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loT Riding the Third Wave of IT Revolution
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The Connected World — Huge Opportunities for [oT eecss

AHEAD OF WHAT'S POSSIBLE™
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Powering loT: Energy Harvesting (EH) Technologies Coevices

Sensors

Back iron
Coil BL___ =

V|brat|on s

Coilmm——mm
Back iron

Enable “Deploy & Forget” WSN ' ‘
Replaces or extend battery life loT Cloud
Compact, Economic & Reliable &

Easy to Use & Integrated
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Bridging The Gap Between Harvester and loT Load Eoviez

AHEAD OF WHAT'S POSSIBLE™

)/

| | Network & Security

| )
Management ~100m indoors
IEEE802.15:4 ~300m outdoors
2.4 GHz Radio

Ultra Low Power Neural
ULN/ULP Accelerometers Microprocessors Accelerator

.k’.n ‘

e CLat S Sustainable loT

mé A*
P = < :
4(()(;’(’ + é/nl )-

47R_oT*
P, ="w % 136707 I m?)
4 sun—earth

*S. Li, et al, ISSCC 2022
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ADI Chip-Scale Thermoelectric Generator (WTEG) BV

AHEAD OF WHAT'S POSSIBLE™

ANALOG
I: DEVICES T E G

« Based on novel device architecture

Leveraging ADI manufacturing and
processing know-how to build high-
performance, low-cost devices : TE materials (Bi,Te;-based)

— Target: 400uW from AT=10°C deposited along polyimide slope

Compared with typical bulk silicon « Long leg length, large thermal
solutions: resistance

Silicon

Current TEG Performance

25 2500

%
. 2000 N2
— Small device area (10mm?) s ° s
— Higher output voltage: S 1.5 < 1500
* Maximize efficiency of power < B
management = s
. . 9 [ mp\es
— Higher thermal impedance: 05 >00 cuﬂem sd
 Optimize AT captured . .
* Minimize size of heat sink 0 5 10 15 0 5 10 15
 Maximize power output dT Across TEG (C) dT Across TEG (C)

Analog Devices Highly Confidential Information. ©2022 Analog Devices, Inc. All rights reserved.
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MEMS EM Vibrational Energy Harvester
Prototype Achieved 165uW with 0.4g

Back iron
Coil
V|brat|on

AHEAD OF WHAT'S POSSIBLE™

Mech. Domain

/
I'mX + cx + kx + BLI = Fsinwt :

| .
BLx =1 * (Reoit + Rroaa) :

Elec. Domain |

Coilmm———m
Back iron

EH cross-sectional view
{15 pum

4_
100 pm*
84100 ym 100

a |

r600 u%

200 ym

Silicon structure

45.3

45.7
Frequency (Hz)

— Simulation

O Measurement

Ioa

p {mV]

— Simulation
O Measurement

0.5 1
Normalized time (t/T)
400 =
;.
200 -
. [ ]
» L ]
.. ’
]
0.1 0.45

0.275
Acceleration (g)

Achieved Target
Size 14 mm X17| 5mm X 5

mm mm

Thickness 3.3mm 1 mm
Power 165 yW 100 yW
Freq. 45.7 Hz ~50 Hz

Bandwidth +5% +5%
Vib. amplitude 0.4g 0.05-1g

Analog Devices ©2022 Analog Devices, Inc. All rights reserved



Maximum Power Extraction from Energy Harvesters

@ B
P-type n-type
i af s
AV
A  p .
ISC —1:\ max os
-------------- 7 --l;/i ' -\‘-.-\iax power is
P/ E \ got at point M
/ S.AT e
/
/
Vo
% o R

Thermoelectric Harvester

Maximum Power Point
Tracking (MPPT)

8

Load Resistive Matching

F

Piezoelectric beams

ANALOG
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AHEAD OF WHAT'S POSSIBLE™

o
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L 3k,

Piezo-Harvester

Complex Conjugate Matching

Electric Load



EH Boost Converter with MPPT (ADP5090

» Housekeeping

o+ State Machine

o Selection Controller for
BACKUP & BAT

o The Higher Is Chosen for
SYS

Rsvsi

</

>

Csys
L
PV cell ""lsw,\
I /
+ w' J_
, SYS_OK| | [
_RW Cn 7| Gate __I
VlN, Driver
\
< =
:: ¢ Cold Statup Circuit

