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ATHENA Research Group

« 10 PhD students

5 MS students

« 5 GT-ORS Undergraduate Students

« 5 Visiting Faculty+Stuff (Japan, France, Italy, Spain, China)

« Strong collaboration with Georgia Tech Ireland - Athlone (visited Summer 2009)

 Featured in IEEE The Institute, Wall Street Journal, Discovery Channel, CNN,
Boston Globe, CBS Smartplanet, Yahoo, EE Times, engadget.com, gizmag.com

« Co-founders of the RF-DNA anti-counterfeiting technology listed among the 25
technologies featured in the 20-year anniversary issue of the Microsoft Research
Center

 http://www.athena-gatech.orqg

N kskede KbedL Lo R/

Gegraia i ATHENA


http://engadget.com
http://gizmag.com

ATHENA Focus Areas

*RFID's, mmID's and RFID-enabled Sensors

Inkjet-Printed RF electronics, antennas and sensors
*Nanotechnology-based "zero-power" wireless sensors

*Ubiquitous WSN's and Internet of Things

"Smart Skin" and "Smart Energy" Applications

Wearable and Implantable WBAN's

Flexible 3D Wireless " Smart Cube" Modules up to sub-THz
Multiform Power Scavenging and Wireless Power Transfer
Conformal ultra broadband/multiband antennas and antenna arrays
Paper/PET/Fabric-based Electronics

Georgia
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Selected Awards

IEEE Fellow

NSF CAREER Award

IEEE MTT-S Distinguished Microwave Lecturer

2009 E.T.S. Walton Award from SFI

2010 IEEE APS Society P.L.E.Uslenghi Letters Prize Paper Award

2010 Georgia Tech Senior Faculty Outstanding Undergraduate Research Mentor Award
2009 IEEE Trans. Components and Packaging Technologies Best Paper Award

2006 IEEE MTT Outstanding Young Engineer Award

2006 Asian-Pacific Microwave Conference Award

2003 NASA Godfrey "Art" Anzic Collaborative Distinguished Publication Award
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3D Integrated Platforms

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

Wireless Interface for Comm/Sensor/Power

Organic
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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Enabling Technologies in the future
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Inkjet-Printed RF Electronics and Modules on Paper

N

* Microcontroller Unit * Energy Harvesting

and Transceiver SoP Devices (Solar, Piezo)
Integra-tion and * Power Management
Packaging Unit

* Inkjet-printing
* Curing
* Multilayer laminatio

* Temperature Sensor
_Paper-based Substrates

* RFID e WSN
Communication

* Multi-hopping Routing
Protocol

* |dentification
¢ Localization & Position
Tracking

* Environmental Sensing
and Monitoring
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Internet of Things - at its most basic level...

Passive RFID data
carriers and UID

Physical
interface zone

Actuators

Interrogator /
Gate way
device

L

Host
Information
Management
System

Actuators

Interrogator /
Gate way
device

.

Application commands
and responses

Host
Information
Management
System

4

Wider area
communications

1 and Networks

N

Internet +
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RFID Ink-jet Printed on Paper Using Conductive Ink

PAPER ELECTRONICS:
« Environmental Friendly and is the LOWEST COST MATERIAL MADE

» Large Reel to Reel Processing

« Compatible for printing circuitry by direct write methodologies

 Can be made hydrophobic and can host nano-scale additives (e.g. fire retardant textiles)

* Dielectric constant r (~3) close to air’s

« Potentially setting the foundation for truly
“green” RF electronics
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RFID printed on paper: conductive ink

PAPER:

« Environmental Friendly and low cost
(LOWEST COST MATERIAL MADE BY HUMANKIND)

« Large Reel to Reel Processing

« Compatible for printing circuitry by direct write methodologies
« Can be made hydrophobic and can host nano-scale additives (e.g. fire =>*a'
textiles) p—
» Dielectric constant er (~2) close to air’s

INK:

« Consisting of nano-spheres melting and sintering at low temperatures (100 ° C)
« After melting a good percolation channel is created for electrons flow.

* Provides better results than traditional polymer thick film material approach.

SEM images of prmted silver nano-particle ink, after 15
minutes of curing at 100°C and 150°C

The ONLY group able to inkjet-print carbon-nanotubes for ultrasensitive gas
sensors (ppb) and structural integrity (e.g.aircraft crack detection) non-invasivel
Sensors
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Inkjet-printing Technology - Printer

Characteristics:

Piezo-driven jetting device to preserve
polymeric properties of ink

10 pL drops give ~ 21 ym

Drop placement accuracy =10 ym gives
a resolution of 5080 dpi

Drop repeatability about 99.95%

Printability on organic substrates (LCP,
paper ...)

0
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High resolution inkjet
printed copper (20 um)

SEM Images of a Layer of Printed ink, Before and
After a 15 Minute Cure at 150°C

Continuous Ink-Jet Technology

Deflection Plates
— Transducer  Charge High Voltage Substrate

Electrode E— Motion Into

Page
_ﬂ-a:”—_;:—_"'

=~

/
% Substrate

Character Data ~ Catcher
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Novel Method for Inkjet Cu

Cu

« 15x cheaper than metallic =
nanoparticles g ”
« Uniform, non-porous films o
« Can be deposited on glass and § Cu
wafers (Future integration w/ CMOS) = .ML
« Zero oxidation o CHES T

Energy / keV

200 nm
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Printed Dielectrics For Multi-Layer Passives/Actives

 Inkjet Multi-Layer Process -
— Metal/Dielectric/Via layers (All Printed) 5
— Post-Processing on-chip ’
antennas/interconnects N4
— MEMS 0
— MIM Caps 0

— Transistor Gates
— Substrate Surface Energy Modification

llllllllllllll
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Inkjet Printing on Si/Glass

Surface modification enables inkjet printing
on silicon/glass that was not possible before.




Inkjet Printing on Si/Glass

Cu as well as some other metals such as
Au, Ag, Pd, Ni and Co can be printed on
Si/glass In our novel approach by combining
iInkjet printing technology and electroless
deposition.
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Wireless Sensor Module: 904.2 MHz

* Single Layer Module Circuit printed on Paper using
inkjet technology

* Integrated microcontroller and wireless transmitter
operating @ 904.2 MHz

*  Module can be custom programmed to operate with
any kind of commercial sensor, environment &
Communication requirement

* Rechargeable Li-ion battery for remote operation

4. B529e-001

*+ Maximum Range: 1.86 miles ety
Actual: 29.4 Degree Celsius igzggggé
Measured: 30 Degree Cesius Marker: 9042 MHz e

-2, Y57Be+B800
-3, B415e+A08

0,100 48,073 drm e
Lo 0

-4, 7B43e+008
dBm 5595304000
-5.9138e+008
s voszeramo
-7.B627e+008
-7, 6372e+000

10
By
Antenna Radiation Pattern
-100 showing high gain
dBrn
Center: 904.4 MHz Span: 36 MHz
Wireless Temperature Sensor Signal Wireless Signal Strength
sent out by module, measured by sent out by module,
Spectrum Analyzer measured by Spectrum

Analyzer
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Wireless Sensor Module: 904.5 MHz

