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Cornoputatijo

Fabrics

Couch cushions can sense
biosignals (i.e., sweat,
heart rate, posture, etc.)
and communicate relevant
information to the floor
beneath.
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Sticky Notes

Notes can communicate their contents
and location with each other and with
the objects they are mounted on.

Tissues

Tissues can sense health-related
information during use (i.e., virus identity,
load, etc.) and communicate with the
wastebasket upon being discarded.

Systems

Food Packaging

Cartons and wrapping can sense the volume
and chemical composition of their contents and
relay this information to the refrigerator.

Computational
Skins

Arrays of dense, high
performance, seamlessly
networked, ambiently-
powered computational
nodes that are embedded in
everyday objects.

Floors and Walls

Floors and walls can communicate with each
other, localize other computational skins in the’
room, and track human motion. Their inherently
large area is ideal for energy harvesting.
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Smart Cities-Autonomous Cars

//Levels of driving automation acc. to SAE and VDA

[ development

series research | n.a.
LDW LKA Parking  Traffic Jam  Parking Robot
FCW ACC Assistance  Chauffeur Garage Pilot Taxi
level 0 level 1 level2 ' level3 level 4 level 5
I
No Partial | Condi- High Full
R tional
auto- Assisted auto- | = ith. auto- auto-
mation mation . mation mation
I mation
I
driver “in the loop” yes no (optional)
secondary tasks none specific all (incl. sleeping)
min. risk condition none some always (must!)
final fallback level driver automation
from origin to destin, no (specific use cases) I yes

Vehicle-to-Everything (V2X): Any communication involving a vehicle as a source or
destination of a message:

* Vehicle-to-Vehicle (V2V)

* Vehicle-to-Infrastructure (V2I)

* Vehicle-to-Network (V2N)

* Vehicle-to-Pedestrian (V2P
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5G networks

User Experienced
Data Rate

Defining characteristics

Peak Data Rate

(Gbit/s)

(Mbit/s)

Cellular network
75dBm EIRP FCC
limitation (compared to
36 dBm for UHF RFID
readers)

Small cells (300-500m
radius)
Mm-wave o—
Beamforming
Spatial multiplexing

Area Traffic
Capacity
(Mbit/s/mz2) 10
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Internet of Things

Passive RFID data
carriers and UID

Physical
interface zone

Actuators

.

Host

Interrogator /
Gate way Information
device - Management
System
)
Actuators
v
Interrogator/ Host
Gate way Information
device -/ Management
‘ System

-3

Application commands

and responses

Wider area

communications
and Networks
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S
3D Integrated Platforms

Multi-mode Wireless Interface for Comm. and
Energy Harvesting \

Wireless Interface for Comm/Sensor/Power

RF/Digital
Substrate

Sensor node Power management Comm. node

Si-CMOS+
Substrate

Electronic Interface for Nanowire

Nanowire Sensor Nanowire Energy Harvest Nanowire Battery

N /I 7

Multi-mode Nanowire Interface for
Sensing/Energy Harvesting/storing
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Additive Manufacturing
!

l l * Low cost
Inkjetfrinting 3D printing * No cleanroom
I ] [ ¢ | * Fast prototyping
Aid techniques Fu.IIy.inkjet Dielectric  pMetallization * Customization
: printing pr”it'”g __ * Flexible material

* Environmental
friendly

Bonding Molding
FDM SLA/DLP
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Advantages of Fully-Printed Systems

Low-cost fully-printed systems

Removal of mounted discrete
components =

Stackable interconnects and crossovers

Higher levels of complexity and —
integration )

Ability to post-process onto CMOS (Long [
Term) \

High gain antennas
Reduce chip area (Post-processed

inductors and capacitors)

Non-CMOS compatible components and

sSensors _
\ -

P
ATHENA ogroia
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Additive vs Subtractive Fabrication

Technology Feature Size | Multi-Layer
(um)

