH 6 5 %= pHincreases
: pH 7 [ e » 7-8 16 102 6.4
05F —=—pHS3 2 "'u\" _ ~17mVipH | ~107 mV/pH ~6.4
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0.0 | A - VOLIl/AViﬂ o
[P R B 1 | ! I | | 1

04 06 08 1.0 1.2
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Input Voltage, V . [V]

A.M. lonescu - Sinergy, September 30, 2014
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FimH protein sensing

’ Passive FinFET
Active FinFET
: - .| Reference I, _
FimH detection: early y ¥I’§= 100 mv
A S | Y LY M SO

detection of FimH- z
expressing E. coli : e

antiadhesive treatment | Reference I

start pumping stop

Functionalization(Uni |1 vgimi Fimt} pumping
B_ase_l): A}PDMES_ R
silanization+ amine- Time [s]

reactive esters \ 1 TSN
HEPES buffer solution N 1 /

at pH =38

Outlet
A.M. lonescu - Sinergy, September 30, 2014 31



Towards Tunnel FET

bilosesnors

C-Tunnel FET versus CMOS
INVERTER-SENSOR:
- Lower voltage, more gain =
- Better noise margins
- Speed not a limitation

(MOORE === == =22="-""VYN T
0.75-
S
~— 0.50- .
5 —E— MOSFET
o —o— All-Si TFET
> 0254 Ge/lnAs TFET | -
: "
£
0.00- . 3
T T T T T T T g
0.0 0.2 0.4 0.6 0.8 1.0 ?
Vau M)

A.M. lonescu - Sinergy, September 30, 2014

target
biomolecules

i df

receptor
molecules

L

_ Improved sensitivity of TFET
| compared to CFET:

105 O —
| —{8— TFET poooooooo)
10°} 1
| 1
10"} [“p““‘“]
f 1
107} :
| (©) 1
10" T PRI . v
10 10 10 10

Concentration of biomolecule [pu] (M)
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Active Integrated Nano-

1 |k

eff

res 272. m

eff

- Bartsuii, o. 1. DupIie, . UINEl, C. 1U11ESLU, ALIVI. vevice
Research Conference (DRC), 2012
- Bartsch, S.T. , A.M. lonescu, IEEE JEDS 2014.

A.M. lonescu - Sinergy, September 30, 2014 33



200MHz junctionless FET

mass balance

AT
107.02
™ L)
I el
A = 107.00F . et /
4 a‘\- | A g,
< e, ¥
t/ € 106.98 - e
0 o |
‘ o - o
L L /
m /. 2 106.96 - !
. oy == & I | i1
> S 106.94 | o
O !
v 3
1na_gzn 50 1-:|m 1|50 200 25|n
» Mass accretion of 1.3 ag (top) 0s.7

detected: corresponds to
approx. 4000 gold atoms
« Scalable to detect ~10 atoms
* Applications:
 biomarkers for early
cancer detection
e iIntegrated gas sensors
* iIntegrated particle sensors

98.5
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98.3 -

Resanance frequency [MHz]

98.2 -

A.M. lonescu - Sinergy, September 30, 2014
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esonant nano-electro-mechanical

ransistors: roadmap
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0.1 1 10 100 10°
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Carbon Nanotube (CNT) gas

sensors for air quality

High-yield, in-situ integration of Horizontal CNT Arrays

Selectivity strategies: chemoresistors, chemocapacitors, #
contact metals.

mSi WSO, TP

|—— Pt-CNT sensor response

M Metal 10000 [

OTiN IAI203 HFe E CO
g— Toluene

H')

ﬂﬂ

Octan

Ethanol ]
Relative humidity (%) '_

B

0
O 60 ‘I20 180 240 300 360 420 480 540 600 660 720

Time (min)
Sensor Gases
metal | j  Ethanol  Toluene  NH, H,0
Pt + + 0 + +
Pd + 0 0 + +
Au 0 0 + 0
A.M. lonescu - Sinergy, September 30, 2014 36



CNT sensor performance

Targeted TLV or Sensor Picture Best LoD reported for bare NEYalel Yo} Literature
Analyte regulations CNT, resistive sensor. CNT ultimate LoD

sensors

Ethanol 200 ppm 300 ppm  Someyaetal. 10 ppm 1.3 ppm*

NO, 3ppm 10 ppb Valentini, santucciet 5o ppb 100 ppt
al.