* Double Layer Module Circuit printed on Paper using
inkjet technology

* Integrated microcontroller and wireless transmitter
operating @ 904.5 MHz

*  Module can be custom programmed to operate with
any kind of commercial sensor, environment &
Communication requirement

* Rechargeable Li-ion battery for remote operation

« Maximum Range: < 8 miles

) Marker: 9229 MHz TOP VIEW BOTTOM VIEW
Actual: 42.4 Degree Celsius -20.162 dBm . .
Measured: 42.5 Degree Celsius 0 Circuit + Sensor+ Antenna on Paper

lo]1]of1]o]olo]o]o]o]| dBm

dB(GainTotal)
1,55422+000

. 9. 7975e-081
4,B529e-081
-1.6917e-Ba1
-7, 4363e-Ba1
-1. 3161e+008

10
dB/

-2. 4670e+008

-3. 84154000
|| -3, 6159e+000
-1, 1984 e+000
1. 764 Ge+DaE
-5, 3393e+000
-5.9138e+008

- 100 I -B. 4852 +G00
dBm e
Center: 905 MHz Span: 36 MHz
Wireless ASK modulatgd Wireless Signal Strength Antenna Radiation Patter showing
Temperature Sensor Signal sent out sent out by module, high gain
by module, measured by Spectrum measured by Spectrum
Analyzer Analyzer -



SenSprout: Inkjet-Printed Soil Moisture and Leaf Wetness
Sensor

/A.

Features: .
Inkjet-printed capacitive sensor for f
soil moisture and rain detection

Applications:

Irregation optimization, quality
control of high-value fruit, and
land-slide detection in mountains

Monopole Antenna
(Communication,
RF Energy Harvestlng)
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Inkjet-Printed Radar on Flexible Substrates
(headed by A.Traille (Doctorant-LAAS) and Prof. H.Aubert (LAAS)

A.Traille, A.Coustou, H.Aubert, S.Kim and M.M.Tentzeris,“Monolithic Paper-Based & Inkjet-
Printed Technology for Conformal Stepped-FMCW GPR Applications”, accepted for Podium
Presentation to the 2013 European Microwave Week, Nurnberg 2013
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UWB Inkjet-Printed Antennas on Paper: Is it possible?
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Inkjet Printing on LCP: Up to mm-Wave

Frequencies

Return Loss (dB)
P

n
=]

\/"- = = Measurement Results
== Simulation Results

-25 4

-30

0.4 09 1.4 1.9 2.4
Frequency (GHz)

s,, [dB]

3q0 20 30 40 50 60 70 80 90 100

Freq [GHZ]
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Working prototype
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3D-"Magic Cube” Antennas

« Typical RFID/Wireless Sensor antennas
tend to be limited in miniaturization by
their length

 What if used a cube instead of a planar
structure to decrease length dimension?

» Interior of cubic antenna used for sensing
equipment as part of a wireless sensor
network

« Can lead to the implementation of UWB
sensors and the maximization of power
scavenging efficiency, potentially enabling
trully autonomous distributed sensing
networks

The first trully 3D maximum
power-scavenging antenna on
paper
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Experimental Set-Up

ORIENTATION #1 ORIENTATION #2 ORIENTATION #3

Tx and Rx co-polarized Tx and Rx orthogonal Tx and Rx random

“Receive

TX RX
Orientations

B i e o W v (L 5 I Y O Iy A4



Min/Max Ratio

Outdoor Range Measurement

100

90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 +
10 -

Min/Max Distance Ratio for All Orientations

Co

Channel 0 =
903.37 MHz

Channel 3 =
909.37 MHz

C3
Channels

u Sensor Cube

= Stacked Whip |

c7

Channel 7= -
921.37 MHz -

e Maximum
Whip-Whip
Distance is
0.12 miles

e Maximum
Cube-Cube
Distance is
0.116 miles

More variability with orientation
for the whip antenna (65% vs. 95%
for the cube antenna)
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|sotropic Radiator

Radiation Pattern of 915MHz _ _ _
Printed Antenna Folded Horizontal Orientation
Around FSS Cube

270°

22 135°

180° Horizontal

—\/ertical
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Gograig - ATHENA
ot Vo G G/ < 4
©u oL LHECECRCIV R A VA VAWAW, WAW AW AN —

AR =



Omnidirectional Broadband CP Antenna

N,

o R
3 ‘--,~.
o -,
@
a
Q.
-
£
2
3

20

7 18 1

=== 6mm
— C2=20mm
=== C2-24irm

..............................

Axiul Raliv(uB)

.......................

"""""" 7
"6\ F
0 1 1 1 1 7/ 1
1.7 18 19 2 21 22 23
Frequency(Ghz)
{0}

The first CP Antenna with 2N
30%+ AR Bandwidth (10x better .\~ /.
than state of the art) i
Also: omni, flex independent ;
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Harvestino
@

Features:

* Adipole antenna + rectifier
for 550MHz (Digital TV)
harvests.~100uW from TV
tower 6.5km away

Ty

Paper Antenna

s MSP430 + CC2500 for
sensing and~communication

* Dynamic duty cycle control
software for maximize y
scarce energy intake
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Ambient RF: How much is out there?

b = -
8 I 3G,4G
Gt Digital TV DVBH GSM
0 i '
dBrn .
i b l = Ambient
dB’ M”““U i RF: Atlanta
e
Center: 700 MHz Span: 500 MHz
] Ana og D:g= al
. ‘ * T\ 1obne
" Ambient ol I Bhssquding, angve
RF- TOkyO E nm}! . A B i n‘ [ '/l‘-a
T l‘ iy I ! '
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Energy Harvesting circuit to capture power from air

S0.08 B T Channel Power captured by Antenna

4500 ——Input RF Power for Veap=1.8%

20,00 ——Input RF Power for Voap=2.2V _ » EH Circuit performance
—_ — Input RF Power for Veap=3.3Y L
£ 3500 - + 12 p-watts of wireless
m
E 30.00 power -> 1.8V DC out
2 2500 | # i « 17 p-watts of wireless
2 2000 e AT T power ->2.2V DC Out
u Al el .
g 1500 N oA + 25 p-watts of wireless
A 10.00 ' power -> 3.3V DC out

L.00

Q.00

EEﬁEE?EEEEEEEEE%&E%EEE&EE%EEEEEE 100uF Charge Debug Ckt &
[T Lo P o oS WD r o Lo F oo P Moo e — P oo oo 1
e R S R AR O R s e R R S R S R S tank Cap Sensor Interface
L E. T ok T 5 i T T T T .0 T T T OO o O O - O S s o Y R xR [ n LY T T T m S Y O o R Vi

Frequency (MHz)

* 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, “FA Self-sustaining Autonomous Wireless Sensor Beacon Mote Powered from
Long Range, Ambient RF Energy”, accepted to [EEE International Microwave Sympaosium, 2013

To Antenna




Energy Harvester performance in field

Wireless Power Source: TV/cell Tower 6.5km away

At 6.5 km from source

RF-DC charges output
Capacitor to 4.1-4.2V in
3mins

Needs just 28
microwatts of wireless
channel power in air to
give 4.2V

- E-WEHP: Output
s Voltage

E-WEHP:
Antenna .