Laser Ablation 20 No

Photolithography 0.0l Yes

Microcontact Printing 0.1 Yes

Gravure Printing 5-10 Yes

Screen Printing 10-20 Yes

Inkjet-Printing 1-20 \ J
ATHENA
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Vision: AM Smart Packaging and
mmWave transceivers

Corrugated
Horn

Corrugated Horn Antenna
Gradient Lenses | Embedded Fingerprin’

Ante
A Resonators/Sensors
Ry,
Die 3
| | =
— -
— j Ramp Interconnectior Die ¢ Partlc|.e
¥ Micro-channels eparation
Cavity filled with SU8 Encapsulatio Structure
Full smart package with multiple Horn antenna array integrated into Integration of BIOMEMS inspired
features. MCM, for compact high gain mm-Wave || structures for wearable and
transceivers. implantable wireless biosensors




Mm-Wave Systems and Packaging with Printing

sl 3D |
Inkjet Printing Polymer solutions, Interconnects

metallic nanoparticle

dispersions, carbon RF substrates
nanomaterial _
suspensions Die attach

Materials: Dielectric lenses
Photoactive resins,
thermoplastics, ceramic Encapsulations
pastes, conductive
adhesives Die-embedded
leadframes
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On-Package 30 GHz Antenna

0 0
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270 90 270 90
(a) (b) 240 120 240 120
210 150 210 150
180 180
(a) (b)

Fig. 4. Simulated (a) YZ and (b) XZ normalized radiation pattern cuts.
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3D-Printed Encapsulation
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Inkjet-Printed 3D mm-Wave Interconnects

« Efficient interconnects essential for system-on-package (SoP) solutions
« Use inkjet printing to realize 3D mm-wave interconnects between IC die and packaging

substrate
Interconnect Lines 0.0
i Dielectric
Die-Attach Ramps 054
IC Die .
S 1.0
Packaging Substrate g —— Sample #1
aN -1.54 —— Sample #2 \ " "
— - Sample #3 \ \j\@c/\ f/\ M AAN
— ( V‘ w \ (
2.0 Sample #4 / V \A/‘:/(\/\W \
. , !
25 T Simulation
T T T T 1

Frequency (GHz)

» Loss at 40 GHz: 0.6-0.8 dB/mm
 Inductance half of typical wirebond (0.4 nH/mm)
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Mm-Wave SoP Antenna Integration

« Use inkjet-printed interconnects to directly interface IC die with SoP antenna f
« Minimize system complexity, interconnect length, and transmission losses

IS11] (dB)

— Sample #1
—— Sample #2
—— Simulation
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« Wideband CPW-fed bowtie antenna covering 23—-40 GHz using glass as RF substrate
« Multilayer printing allows for isolation from packaging substrate in future efforts

T I

Frequency (GHz)



Gbps Millimeter-wave Backscatter

Flexible
printed

Printed flexible 24-28 GHz tag
Ultra low-loss substrate

Modulation factor IA|

1.8

16+

L 1 1 L 1 1 L
0 5 10 15 20 25 30 35 40

Frequency (GHz)

First time reported Gigabit backscatter data rates (> 4 Gbps)
Extreme energy efficiency < 0.15 pJ/bit
3-4 orders of magnitude beyond current RFIDs

J. Kimionis and M.M. Tentzeris, “Millimeter-wave Backscatter: A Quantum Leap for Gigabit
Commu- nication, RF Sensing, and Wearables,” in IEEE MTT-S International Microwave

Symposium (IMS) 2017, Honolulu, HI, USA, Jun. 2017.
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The Internet of Skins

Flexible device: the Skin
Ultra-low-power: 20 yW
-Battery-less: Energy
Harvesting

Long-range: 250m to 1Tkm

L ocalizable in real time:
single-reader localization
(AoA+range)
‘Metal-mounting compatible.