DIS_SW

From MCU —(

T 9

MPPT

_()_l

o MPPT Controller
*» Light Level Detection

o RF Friendly Function
+ Disable Switching

@
=

5
bat_m1

T

Ls « Boost Controller

|_ ¢ Zero Crossing Detection

« Adaptive OCP Protection

¢ SYS 1.8V Detector
* End Cold Startup
SYS

SYS_OK

e

1.2v

D AGND

o Battery Management

for BAT

Under Voltage Protection
« Over Voltage Protection

¢ PGOOD Detection

for SYS

Nze)

Primary Battery
BACK_UP
7™\ -
iy
;.
Rechargeable Battery
BAT
)
v L
;.
AREF
Y
$ 3 3
SETSD
PGOOD
ToMqu
ASTEPG
\
ATERM
\
3 3 3
v v
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AHEAD OF WHAT'S POSSIBLE™

VIN IS EN cLk [1charge | 10*vIN_cP
0.35V —>~ pump
22uH
2" charge 4*VIN_CP
pump SW | E ] SYS
pwm logic _I__
N Normal working SW may be
I SN | 25 high as 5.5V
It’s medium 3V NMOS

2X clk gen 4X clk gen My Vthn=0.52V @snspsrsc, -40deg

2o N

|

| IL saturation detection }

Startup Circuit
+ 5V cascode to protect 3V MV switch
+ 1st charge pump not loaded down by GD oscillator

Rs i ) sw

H
: AA— C
: :
A :
: Ion : vIN ]
: 7 Ry : S
: » : 4.7uF Ny
. . 6.34MI<L2
SO < =
MPPT] . 256ms

™~ 16s i
> 14.7M2 I e = I
>

i’ CBP:)f

10nF

<

OCV Sense Implementation (FOC=0.8)

A,
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Chip-Scale Supercapacitor

Graphene- &
Based e
Electrode

Dual-Functional
Electrolyte

(1) Polymer + (2)
nanopowders as
the mechanical
separator between
electrodes.

Wafer-Level
Fabrication

Screen |
printing

system |

10

i (a) Goo\—\
: | Oxidati:n § oK Qﬁs

7/ (s 350 °C) s%
k

Reduced graphene
oxide (rGO)

/
Graphite Graphene oxide (GO)

Spin-coating ~ Plus (3) ionic liquid

> ~ (nonflammable) to form
ionic conduction
medium, with high

conductivity and safety.

ionic liquid

SCRULEEESS Chip-scale
Substrate prototype

Target Spec
Size 5mm X 5 mm
Thickness 0.1 mm
Nominal voltage 2.7V
ESR 1Q
Capacitance 25 mF

Energy density 2 mWh/cm?®
Power density 146 W/cm?®

Cycle life > 100k

Leakage current 1 MA/F

" t CIFOAE
R s i P

Polymeric encapsulation

R TN
: & #‘ﬁ*ﬁ?gi
R

3 A
Electrolyte 5

ING P NSOE R RE (AN ORR

& shlectiodetixy | >7“‘33‘

Substrate



Sensing Technologies at ADI — Inertial MEMS

Autonomous Auto Industrial ADEF Techsumer Healthcare

AHEAD OF WHAT'S POSSIBLE™

Position Condition Recognition

=LA Application Specific Design/Quality/Mfg
Low-Level Sensor Fusion Algorithms

SR— Precision Test and Calibration

‘\“a@%"\‘v’mr_ Safety Critical Processes

— N
o

repeatability stability ~ bandwidth noise power

Technology and Innovation Leadership

Leaders in Safety ,ULP, ULN & Stability

Optimized Sensor Conditioning
Innovation : Angular XL

and Processing

11//

CbM Accelerometer N s | gwlthTh icknes Gyro Impact on Navigation - Lab Performance