RE-DC

* R.Vyas, B.Cook, Y. Kawahara, M. Tentzeris ., “E-WEHP: An Embedded Wireless Energy Harvesting Platform for Powering on
Embedded Sensors using existing, ambient digital TV Signals present in the Air”, IEEE MTT, Nov 2012



Introduction

In the new area of the Internet of Things
the focus of this work is about..

Health Monitoring Physical Activity

Monitoring
Wearable
Electronics |, Rehabilitation Methods
r o Improvements
Safety

Instantaneous data
elaboration
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EBG Ground Plane

» Reflection phase characteristic method

* |lluminate plane wave to the EBG ground
nlane

» Monitoring phase of the reflected wave (S;,)

Paper substrate

(b) Layout of EBG surface

fi Fig6. (a) Antenna Geometry company

CLEE EaTaled

—— ATHENA



Communication Range Improvement

S ——
RE ool
Chip antenna:
18.3m
Temperature around
N transmitter
Monopole with EBGs: Temperature around
82.8m receiver
E— Figl3. Communication range measurement

« Communication range is improved

1 - Original chip antenna: 18.3 m

q - The proposed antenna: 82.8 m

~ + Range is increased by a factor of four <empany

Lalalad
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"Smart Skin” Platform

.....................................................................................................................................................................

P o oot

Lant B Lan'l I bant B Ll

RFID Reader "\

(((M))) Lant I Lant B Lant B Lopl

Lot I Lot B Lonll B Ll

Multi-Sensor Smart Skin
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Proposed Microfluidic RFID Tag

e Microfluidic-integrated RFID antenna

— Utilizes capacitive microfluidic gap to load antenna
— Change in fluid €, causes change in f,
— RFID chip provides digital backscatter modulation

Capacitive Gap
Fluid Channel |
o L

ve
Bac\‘scw\/

pead Wave

(<)

RFID Reader =
RFID Chip

llllllllllllll
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Inkjet Microfluidic Fabrication

Capaciti

Fluid Channel

RFID Chip

1. Laser Etch Channels

2. Print Metallization

3. Print Bonding Layer

NN A A Ao L~

ATHENA
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Inkjet Microfluidic Fabrication

e Laser engraved channels
— Etch acrylic

— Vary laser power/focus
— Depths as low as 50 um

e Bonded channels
— Ultra-thin bonding layer
— No channel clogging

Qeqrai.



Inkjet Microfluidic Varactor

e Fabricate capacitor to

extract gap impedance Capacitive Gap
}
o == @
. . | ]
e Requires 1 ulL of fluid Fluid Channel i

e Load capacitor with:
— 1-Hexanol (Er = 3)
— Ethanol (Er = 15)
— Water (Er = 73)

o



Inkjet Microfluidic Varactor

=
00

——— Empty 1 — — — Empty 2 Hexanol
1.6 Ethanol seeeeeee Ethanol:Water 90:10 w% ===« Ethanol:Water 80:20 w%
— — = Ethanol:Water 50:50 w% Water
1.4 e
-'-""——-________
1.2
w
& 1 — -
8 —————————————————————————————————
c 0.8
£ S
'4: -------------------------
g 0_6 u.....ou......,_..--...u-..-..u....,_,___
o e ——————
rU B S—
© 04
0.2 [ ——
O I I I
0.5 1 1.5 2 2.5

Frequency [GHz]




Beacon Oscillator

Solar Cell

Oscillator circuit
« Solar powered inkjet printed stand alone beacon oscillator
« Green environmentally friendly technology
* |_ocalization application

B wuE e ST B T 6 W Y A /,X
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Beacon Oscillator

Marker: 874.65 MHz
-23.287 dBm

8]
dBm il
10
de/
&
40 m
28 Center: 872 MHz Span: 36 MHz
70
80
90
h
w
8 Vv
cx v\’\’\./w
4100 £ 8 L‘\q’\,\ A
W == Waas
4130 v
WMI\ ﬁM A« A
A AN,
14 1° 1°
0 0 0
Frequency
[HZ]

* The carrier frequency: 874.65 MHz
* Low phase noise: -68.27 dBc/Hz @ 10kHz from the carrier frequenc

-123.6 dBc/Hz @ 1MHz from the carrier frequer

lllllllllllll
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Parylene Coating for Protection

Water drops

* The antenna covers 900 MHz & 2.4 GHz
* Linearly polarized
 Parylene C type is deposited ( about 1um )

- " \/,\»\\—xwu”uw//7\~
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Parylene Coating for Protection

0

N\ -
' RN
10 Lo / ¢
15 | v I |
20 |

)
S,
([)H
-25
Simulation
-30 === No coating -
= Antenna with coating
-35 == Antenna after 4 days in water w/ coating | -
=== Antenna after 4 days in water w/o coating
-40 i ‘r i
0 0.5 1 1.5 2 2.5 3 35 4

Frequency [dB]
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Inkjet-Printed Passives - Waveguide

« Substrate Integrated Waveguide (SIW)

- High system integrity

- Innumerable applications on organic paper
1 substrate in mmWave area
3 (ex: Radar, traveling wave antenna, etc)

< SIWs in different length > company

!ﬂﬂn/w//,, -
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Inkjet-printed Via on Vertical Via Hole

Printed silver nano-particle inks on via hole

Shrinkage Crack
of the inks
Substrate
i (@) Inkjet-printed via on the vertical via (b) SEM image of the
hole crack

a < Crack formation of inkjet-printed via on the vertical via hole >

— + A vertical via hole on thick substrate (> 500 pum):

E - Crack formation due to the sintering process and the gravity
company

—

NLidisitm
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Stepped-via Fabrication

‘ _ Laser

Substrate

ol

(i) Laser drilling:
Top

oL

v) Drilled via hole:

{

(i1) Drilled via hole:
Top

I/ Inkjet Printing

I

'
(v) Inkjet printing &

| Laser

LA

Ll

(ili) Laser drilling:
Bottom

Inkjet-printed metal

(vi) Fabricateg%rgegqgg via

. Bottom
Georgia

Tech

Sintering
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Stepped Via Hole: Top view

Radius |Value (mm)
Ry 1.00
Rs 0.63
Rs 0.40
Ra 0.25
Rs 0.16
)Radii table  (b) Via geometry . Telea Teaes
1 < Geometry of stepped via hole and SEM images: Top
s Substrate: PMMA (polymethyl methacrylate)
E Thickness: 1 mm company
T N




Georgia

Smart WPT Systems ™

e Smart

WPT systems address all the above

problems of traditional SCMR In order to
develop a WPT that Is:

— High
— Com
— Misa

y efficient (mid-range)
pact in size

ignment insensitive

— Real-Time Matching
— Broadband

Georgia
Tech
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WPT Technigues

inductive Coupling | Resonant Inductive Coupling SCMR System 3 SCMR Resonant Elemeant
= RX G-iacior of TX or RX Elemants
L & resonant trequency. 1

|_ c
Ry
c R,
S
Operates at £, Operates at fy = £, = 1/J[T | Operatesatf, =f__ =F =1YVIC
« ey poor eMclency |* Poor EMcency « Largs EMclency us to 1=1,
* Langer efMclency than Inductive
coupling due fo RLC clrcutt * TX and RX elements naturally exhibit maximum G-factor at a apecific frequency Ty
resOnancs

« L Is the Inductancs of sach element; the achematic assumeas that aach slemeant has a disfributed induciancs ks true Tor elementa)
« C b fhe extemal capacitances adided fo resonals the slemsnis oy e toop

+ Other SCMR slemeants (8.9, hellcas, spirals, aplit fing rescnators) can have both distributed Induciancs and capacitance

/7\»\\'ll‘l‘\lﬁﬂl‘!lv"/7\‘
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o o . Georgia |
Misalignment Insensitive Highly Efficient WPT Tech|/

Source Element

TX 3D loop resonator

1
Load Element = Py
RX 3D loop resonator \EV/
0.8 ~
>
: N\
S o6 AN
T N\
°
(]
S 0.4 \
8 "'| |—Standard SCMR h
<Z’3 — Embedded TX + Loops RX
0 27—AII Embedded \\

0O 10 20 30 40 50 60 70 80 90

Angle(®)

I o S O B Y O Y YAV

Provisional patent # 61/658, 63€‘THENA

e ) = N
o\ [, INCIOCIV



| Georgia .|

Broadband & Highly Efficient WPT  Te°h..