ﬂ
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Printed, flexible, backscatter-modulation
Van-Atta sensor km-Range “patch” structure

 Active backscatter-modulation Van-Atta

« All the advantages of the passive Van-Atta + non-linear response

« Enables this new structure with
« Ultra-long-range reading capabilities (up to several kilometers)
« Qutdoor or indoor energy autonomy with solar cell:

« Ultra-low power consumption (200uW)

« Almost immediate integration of any of our printed gas
sensors

« Several on the same platform, in the future

« Great resolution (below 0.5m)
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J.Hester and Manos M. Tentzeris, “A mm-Wave Ultra-Long-Range Energy-Autonomous Printed RFID-Enabled Van-Atta Wireless
Sensor: at the Crossroads of 5G and loT”, IEEE International Microwave Symposium (IMS), 2017, accepted
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Smart Computational Skins

st Sensing
eV, P4 P4 "M“'M' / material
padee®® ]
| .
AFID Read 'H' 'W* 'H' 'H. _\-\\ Power + data . | Chlp
1D Reader e = )] — [(§ ™ zc[:l RF front || Analog/

\ am e e P P o7 B ]l end digitad
Ml ™ | .L | I
> <‘-. : RFID Modulated backscatier oo

P b ) b reader J )
>
Zero-Power Sensor Array HEm tag

< RFID-based wireless sensor system >

= Array of nanomaterial-based sensors

= Ubiquitous coverage with few readers

— Low cost compared to equivalent system using
standard sensors

= Many applications: gas sensor, strain sensor, etc.

Georgia | School of Electrical and
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Printed Origami-Enabled Sensor

« 3D printing fabricates foldable cube package, inkjet printing fabricates
metallic patch antennas

 SMP (TangoBlack/VVeroWhite blend) hinges exposed to thermal
treatment (50~60 °C) allowing for folding and shaping, holds shape
when returning to ambient

Multi-Port Wireless Harvesting

2 ///9’; — (Simulation) Port 1
g (Simulation) Port 2

=25

—— (Simulation) Ports 1 + 2

* (Measurement) Poris 1 + 2

* (Measurement) Port 1

«  (Measuremen 1) Port 2

4 (Wireless Measurement) Port 1

20 -15 -10 -5 C
Rectifier Port Input Power (dBm)




Fabrication process and prototypes

T it cell

inkjet-
printed dipoles

A 7.

T Perforate
Minra Pattern

"bridge-like" structures

T

Fabrication process (a) Folded Miura-FSS (b) close-up of dipole elements with
different folding angle 9.

= Special “bridge-like” structures increases the flexibility of the conductive traces

. #Jniform folding angle is ensured by using specially designed 3D-printed
rames

N
~
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Origami Reconfigurable Antenna “Trees”

First-of-its-kind antenna integration topologies
Origami scaffold structure
— Mechanical tuning
Liquid metal

— Reconfigurable

Dual antennas system with minimal interference
— Helical antenna
— Zigzag antenna
3D SLA printed
Flexible/foldable

- Voronoi
structure

“hannel inside

Wenjing Su, Ryan Bahr, Syed Abdullah Nauroze, and Manos M. Tentzeris, “Novel 3D printed Liquid-metal-alloy microfluidics-based zigzag and
helical Antennas for Origami Reconfigurable Antenna “Trees””, IEEE International Microwave Symposium (IMS), 2017, accepted
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Inkjet-Printed Soil Moisture and Leaf Wetness Sensor

Features:

Inkjet-printedseapacitive sensor for
SOIl moisture and rain detection

Applications: 4 ‘\”

Iff€gation optimization, quality control  J %
Offigh-value fruit, and land-slide
détection in mountains

Leaf Wetness Sensor |
(Rainfall and frost detection) [
Sl Monopole Antenna

(Communication,
RF Energy Harvesting)
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Inkjet-Printed Microfluidics

m Use inkjet-printed channels
to achieve microfluidics
cooling, etc.

m The process canbeusedin . — —=sus &
constructing various 3D R —
micro structures 5 T