Ultra Low Power o e e «Ultra ngh Stablllty/
90 160
7w Ultra LOW Noise “lAcceleration Rejectior
Measurement ~ Wakeup Voltage |2 £l £SC grade 1o error: 10m
’ z & 10 -
-(((-))) /_\ g (((-))) % g 50 - w| ADI IMU 10 error: 5m  20x better
; ;g & ’
S 2
~B800nA target ~170nA target 1.1V-3.6V 0 s " 56 o4 * 7///
Beam Thickness (um) ° 1 3 Dis‘ mmmmmm ‘: VVVVV g :m) 7

Sensor Design
.
. Camera

MEMS/IMU

(Inertial Measurement Units)
@ Racar

. Ultrasound

. Lidar

ULN/ULP Accelerometers 2-3 Axis Gyro Single Axis Gyro

Q@




Sensing Technologies at AL

PPG and SpO,

sV Y-

Finger or wrist or hearable

PPG and/or SpO,
Immune to ambient light/EMI

12

| - Optical

The Solution from ADI

|

Space-saving integrated On-chip calibration Reduces power
module—photodiode, reduces factory dissipation
AFE, and LEDs end-of-line calibration
requirements

o ° o
o o
° $ ©
© oo o
o
o o Y
o
o o

Particle size estimation Enables UL 217-
using two LEDs reduces compliant detectors

false alarms

Smoke detector
Proprietary photodiodes
Advanced packaging

Chamber

ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™

L g\l/;q




ADI SmartMesh IP Wireless Mesh Networking Protocol Solution AN

AHEAD OF WHAT'S POSSIBLE™

IEEE802.15.4¢

1,) LoWPAN

IPvé-based Low-power
Wireless Personal Area Networks

2.4 GHz multihop wireless mesh networking solution
Established industrial grade solution

Complete wireless networking solution

Key Benefits

Ultralow power consumption delivering >10 year
battery life

Fenceline Security Monitoring

High reliability, robustness, and immunity to
interference

Scalability for networks to work in different
configurations

SmartMesh — wireless microchips and embedded PCBs complete with mesh networking software

Wire-like reliability, Place Sensors Anywhere Without Wires

13// @
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5G Technologies at ADI: RadioVerse™ Transceivers Coevices

Enables reduced time to market through common HW & SW Enables higher density radio architectures e.g. M-MIMO
Small Signal Radio Platform 3.5” (90mm) _ o

REE Comparison - Discrete vs.
Integrated

Highly Reconfigurable Highest Level of Integration
nolog

Integrated uC

5.4” (135mm)

Programmable BW DFE/DBB
-“_L»ﬁ

:

[ ADI Integrated Trx
L!_“J_ \I : 100MHz - 6GHz

:

Unique Design/Product Common HW + SW Across Products
\

Repeaters ys 2929090 2 2 ERNA

Lowest Power Consumption Lowest System Cost

Reduce thermal density, enable lower SWAP radios
Re-use of architecture used in handsets

e Components such as IF filters are eliminated
" e RF filters are simplified enabled by the
elimination of out-of-band images or aliases

Lowest possible power dissipation
» Highest power consumption blocks operate at

minimum bandwidth

3G 46
384 Kbps 100 Meps
2001 (2008)




ADI Securing Data at the Edge: Hardware as Root of Trust DEVICES

AHEAD OF WHAT'S POSSIBLE™

“Real World” “Digital World”

OT Security
Improved Resiliency

End Point
== sersors |-~ Processors |-

Requires Identity and Integrity

IT Security
Smart Decision Making

Enabling Highest Confidence

Real World

)

7

e
p

Chain of Trust

15// @



Smart Factory : Machine Health Monitoring BV

AHEAD OF WHAT'S POSSIBLE™

.||I||.|. PdM helps on Factory up time

Vibration Acceleration:

. ILevels: 200 g -
SENSE oy | . '500Hzl _ ANALYZE

Errr——

25
20 =
1x Misalignment?
3 Increases in 2x Relative to
3 1x, High Harmonics
£ 5 ~ R N
£
< 2x A
H | Harmonics
T 10 ‘ 14x7
£
2
>
Status=Online .\
‘switching regulators with flexible
input and output ranges.
Regulator portfolio for lov

noise, low power applicat:
Precision references and

regulators for low noise
signal chains.

transceivers for SP,
RS-485, and LVDS.

n
M EAS U RE Communication Interfa
Isolated and nonisolated
or

e bandwidth, low noise controllers and DSPs.
~grated modules.