Distance = 7 cm

Measurements
100
90 A
N /\
. [\
Legends g 60 /
RX é 50 /
resonator m 40 /
RX load ” /
20
X 10 /
resonator %U pries
\\\HMMMM////\
Um Stiturte TX Source e KTHENA

m( ollogly

rovisional patent # 61/662,674 FAARR



Design 2: Embedded 3-D loops

Each 3-D loop comprises of three connected orthogonal
loops

Legends

RX
resonator
RX load
X
resonator
TX Source

- The RX and TX resonator elements as well as the source and
load elements are 3-D continuous loops

« Each 3-D loop comprises of three connected orthogonal loops.

* The source and load loops are embedded inside the TX and RX
resonators, respectively

* This type of system has a spherical symmetry and therefore, it




Design 2- Embedded 3-D loops Angular
Azimuth Misalignment

[

[

— Simulation
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Preliminary Implantable Results

« 60x-80x better than inductive coupling
« SRR-based shapes enabled miniaturization
below A/200

(/,,,\:\-\LM-A-M At ol Lo \\‘
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Solar Antennas

SolarCell

an antenna substrate

- T_ "« Sjliconin PV cell used as
RF Signal | A

* Novel Slot type Antenna

Z
Wa . .
AL’ Bottom Gnd - o Gain 2-4dBi
\f | . .
X CopperWall 26x11mm Slots * DII‘eCtlve Pattern
1 Solar Panel . 0
FR4 RF Gnd/Slot ' :
[ _“ [ - RF signal I %
A/ A N ? : —
2 [ H3 tape } '
'[ Foam
Bottom Gnd
X

(v’ir-f;‘\--\x.’\w,\r‘.m‘ﬂ < 15, O O W s
, N

[ =y i »A; SR

(; , THE UNIVERSITY OF TOKYO



Motivation

Body Area Network-Usage Scenarios

Body life sign
(i) monitoring
U "

I & TR

Wearable audio
devices

CHALLENGE

Battery limits usability and autonomy

e

An alternative source of energy is
required to power up the device

GOAL

Power up an RFID node to allow
communication from the body to the
reader without the use of battery

e

AVOIDING BATTERY REPLACING
IN RFID BODY AREA NETWORK

50K oF

C , THE UNIVERSITY OF TOKYO
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Wearable Tag Antenna Design

Retumn Loss (dB)

Bent antenna electromagnetic model of the
s ; — Simulation_Bent_on_Foot

e o
tes &3

= Foot_in_shoe_measurments

0.2 0.3 0.4 0.5 0.6
Frequency (GHz)

yhcpees
Luniis A8EE

Measured and Simulated Return Loss

Far Field Radiation Pattern

JA : (\;\HHH*_“;"/‘/‘ \
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Circuit

Implementation

25:1
Transformer|

. Logo Antenna
MAX666
ISHDN
O ”{ — 0 Vset LBI

GNDO—
— |
47pF LEO Vout
Vin Sens:
Piezo Element
1.3 MQ
Antenna
Vce
TXE-433-KH2

Port to Antenna

RF Transmitter

MAX666

Connection to Transformer
Voltage Regulator

Diode Bridge

Storage
Capacitor

THE UNIVERSITY OF TOKYO
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Circuit Implementation

v [Nl
g ,,,:*\,,,‘,,Qap,aC't,O,r voltage; = ShERCM stored in the
VN PROVIDED BY THE o 848.4 PJ
R T er, o = PUSHBUTTON b
A
o Max 666 'O'ut'p'Uf \/dltagé .

B e below 2.7 V
S A R R UNUTILIZED capacitor voltage, 171 uJ
(;‘.h1| =50 v; (Ch o TR M40i0ms AR i200m\7/ ENERGY the active RFID tag . H

V waveform of C and Regulator( ~ stops transmitting
AR BRgeA2IeTs me i 60 Mms )
- i | AIAEEE 848.4uJ - 17.1 uJ |831.3uJ
ENERGY s ~H
ENERGY
ry REQUIRED BY THE |POWER needed for

CIRCUIT FOR A 50 ms operation: | 450 pJ

ONE-WORD 9mw
TRANSMISSION

Transmitted signal captured by the RTSA

(,.f\‘\’\"l‘ bk kA b b/ £/ O\
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Human motion powered wireless tag

RF Transmitter Port to Antenna

Nike logo

printed

antenna Voltage Regulaior
performance

Capacitor

Diode Bridge ——> S8

. . N/t
Tag circuit eniieg

Logo Antenna

a5 | ——Simulation Bent_on_Foot
*==Foot_in_shoe_measurments
-40
0.2 0.3 0.4 0.5 0.6 ALR: 53864453125 ms Ref; -147.259375 ms
836 dB -60.943 dB
21-R; 52542421875 ms Ref: -35.56546575 ms Frequency (GHz) 0
S 48 _ Bm
dern
Pilot and Sync. Bits 10-bit ID | 8-bit Data
] |
| |
Step powered AR
J|
o RFID
E=Y)
communication 1 .
g
-
|
-100
a2 | | ] ] 2 |
Timing T Timing:
Start: -189.933203 ms Scale: 20 msr Start: -159.954219 ms Scale: 7 ms/
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Introduction

Enabling Technology has to be

Power

Autonomous Unobtrusive

Objective of this project - design a wearable, partially
self-powered health monitoring and indoor localization
shoe-mounted sensor module

- J

ATHENA

ecC



Localization: Overview

EEG D
HEARING
rosimioning I | J
Lo <oy
GLUCOSE )
INQD PRESSURE
wal ,
PROTEIN
TOXINS
.0)
i o \
IMPLANTS

Personal Area Network _ _
«Smart Tile» Partially self-powered

mapped matrix of NFC shoe-mounted NFC reader

tags embedded in the
floor for localization
purposes

B < 3 o T o O K O O Y A

coqu ATHENA



Dual-Band Wearable

Adidas-Shaped Atnenna

 Unobtrusive wearable
antenna design

e Dual Band: 900 MHz
and 2.4 GHz

* Deopsited nano particle
silver ink on organic
substrate (photo paper)
technology

1 O B Yy Y

Qegrgia ns(iiutie ATHENA



System Architecture Description

Temperature Sensor

e ” 7 y
58117
o .
. 1] e ! N
f f ¢
! ;=
P p

TI NFC Reader

Board
(Transcelver + MCU

| { Lo

Dual-band
(900 MHz and
2.4 GHz)

NFC tags embedded Adidas-
into the floor for shaped
localization purposes Antenna

I o S O B Y O Y YAV

ialn sz:;;;‘r;i it e ATHENA
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Simulated/Measured Return Loss

Return Loss (dB)

0
N
\ N
10 \/_
-15

\
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\
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1 I{_” 1
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|
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1.15
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Simulated Antenna Radiation

Patterns

H + Excellent
performance in

ok term of radiation
i pattern for both
900 MHz and 2.4

GHz standards,
considering the
e presence of the
i foot

« Gain > 3dB

ATHENA



Localization: NFC system test

= Test - moving the tag from position 1 to 8
(shown In the figure) the maximum reading
distance has been measured.