1. Print 1solation layer 2. Print support material 3. Print the microflmudics 4. Wash the support material

.___.-"'-_-:-::T""\-.
- -,
..-'"d: i H-H"'\-\.
-'.- = "-}""a_
. ST M

[JSU8ink PAPMMA ink []Substrate

¢ IEEE Click to add title A Slide 7



um>*0.8 um
m Flexible
= On virtually any substrate
(e.g.glass)
m Tunable mic

2017 IEEE Radio and Wireless Week, Phoenix, AZ, USA M .
@IEEE Click to add title A Slide 8




Smart Test Strips through
Inkjet-Printed Microfluidics

Ll s Elaciriral sormors
Tt [ =tar-akono microfiidos)
, i

Stand-Alone Microfluidics| Transition | Paper
| | Microflnidics

i i

EZ Paper [ SU-8 [ PMMA ichamme] Il Silver

=

Capuacitance (pFi
'

77 2017 IEEE Radio ... ... . peswcass. . ... ..< AZ, USA pava ¥ Slide 9

rw QIEEE Click to add title s »



Smart Test Strip

* First-of-its-kind platform for
wireless comprehensive liquid
sensing

* RFID + paper-microfluidics
* Portable diagnose

Liquid Electrical sensors
Inlet (stand-alone microfluidics)

Antenna

Chemical sensors
(paper microfluidics)

Géaordia | School of Electrical and
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~*"  Smart test strip "%,

Chemical
Sensor 1
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' ' W camera "
" Chemical [ [ : ol /scanner 1
: Sensor 2 . p : E
: Chemical :_.: g & '
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' 1 Visible | :
' ! light »
1 ] 1 '
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Liguid metal alloy (LMA)

* Work with 3D printed microfluidic channels
* No failure point when folding

e EGaln (75 wt % Gallium and 25 wt % Indium)
* Conductivity: 3.4483e6 S*m (1/17 of bulk copper)

Flexible/stretchable

* Melting point: 15.5°C
Flowable

 Viscosity: 1.9910 mPa*s (2x of water, 1/4000 of ketchup)
Non-toxic
NaOH to avoid oxidation skin

|
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S
Mathematically Inspired 3D printing

* Modified Surface for improved
electroless deposition of pure

copper

 VVoronoi Tessellation
» Leads to low cost, easily applicable to
any design for exposed sensors

 Fractal 3D Antenna
« Near impossible to fabricate without

additive manufacturing (AM). (Left Column) Fractal NN L

« Demonstrates multiple resonances for Antenna. (Right Column) = = |~
a multi-band antenna Voronoi based Inverted feed * | - L>
discone antenna. . \ 7{|/




Smart Floating Balls

* Phase configuration chipless RFID

* Shadowing balls to save water by
reducing evaporation in reservoirs

e Water quality monitoring for
contamination, such as oil and gas
wastewater (low permittivity)

W

~ 5 <«— Alignment post

/ / ‘ “ — L
& T e
{ >/ N N Patch antennas ’71;{&;_‘ < .

_— | g L

Ground plane &

1 ‘\ ‘ Phase delay line =
LW L N |
|
|

./quuldchannel =

— Weight adjusting

|
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Inkjet Printed RF Switches

* CNTs have (ideally) >10000 cm”2/Vs hole mobility

 Previous work has been demonstrated in fabrication of RF
circuits/switches

 Comes in agueous solution, “printable”

D S
o) — —— CNT.
: - sio2

Si

Georgia Jh School of Electrical and
Tech || Computer Engineering
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Wireless CNT-Based Gas Sensors

* Printing of 5 to 30 layers

of CNT Ink somm § =
- Drying at 100°C for 10 a2 e
hOUI‘S, Under vacuum Picture of inkjet—prir%%gaqrgilver

electrodes

e Chemical
functionalization of film

* Printing of electrodes with
silver nanoparticle ink
(SNP)

* Drying and sintering at
110°C for 3 hours

I
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Additively Manufactured Ambient Long-Range RF
Energy Harvester