MS sensors: multiaxis, I ] Ultra low power micro- I

>16-bit SAR converters Wireless Communications:

and low power £-A Industrial radios for
o wresscommaiain [INTERPRET

16 //



EG-powered CbM Sensor Node

ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™

Power management | | ; Magnet
TEG — ADP5092 Super-cap Al Block -
\
Thermal grease
Adhesive
Wake-Up Processor Radio
XL > » module
ADXL362 ADUCM4050 NRF8001 ADXL357
Heat fin
XL Temp sensor
ADXL357 ADT7302
Average Power Consumption (uW)
ANALOG Technol
d DEViCES Technology
_ Update | nRF8001 | ADuCM4050 | ADXL357
Sensors: Ultra-low power XL and temp sensing technology rate BLE uC X1 Total dT
uC: 4 programmable active and sleep modes, SPI, I2C and
UART interfaces 10 sec 220 247 23 490 | 15°C
PMU: Ultra-low power, with MPPT and charge management 30 min 4.6 1.6 0.06 6.2 <1°C

17
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Smart Health: Vital Signs Vionitoring

AHEAD OF WHAT'S POSSIBLE™

Prevention and wellness

‘ '\ Patient (ICU/OR/Main Ward) Vi

\ N \ / / 7 1/ Wearable Sensor Nodes / Hospital )

B i System U ANALOG N \ __

Clinical remote health monitoring

Domain Knowledge COI"e \\“
. S Competencies - )
Y 1/ ,E> '
= aw e
Remote Monitoring
Methods  Algorithms  Platforms  Trials

D“‘,‘&@% 7
Disease — .
Management E§ semeOois Healthcare loT

Partners

/ ADI [oT Ecosystem

Platforms

18




TEG Body Worn Integration A

AHEAD OF WHAT'S POSSIBLE™

Watch-Body Integration Watch Band Integration

TEG pattern

Filler cavity (air or
vacuum)

80 Cycling (15 mph) 7. ~

70 Jogging Qmph) Swimming (est.) :

60 Available - Thermal spreader layer on cavity
output power . . .

50 | Running (7 mph) top and bottom (in contact with band)

Power Output (uW)

40 Walking (3 mph)
<
30 Rest (0 mph)
20 Limited motion
10 (assumed condition for previous slides)
0
1 1000

Convecﬂ%n Coefficient [ V\}PH—ZK-Q 6 chip-scale TEG die per 20cm2->270uW

19 Analog Devices Confidential Information. ©2022 Analog Devices, Inc. All rights reserved.
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Smart Infrastructure DEVICES

Wire vibration _— I
(Hz or m/s?) , (
N\
IIIIIII::IIIIIIII

degree)

\

\ Deflection
(m)

Swaying
(Hz, m/s? or m)

Best in class, industry leading low noise, low drift, low power 3-Axis Accelerometer
FSR: +8g; Noise density: <25ug/VHz (XY axis 10ugVHz)
Stability: <3mg on XY, < 9mg on Z (over 10yrs) oy

ADXL356 |,

PdM is essential to prevent diaster

ADXL355

20// Analog Devices Confidential Information. ©2022 Analog Devices, Inc. All rights reserved.