The reader Is placed
at the center of the
tile either vertically
and horizontally.

o, - ATHENA



Why 6LOWPAN?

* |Pv6 over Low-power Wireless Personal Area Networks -> native
support of the IPv6 protocol stack on the end device

* A low-power communication protocol based on the IEEE 802.15.4
PHY and MAC layer

« Backed up by an active IETF Working group with real prototypes

 The network, transport and application layers of the 6lowPAN
protocol stack (right) are the same as those of the IPv6 stack (left)
and the necessary changes exist in the adaptation layer on top of
the IEEE 802.15.4 medium access control and physical layer.

6LoWPAN Sensor

Host of IP network Gateway (Dual stack) node
(Application Layer) Application Layer (Application Layer)
Transport Layer Transport Layer
(TCP/UDP) Transport Layer (TCP/UDP) (TCP/UDP)

(IP)

Ethernet or other \(  Adaptation Layer
MAC/PHY OEEE 802.15.4 MAC/PHY (IEEE 802.15.4 MAC/PHY)

lllllllllllll

A A 4 4

Network Layer
(IP)

( Adaptation Layer )

Ethernet or other
MAC/PHY

€
C ) (
( Netwc(JIrlI;)Layer ) ( Network Layer
{ ) €

N

Gegrata ATHENA



RF Wireless Pressure Transducer

Antenna

Processing functions as
Data sensor

Sensing site

— Fewer components
— Smaller system size Receiver Site
— Less power consumption

ATHENA

ecC



Carbon Nanotubes as Gas Sensor

B CNTs structure can be conceptualized by
wrapping a one-atom-thick layer of graphite
into a seamless cylinder.

B Single-walled CNTs and Multi-walled CNTs I NAY P
m A diameter of close to 1 nanometer, with a B =90
tube length that can be many thousands of [ I AT N
times longer. I B S 22
B CNTs composites have electrical 1
conductance highly sensitive to extremely 1 =g/
small quantities of gases, such as ammonia W [P Nt = i
(NH3) and nitrogen oxide (NOXx). A AT e
B The conductance change can be explained T P B
by the charge transfer of reactive gas [ Y 4
molecules with semiconducting CNTs. I SN =25
B Fabrication of CNTs film:
-Vacuum Filtering, dip coating, spray coating, and contact
printing, requiring at least two steps to achieve the patterns.
-Can it be inkjet-printed? Yes, if you can develop the recipe!

/7\\‘»1;«‘@.

ATHENA

Georgia
Tech


http://en.wikipedia.org/wiki/File:Kohlenstoffnanoroehre_Animation.gif

Inkjet-printed SWCNT Films

Deflection Plates
i Joctrod wﬁge rate Silver Electrode
1 Electrode Motion into / \
e ::_4- Page Ja
—l—.——.:ﬁ.* e ] e
: 150 g—
ﬂ .
20L  e—
‘* Substrate .
SWCNT Film
Fluid | 25L
Supphf Character Dafa Catcher / \

B Silver electrodes were patterned before
depositing the SWCNT film, followed by
a 140°C sintering.

B The electrode finger is 2mm by 10mm
with a gap of 0.8mm. SWCNT film was
2mm by 3mm.

rlapping Zone

B 1.1mm overlapping zone to ensure the
good contact between the SWCNT film
and the electrodes.

,\\‘I‘I ke

Coqeup ATHENA



Gas Detection

2

J
>
-‘\B“uq P= Pt+26t+2Gr—40Iogm(47zj—4OIogm(d)+n

Tag Antenna @ 686MHz
Z,+=42.6+j11.4 Ohm

_|_

2
x|
JA load ZANT

Zload + ZANT

+

-0 0—0-0—0—0—0-0
OO0ofdo-p s o-ooo0o o h 50

4

a
"

Resistance (Ohm)\
~ 2 ;
o o
— 0

e o
Reactance (Oh

S0 KR A A aaa ks aaa
-

25

o

i

o
1)

o 0.2 0.4 08 0.8 1
Frequency (GHz)

SWCNT Film @868MHz
Z=51.6-j6.1 Ohm in air

\Z=97.1—j18.8 Ohm in NHy

Power Reflection Coefficient (dB)

[=}

|
4]

Y
<
T

L
o

N
S

== Air
——NH3 Flow

e
-

0.7 0.8 0.9 1

Frequency (GHz)

Power reflection coefficient changes from -
18.4dB to -7.6dB. At reader’s side, this
means 10.8dBi increase of the received
power level.

By detecting this backscattered power
differnce, the sensing function is fulfilled.

Coqn

ATHENA



Inkjet-Printed Graphene/CNT-Based Wireless
Gas Sensor Modules

SS
FdPHENE <
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Inkjet-Printed Graphene/CNT-Based Wireless
Gas Sensor Experiment

e P rototyp e r— Graphene-based

Inkjet-printed
Gas Sensor

ADC Input

Exhaust Exit

o Set-up Air

e
Test Chamber
R AR fot

GQ L Gas Mixer Fume Hood I‘l EI q A
©i [mlgmﬂ‘(g w/ ; .



Inkjet-Printed Graphene-Based Wireless
Gas Sensor Experiment

RGO Film Response to 500ppm NH, RGO Film Response to NH3 vs CO
NH; Air % - Gas . Air
o N T w
%
" Pattern 1 ES"/
0, - il
- 6% ~+Pattern2 2 !
& 3% - -Pattern 3 24% 7
— g0/ | =
E,EM] Z 3% -
2 29 - $2
% 1% _ ]% 7
0% 0% + -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time [min] Time [min|

- 6% normalized resistance change within 15 minutes of
exposure to a concentration of 500 ppm of NH;.