' 5
E-WEHP
Features:
= Adipole antenna + rectifier Y ﬁ:E
for 550MHz (Digital TV) -
harvests ~100uW from TV . B | AT Embeoded MY 4
tower 6.5km away . _ — = i
= MSP430 + CC2500 for : C ¥ T I
sensing and‘communication , \ LM T M=
= Dynamic duty cycle control  .* 'V'L-'::':i‘r' mt‘;fp‘um G
software for maximize \, J

scarce energy intake

5-stage
Cockcroft-
walton circuit

R.J.Vyas, B.Cook, Y.Kawahara and M.M.Tentzeris, "E-WEHP: A Batteryless Embedded Sensor Platform Wirelessly Powered
from Ambient Digital-TV Signals", IEEE Transactions on Microwave Theory and Techniques, Vol.61, No.6, pp.2491-2505,
June 2013.

S.Kim, R.Vyas, J.Bito, K.Niotaki, A.Collado, A.Georgiadis and M.M.Tentzeris, "Ambient RF Energy-Harvesting Technologies
for Self-Sustainable Standalone Wireless Platforms", Proceedings of IEEE, Vol.102, No.11, pp.1649-1666, November 2014.
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50.00

45.00

&
8

35.00

JO.00

25.00

20.00

1500

Power (Microwatts)

10.00
5.00

0.00

Energy Harvesting circuit to capture power from air

s |V (hannel Power captured by Antenna |
| =——Input RF Power for Vcap=1.8V
: — Input RF Power for Veap=2.2V | 4
| ——Input RF Power for Veap=3.3V ] : 3 ’ R

- EH Circuit performance

, - 12 py-watts of wireless
power -> 1.8V DC out
- 17 py-watts of wireless
power ->2.2V DC Out

- 25 p-watts of wireless
power -> 3.3V DC out

L (R

REBIIRSZBERREE SET88IYBILRSYIZTER 100uF Charge Debug Ckt &
@O ™~ N QWL NS N ~Mm ooyl g NN Mo oy o8 N
R AR R A I SRR RR ARSI IR EERRES | Sensor Interface

tank Cap

T

EH Circuit design includes:
— Converts microwatts of wireless
power to over 3V of DC output signal
— No batteries - Uses Capacitor to
wireless power
— Powers up microcontroller for power

management and sensing
applications

* R.Vyas, B.Cook. Y. Kawahara, M. Tentzeris. “EA Self-sustaining Autonomous Wireless Sensor Beacon Mote Powered from
Long Range, Ambient RF Energy”, accepted to IEEE International Microwave Symposium, 2013

RF Charge
Pumps

' School of Electrical and
Computer Engineering




Wearable Energy Harvester RFID-Based On-Body Autonomous Sensing

Network

Autonomous Sensing Network

System Architecture

» Wearable energy harvester harnessing RF energy from 464 MHz two-way radio
» Provide two output energy source: DC power and 928 MHz signal beacon

» DC application: drive amplifier, drive IC chips, wearable reader

» RF application: llluminate wearable RFID and sensors to extend sensing range

O 464 MHz Receiver Proposed Rectifier
0 N4 o o T s
=y a - Z 1 Iy DC
= Wearable Software <7 5 ™ Load m
energy harvester defined radio ))) " : Feed : 3
7]
(Rectifier+ frequency .. - [ leaden | LLfMatehing [ 'o8MHz | T
double) ' 1| Circu | Antenna n
/ ““““ RE ‘‘‘‘‘‘ O ! : bC — —l §
” . =\ I DC &928 MHz | Block || 1 | | T
i e Long distance & [ L B "
(more than 10 m) y O N oo,
f-‘:’—r,
Two-way N
talk radio ;
i, s, . || Voltage | | | | Matching
@é Sigis Oscillator Regulator Rectifier Gircuit .
Sensor  464MHz 928MHz  928MHz : &
@.. 3 tag sianals signals signals :
WA 9 (Emitted) (Reflected) e mcmmmmmmmcmc—m—— e »| MOSFET
Contraol Switch

N
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