Smart City — Example of Remote Occupancy Sensing

2 ADI Eagletye

Deployment Device

ADI EagleEye™ Device  *. . Secure commissioning

- Image processing at the edge ., - Secure provisioning
- Privacy ensured %, - Rich UX g
* e X
- Feature based licensing* e E %
- Diagnostics and algorithm OTA *‘:7’ - :
Advanced Troubleshooting
21// Analog Devices Confidential Information. ©2022 Analog Devices, Inc. All rights reserved.
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AHEAD OF WHAT'S POSSIBLE™

Insights
- Customer dashboard
- ldentity management

- Device management

CONFERENCE ROOM

WAREHOUSE




ADI 3D Depth Sensing Enables Precision People Counting &%

Photographed Image Distance Image

High Resolution and Depth Accuracy

Operates in Strong Light/ No Light

Highly Integrated, Small Form Factor

22
Analog Devices Confidential Information. — NDA Required ©2022 Analog Devices, Inc. All rights reserved.

AHEAD OF WHAT'S POSSIBLE™

Facility Management
Building Entry/Exit
Count

Indoor and Outdoor
Commercial Space
Management

Offices

Halls

Outdoor Areas
Automatic Door Opening



Smart Agriculture: Thermal Ground Spike

Embedded in ground for testing
WV AN . B

ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™

Finned cap ‘

housing

Temperature (°C)

Two-phase heat pipe

Day high temperature at SIC

I [ T | ]

Day low temperature at SJC

7-Day Totals
Daytime: 41J — 68 uW (20% increase)
Nighttime: 34 J — 57 uW (60% increase)

Day+Night — 125 uW

23//

Temperature (degC)
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1/13 12:00 1/14 12:00 1/1512:00 1/16 12:00 1/17 12:00 1/18 12:00

Into the ground

»

[ Daytime; surface hotter than subsurface
RN /
——

AT otent ———————- ~
v potential ° > —

Nighttime: radiative cooling at surface inverts

1 2 3 4 5 6
Thermocouple #
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loT Evolving to More Intelligence at the Node BEVIcRS

AHEAD OF WHAT'S POSSIBLE™

TODAY

* Data stays data: never generate wisdom and

knowledge at the node 6 @

o Power hungry and bandwidth intensive to GARA, NS
I (( |)’H
convert and send all data - ‘x

ANALYZE

o &

SENSE CONNECT MEASURE  INTERPRET
TOMORROW o "
. . TEMP '
* Intelligent “Smart” Sensing: node turns data @ %\ é"”é
into information » (AD
_ _ SENSE MEASURE
o Lowers overall power consumption, enabling
self-power, lowers latency, reduces bandwidth N 5 SR
waste @ ‘\@ e CONNECT  ANALYZE &
o More intelligence with Al and ML L ‘Qg‘ Senwereld PREDICT
o Enables move from reactive loT = predictive & Artificial L
real-time loT Intelligence INTERPRET _ I

24



Al Accelerated Micros MAX78000/2

AHEAD OF WHAT'S POSSIBLE™

Ultra Low Power Micro CNN Accelerator

ARM Cortex-M4F
100 MHz

B4 processors
: 442kB Kernel Memory
Timers External Interfaces

2 x Quad SPI 512kB Data Memory
UART, 2x12C, ADC, 128 32 Model Layer Registers

Parallel Camera

Security
TRNG

1.

LlTHlUM UI"-
—

Traditional micro MAX78000

Energy per Battery
inference (mJ) |Lifetime

80h00’

Apollo3 1.31

Spresense 8.09 16h45%’
0.52 140h15’

81h50’
. 244h00’

maxim
integrated.

*M. Magno et al, Tiny ML EMEA Technical Forum 2021
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Energy Harvesting Enables Sustainable loT ANeL 00

AHEAD OF WHAT'S POSSIBLE™

Technologles ~ Markets

HIGHLY EFFICIEN
ENERGY HARVE P Electiol
FOR loT APPLIC e

.'{ ; ; \‘\ C" SAf

RS ) - ""\ & | d)
= — N A ? | Electic

e S = / § double layer

Electrode

Sensing Processing with Al

Smart Healthcare Smart City/Agriculture

26
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Thanks very much for your time and
attention!

Questions/comments???

» Acknowledgement of contribution from my collaborators including Jane Cornett and
other members of ADI energy harvesting community