-excellent recovery time with over 30% of material recovery
observed within 5 minutes without exposure to high temperature or
any UV treatments.

e\ h ek kd oA ALK L

o - et ATHENA



Inkjet-Printed CNT-Based Wireless
Gas Sensor Experiment

w
o
J

10ppm
40 > « -
25 | Test Gas Nitrogen
35 .
< ~_
\ -5
<, N —+—864MHz NO2
> N’
= >, 29 -
S Z 864MHz NH3
G 15 - : Z 207
. s 2.4GHz NO2
% 2 15 -
=>&=2 4GHz NH3
10 - @A 10 ’
5 -
5 T T T T T ! ! 0 T T T T T T T T T T T T 1
4 1 2 7
5 0 0 30 50 0 90 1 20 40

Concentration (ppm) Time (min)

-Sensitivity of 21.7% and 9.4% was achieved for 10 ppm NO2 and 4 ppm
NH3, respectively at 864 MHz

-MWNT-based gas sensor demonstrates fast response to both gases (few
seconds); the sensitivity achieved at 864 MHz is 24.2% for NO2 and 12.7%
for NH3 in just 2 minutes’ time. Note that after testing, the sensor exposed

to NH3 shows more rapid recovery

= ; (7\‘\‘&“””““///,\~
Gegroia ATHENA




Structural Health Monitoring

Infrastructure Health Monitoring needs Additional Areas

* Early warning system - microstrain * Energy — Wind, Hydro, Oil/Gas
* Real Time extraction

* Remote/autonomous sensing * Airline

[0s]

* Low cost -> large scale deployment



Smart Skin Strain Sensor

l‘i Intcrrogation Distance d

N\ -fppz

RFID Reader

G; /.

P

RFID Tag

~N

Tag
Antenna

/

* Novel antenna based smart skin detects strain
and cracks on structures it is mounted on

*  |mmune to iPhone effects

* Antenna sends back strain response using EPC
Gen-2 Standard backscattered wireless signal

* Strain sensor used no batteries
* Range <30 feet

Vias

- c Viea
Ground plane ‘

Top copper

RFE chip

31-mil substrate
(RT/duroid®5380)

Top copper
cladding

IC chip

Yi. X, Vyas, R, Cho, C,, Fang, C-H., Cooper, J.,, Wang, Y., Leon, R.T., and Tentzeris, M.M. "Thermal effects on a passive wireless antenna sensor for
strain and crack sensing," Proceedings of SPIE, Sensor and Smart Structures Technologies for Civil, Mechanical and Aerospace Systems, San Diego CA,
March 11-15, 2012.
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Solar Powered Smart Skins for Structural Health
Monitoring

Frequency Doubler

Specimen

SOLAR
POWER

Spectrum Analyz

" E29GHz  2£58GHz

Receiving
antenna

Function
Gen

Transmitting
antenna

* Novel Antenna based smart skins detect strains and cracks in civil
structures

 Remotely interrogated using novel RF reader

« Reader uses 2.9 GHz to remotely interrogate tag. Tag returns strain
information using 5.8GHz for better strain sensitivity

« Uses Solar Powered Frequency doubling mechanism for long range

llllllllllll
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Solar Powered Smart Skins for Structural

" L

« Latest prototypes show
capability to detect 20 u-strain

 Range extended to 10 meters
through the use of Solar Power

fo=-0.000696 = + 907.577

RZ=0.9808

Resonance frequency £ (MHz)
I

200

400

Strain & (pe)

Iite)

G00

Interrogation power (dBm)

—
- o
== n

— —

o L o™

[y ] = [y ]
T

—
o
T

155k

Oue

O 330us
4G6uz (& 7

002 904 906 908 910 912

FrequencyiMHz)

Five axial strain gages

Wireless
sensori

sensor3

Wireless
sensors

v

Axial
L.oading
direction Five axial strain gages

Wireless

sensor2

Wireless

sensord

Wireless

sensorf

(a) Sensor mstrumentation on the alummum

specimen
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Power Scavenging

= Power Scavevenging s <

Technologies: 2

= Mechanical Motion | o
- Power Density: 4pyw/cm? |
- Resonance: Hz i

Thermal
= Seebeck or peltier effect
- Power Density: 60 pw/cm?

= Wireless
- Power Density < 1yw/cm?

Solar
- Power Density: 100 mw/cm?

= Does Not require differential e
936 MHz: -41dBm (O 08pw)

lllllllllllll
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Additively Manufactured & Origami-Based Wireless
Sensing, RFID and Communication Nodes
[2016 Updates]

Prof. Manos M. Tentzeris
School of ECE, Georgia Tech, U.S.A.

[etentze@ece.gatech.edu]

CRFID Distinguished Lecturer






Additive vs Subtractive Fabrication

Technology eature Size | Multi-
(um)

No
Laser Ablation 20 No
Photolithography 0.01 Yes
Microcontact Printing 0.1 ’o'" Yes
Gravure Printing 5-10 | Yes
Screen Printing 10-20 "',\ Yes
Inkjet-Printing 1-20 \Yey

ATHENA

Cost | Speed

High
High Sloy

Medium  Medium
High / rast\

Medium ' Fast
Low '\r—m J,

e

Area
(m*2)

e

Medium (Vapors and Dust) |( 0.05 )

ot/ \ W)

Nedlgible 0.01

Medium (Excess Ink) @

': Low(Excess Ink) 08
: Neglighble (=)
\ - Y
Georgia

Tech






Advantages of Fully-Printed Systems

Low-cost fully-printed systems

Removal of mounted discrete
components

Stackable interconnects and crossovers

Higher levels of complexity and e
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
Sensors

ATHENA

=

Georgia
Tech






Smart Computational Skins

Sensing
hﬁmﬂwﬁﬁ' [ B 'D‘-C' 'H. / materlal
a1\ b
pugi : :
RFID Read JI e ) Powertdata o g | £ :
v ))) ——  [{(§ ™ 2, from | Anslog | ¢
N N R I P I "__:) e - E | EL end digital | |
> 1<: i ‘ RFID Modulated backscatier ! !
fi ) < R [ reo [ ] T @ lemm e
' ' P b P reader J ,
b
Zero-Power Sensor Array RFID 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.





AM Flexible components

* Antennas
* Capacitors

 Inductors

Fully inkjet-printed 25 GHz patch  Fully inkjet-printed inductor

° |V|ICFO-f|UIdICS antenna array [1] [3]

Siveleid| |

i E.SF’- IsjleEI
mm ar—‘-l: mm_g.o

e Sensors

Fully inkjet-printed capacitors [2]





AM Inductors on Paper (Actives?)

2.5 turns 7 1.5turns

Faer

] Value
W Parameter {um}

Design

w 03
gap 03
tm 2.5
td 20

Prototype

L (nH/mm2)

[11] square inkjet 0.04
[12] circular inkjet 0.002
this work circular inkjet 43

[11] H. Lee, M. Tentzeris, Y. Kawahara, and A. Georgiadis, “Novel inkjet- printed ferromagnetic-based solutions for
miniaturized wireless power transfer (WPT) inductors and antennas,” in Antennas and Propagation (ISAP), 2012
International Symposium on, Oct 2012, pp. 14-17.

[12] S. M. Bidoki, J. Nouri, and A. A. Heidari, “Inkjet deposited circuit components,” Journal of Micromechanics and
Microengineering, vol. 20, no. 5, p. 055023, 2010.