H, 4% N/A 0.1 % ~10 ppm

Toluene 5o ppm oo ppm  Sayago et al. 5 ppm 1.2 ppm¥*

Gas

NH, 25 ppm ) 5 ppm Quang et al. 1ppm 100 ppb

Jung et al.

H. Guerin, PhD thesis 2014, EPFL.

A.M. lonescu - Sinergy, September 30, 2014 37



Challenges for wireless

technologies

Mitigation by distribution of the
1000x factor:

— system level techniques

— access technologies

— algorithmic, protocol level techniques
— radio front-end innovations

— enabling device & fabrication
technologies

é% N\« A

Energy / useful bit = 10 pJ @ 2m which is 1000x less than SoA

(1) transmit energy + (2) transmitted energy + (3) receive
energy

-— sensor node
SO, '

processing

A.M. lonescu - Sinergy, September 30, 2014 38



Energy harvesting

Dynamic, real life, requirements
Multiple harversting interfaces, storage, power management

[ Solar / Light ) Thermal |’ Vibration
Energy Ener Energy
100°00C
i GA target
» 10°00CE
$ W\
0 ﬂlq—l i -:t'\ <
& & 1000k S o9 ?; outdoor 3 é{;
38 | AT=3.3K, > IR
$3& 100 F Al indoor 50cm? Q _ 50 Hzres.
z : AT=1K, 1cm? 01g
I L
10F |
L 7® G o*
= (> Qru ‘
0.1[ _
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Epidermal electronics

Future smart patches for healthcare

Electronic ““skin” can monitor heart A _antenna LED __straingauge temp.sensor — 0.5mm B

= 5mm
An ultra-thin electronic device that attaches to the skin like a stick-on -"\ S oTTTTTTTT T .
tattoo can measure electrical activily of the heart, brain waves, and other f-fc;,k /g S <+ detached
vital signs without the bulky electrodes used in current monitoring e { -7 ! from skin
Epidermal Strain gauge  EMG: Electromyography D
electronic L sensor to monitor electrical =
system (EES) activity in muscles Uk
Antenna o AT attached
P to skin K
ower— SOMERG. s R U S 0 SN -
coil “’““‘“‘ 3
(a,. (‘a" wir o =l
£y
LED i J ) 4 ]} =

= 3mm

., o
{r_{ HH-“ faf "’7‘-7‘;6#
B kg 7

/4 dPI 7
evice 7um crumpled
/ Pl hJ j circuit
/ Skin PE
30pum Pr—
~50 kPa! polyester
Polyester, J I / ( ) ¥
g;'g‘:g&lzs wireless power coil  RF coil RF diode ECG/EMG sensor after fully detach from the skin
human C
hair
ECG: Electro-
cardiography
sensor to
monitor heart
activity

Source: Science  Picture: J. Rogers, University of [llingls
& GRAPHIC NEWS

John A. Rogers, Science, 2011.

backside of tattoo —* after transfer — after integration onto skin —*

A.M. lonescu - Sinergy, September 30, 2014

after deformation
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Wearable Technology revolution has started

Zero-Power technology enables combined
healthcare and environmental autonomous
monitoring:

Non-obtrusive, non-invasive, wearable

Wireless: one person = one multi-parametric physical
and environmental dynamic node

Long-term monitoring

Capable to generate Big Data smartly structured for
data mining

Included feedback channels: activity, nutrition,
hydration, etc.

Prevention strategies
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