Printed Wireless Sensors

= Printed stretchable silver

— Printable stretchable silver paste is developed
= High elasticity

— high conductivity (1.5x104 S/m): static & stretching states
= QOperation principle

— Resonant frequency shifting of antenna

< Stretchable silver paste > < Printed antenna-based sensor >





High-Directivity Printable Antenna Arrays

Thick Film Dielectric Applications

* Mm-Wave Antenna Structures
— Proximity Coupled Patch Array
—Yagi Uda Antenna Array
— Radar, gigabit wireless networks

= Fully Printed RF Structures

— Microstrip T-Resonator
— Mat. char., substrate isolation






Printed mmWave Antennas

* New era of high frequency technology
— Gigabit wireless networks
— Automotive radar
— Biological imaging
* High gain > 7 dBi
» 24,5 GHz ISM band
* On-chip integration
— Post-processing antenna fab
— Inter/intra-chip wireless communication

< Printed Yagi-Uda antenna >

< Printed patch array antenna >

< Printed Vivaldi antenna >





Inkjet-Printed On-Chip & On-Package sub-
THz Antennas & Passives






On-Package Inkjet-Printed 30 GHz
Antenna

0 0
330 30 330 30
300 60 300 &0
270 =1} 270 90
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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On-Package Inkjet-Printed 3D-
Interconnects for mmW
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Printable EMI/EMC Isolation Structures

1 | |
o ] = g
g s f \

F PN EEEIRN

A AN

; 0.5 !

. g 0.3 ] \""—..“

e ¢ 02 ' w

| 0.1 f [“eeof
AW

8 8.5 9 9.5 10 105 11 15 12
Frequency [GHz]

* \We proposed a novel, flexible inkjet-printed metamaterial absorber on paper.

* The proposed absorber was fabricated on a paper substrate using silver
nanoparticle ink.

* The proposed absorber exhibits 95.4% absorptivity at 9.13 GHz.

* The proposed absorber exhibits over 95% of absorptivity at 9.13 GHz for an

angle of incidence of less than 40° and polarization insensitivity.





Reconfigurable Origami Electronics

= Use case: Reconfigurable/flexible antenna
* Incorporate 3D printing & heat

N
‘v ‘V.
L4 0N
N

< Temperature sensitive antenna > < 3D printed spiral antenna >

ad flavihla cithet






RF Components on Cellulose?
(Q,SRF)

* Printed capacitor & inductor for on-chip applications
— Capacitor & inductor are printed on silicon (Si) substrate
— Fully printed structure (metal & dielectric)
— Broad range of capacitance (10 ~ 50 pF) & inductance (10 ~ 30 nH)
— High Q-factor value up to 25

Silver (t=2.5 um) PVP (t=1.6-1.8 um)

< Fully inkjet-printed multilayer capacitor >





All Inkjet-Printed Microfluidics Chipless RFID

Microfludic channels (middle)

(a) (b)

Fig. 2: One possible way to encode the chipless RFID module.
(a) A side view of how to encode the RFID by pressing the
“button”. (b) A photo of a realization of the above mentioned
method by covering the prototype with a Polydimethylsiloxane
(PDMS) sheet and pressing the “button” with a cotton swab.

Spiral Resonators (nuddle)

= o= 000 Flat (Simulated) 111 Flat (Simulated)
o 000 Flat (Measured) —— 111 Flat (Measured)
Foos. 7 - —000 Bent ('B:lcasurcd} -~ - 111 Bent (Measured) | | #
. s B - : ra 1. Print spiral resonators 2. Print isclation layer
% B .
w-1
2 3. Print support matenal 4. Print the mucroflmdics
E =
2-15
3 — “
=20 5. Wash the support material 6. Print the signal line
I Silver ik [ S5U-8 ink ] PMMA ink [] Substrate
-23  Lowest 0 | Middle 0 | Highest )
30 . 4.0 45 LX) 3.5 (1] 6.5
Frequency (GHz)
L —— 000(air) - - —glycerol - - - 60% glyeerol in water
-3 ‘c« Nt 30% glyeerol in water 010 (water)
o-10
=
]
=-15
=
=2
2-20
25
EX] 3.5 4.0 45 5.0 55 6.0 6.5

Frequency (GHz)





Fluid-Dependent Phase Advanced and Delayed Line

100

Micro fluidic channel

[—m— air
—&— Hexanol

|—d— Ethanol

—¥— Waler
30° (Phase lead with &ir)

504

§ 0- 18° (Phase lead with hexanol
E] s 0° (Zero phase with|ethanol)
b 1 ; Phase lag with \yater)
2 -50- H
= i
-_— 1
B i
High g fluids |1
-100 - | |
C, is increase i
! i
150 : 1 : . . .
0.8 phase is decrease | 4 1.0 12
Frequency (GHz)

*Novel microfluidic CRLH TL using inkjet printing technology Is proposed.
*Depending on the fluids used, phase lag, zero phase, and phase lead are

achieved.
*From experimental results, -22° of phase delay, 0° of phase, 18° of phase
advance, and 30° of phase advance are achieved at 900 MHz with distilled water,

ethanol hexanol, and air, respectively.





Carbon nanomaterials for gas sensing

* High surface area

— Interaction with gases |

* Semiconducting/cond
uctive properties

— Properties to track

* Graphene and carbon
nanotubes (CNTs)






CNT sensor fabrication process

Printing of 5 to 30 layers
of CNT ink

Drying at 100°C for 10

hours,. under vacuum - ¢ -._:-._;}
Chemical e

functionalization of film < — >
0 mm

Pr_lntln.g of eIeCtrOde_S Picture of inkjet-printed silver

with silver nanoparticle electrodes

ink (SNP)

Drying and sintering at
110°C for 3 hours






Inkjet-Printed Van-Atta Reflectarray

High-frequency operable
Smaller than a credit card
Chipless

Fully inkjet-printed
Flexible

Low cost

Completely isolated from
support

Cross-polarized response
— Clutter isolation

3
T
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Van-Atta reflect-array: Data
processing

Measured frequency domain

S21 with tag Time domain S21 with tag Time domain tag response
B “t }=7 dB
1 Resonance er ]
égwn gmn
H :
frequency
extraction scheme e S
Maximum peakl
. . extraction
o Combination of o | oo
Measured frequency domain Time frequency domain Extracted time domain
tW O S21 without tag S21 without tag tag response

&

l

Mannitude (4B}

Magnitude (d8)
&

&

measurements | - ) ]
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E]

28 30 32 1 1 i 100
Frequency (GHz) Time (ns) me (ns)

Extracted frequency domain

o Low complexity, tag response
fast algorithm
(FFT, IFFT)

FFT

Magnitude (dB)

o Resonante
- frequenc
e 1 1 L 1 1

Eg i 30 a7 3
Frequency (GHz)






Printed Van-Atta data sensitivity
results

* Very good
linearity

* Extremely high
sensitivity (6.3x
higher than state-
of-the-art passive
RFID)
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Van-Atta reflect-array: Advantages

* Unigue combination of * Reader system consequences
properties — High frequency operable
— Arbitrarily high RCS (fully (unused bands)
scalable) — High gain, compact, reader
— Largely angle independent antennas (long range)
monostatic response — Narrow beamwidth reader

— Cross-polarized response antennas (clutter isolation)

o Operational advantages
o Unprecedented (angle independent) reading range (10m+)

o Extremely high clutter-induced-interference isolation
O Compactness
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. & | Software- |
2| oc [ Low-power | defined 1
“E’ Oscillator ! Raldlo !
o I l
- | DSP |
Printed A —— |
Sensor Reader

* Sensor

— Low-power oscillator F .. = f(R.. )

— Autonomous harvester operation (no battery)

— No high-directivity antennas needed for harvesting or communication
* Reader

— Commodity software-defined radio





MCU

Tag/Sensor Backscatter
Communication

Active Radio

Backscatter Radio

Radiation

Carrier
bits to Pulse A Generator

/ Reflection

symbols | | Shaping
‘ Receiver
and DSP
N\

Reader

e Challenge

— Communicate with low-power

e Solution
— Reflect. Not radiate.

\ |
|‘ d
\
\
\ \
\
\
N

— Load antenna with single transistor switch

MCU

Tag





Sensing
Material
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Fc i = f
Information Yk’
DSP ADC I Front T
> DAC |— end R
Processin T | @_i
Host ° SDR hardware A~ Reflection

* Software-defined reader (Ettus USRP)
 Hardware RF front-end (800-1000MHz)
e DSP in software - Sensor frequency detection





Origami reconfigurable antennas

2.79 x 3.59 cm e copper tape
silver ink ground plane
_____ - . : behind p|gstic
‘ : : : |
| | | f .
I | | . | ?

Heat & Fold

Reconfigurable origami antennas
Fold to different 2D/3D configurations T

< ~
<_ Patternt > . _____
N ’
N

~

— RF Harvesting from multiple sources < petemt >
. . . . N Automatic Fold N 7
— Communication diversity \
. L~ Reconfigure —
3D-printed substrate o paten
— Shape-memory hinges (Pattem 2™,

Inkjet-printed patch antennas
First all-additively-manufactured origami RF structures
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Optimized Non-Periodic Sensor
Topology? WPT?

Transmitter Receiver
Coi






3D Printing NinjaFlex

* The Hyrel System 30 3D printer

« A standard layer height is 100
microns.

« Arectilinear patterns for 100% infill
printing

» The software is Repetrel which is
modified from Repetier

« Common Slicing CAD software
slic3r





NinjaFlex RF characterization

» The resonator ring design to characterize the dielectric
permittivity and the loss tangent of NinjaFlex (snow) at
around 2.4 GHz

-
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e
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Loss tangent
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3D-Printed Antenna with Arbitrary
Embedded Cavity

3D antenna design — a dipole antenna

(b)

(a)

(a) 3D antenna on a hollow cube: (b) To add strain on the front
and the back surfaces of the cube.





3D-Printed Conductors: Stretchable
Electrically Conductive Adhesives (ECA’s)

« ECA curing agent: Hydride-terminated polydimenthyl
siloxane (H-PDMS)

» The iodination of the silver flakes

b
0% ?“?? (a) Before roughening ( )

%
50% -
After roughening

e 5 s

The combination of these two surface modification
M“ methods can reach an initial conductivity of b
S 1.51x10% Sm-! (80 wt% silver flakes). o~






ECA’s under Strain

« A strip of silo-ECA is printed on silicone substrate. The
applied strain is simultaneously recorded by the tensile

tester.
145 [E]’
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Printing Technique

PolyJet 3-D Printing

Jetting Head -

Fullcure S —/
{Support Matenial)

Build Tray /

Ref: http://proto3000.com/polyjet-matrix-3d-
printing-services-process.php

Objet260 Connex 3-D Printer

« Create smooth detailed
prototypes

* Min. layer thickness of 16 pm

 Upto 200 ym accuracy

Material Inkjet Printing

Ink /_\_/_\ =
pulse voltage
Nozzle — \

Piezoelectric

Droplet —— transducer

substrate

Ref: http://phys.org/news/2015-05-inkjet-kesterite-
solar-cells.html

Dimatix Material Inkjet Printer
« Micro-precision Jetting

10 pl Size of droplet used

« 500 nm thin conductive layer
 Smallest featuressize of 20 um





Fabrication of a 3-layer aperture-
coupled antenna on-package

Metallization of Verowhite by DSA
Objet Inkjet 3D Printer

Ground Plane

Feedline

Patch

36





3D-Printed on-Package
Microfluidic Channel w/ NinjaFlex

T @ Gegrgia g @ Gegrgia
4. Design and manufacturing of the microfluidic sensor 4. Design and manufacturing of the microfluidic sensor
The designed model is then sliced to fit the requirements of A red-colored water is pumped just to show the microfluidic
the 3D printer software. architecture.

N Q00000
*l b te- sitep ‘3
O
/'O l .‘/8/3“
mlva poiet
8._A —
20506666
bottom layer middle layer top layer

3788 mm of t-glase filament have been extruded at 240°C for
112 minutes.

- B oo

Dimensions are in mm: a=19, b=5.3, ¢=7.5, p=2, x=18.5,y=7.5, d=3.2,5=5.1,
w=37, substrate thickness t=4).

— [ F JrJ @ m “-l 4
5. Results of the preliminary tests
5. Results of the preliminary tests
Water is tested and the retrieved £_is 86. This measurement
is also needed to verify the sensor’s sensitivity. The comparison of sensitivity between the microfluidic
sensors reported in the literature is carried out.

[ ]
mn b f. [GHz) o(%/fe)
- Simulations i
T
¥ Capacitor array * 3.68 0.05
g - ENE - Fung ¢
= £ & W water ] Microstrip comb fingers ** 19.95 0.25
@ - E
E Split ring resonator *** 3.07 0.03
=
—Emuiations z " . Paper based sensor **** 2.10 0.35
E
- M rEmert - ) - 0.40
. - - - . LS e = -
20 25 an 35 an 45 S0 on 02 04 08 A 10 12
Frequency (GHI) Frequency shit (GHz]
*4. Gordon, “Flad interacteons with matafilry/metaeurteces for tuning, sensing. and microw ive aesitsd chamical processss,” #rys. Rav. 6., 2001
**T, Chratimnnot, "a Mscrowave and Microfiuidic Mansr Resonastor for Effaciant smd Arcurste Complas Parmettivity Charsctere stion of Aquaous Solutions,”
Trans, Mcrowave Theory Techn., Feb, 2013,
.1 Abckliabar, “Novel dor,” |EZE Trans. heory Techn., March 3014,
B Conoi, A ket Priened] i o- Thuid ic 77| D- B .ahlaﬂ?la’l'br“llcrl\-lr-iwln on-Chig Applecatons, " €E£ Trars. Mrowave Theary Techn, Dec. 2043,
I Frof: Monos M. Tentzeris = September 57, 2015 2
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3D-Printed Stretchable Conductive
Adhesives (ECA’s)

Stencil Printing Fabrication Process [

EuMw 5
PN DR s

» ECA curing agent: Hydride-terminated polydimenthyl Stencil

siloxane (H-PDMS) O O o o
Encapsulate with
silicone and cure

(|
* The iodination of the silver flakes
Silicone
B —

(a)
Stencil

Peel off silicone and
fill with ECA

___ECA

The combination of these two surface modification
ST methods can reach an initial conductivity of Georgia
ATHENA 1.51x10*Scm™ (80 wt% silver flakes). T

Silicone

Tec-l'llal






3D-Printed “Origami”/Shape-
Changing RF Modules

» Cube prototype
» Cube 3D-printed as “cross”-shape
» Can be folded after heating to 60 C
» Retains shape at room temperature
* Inkjet-printed patch antenna
« Silver ink printed directly on polymer

» Multiple antennas on sides

» Electronics protected inside
» Sensing applications

« Communication antennas
» Harvesting antennas






3D-Printed Shape-Changing

Passives/Absorbers








