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loT Energy Challenge

Internet of Things challenge: deployment and maintenance of 1000s wireless sensors
Current deployment limited to 100s of nodes: Energy is the key challenge!

Battery replacement costs are unsustainable for many sensors in challenging
environments

Source: DARPA Source:DRPA
Increase the number of IoT sensors

in challenging environments

Wireless Body Area Network
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loT Energy Challenge

Recharge battery frequently is not
always possible
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~ Military sensors
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ransmitting
10 min/day)

Used for continuous sensing
and signal processing
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Energy Bottleneck in Environmental Sensors

Most of p_owler useccij to Battery life limited to
process irrelevant adata Days or Months

Always-Scanning /
Front End Sensor,

o

N Majority wasted
\f }While monitoring

Camera transmitter Alarm

Back End
Response device

the environment

lWake-up bit
Tiny fraction
used for useful
function when

ANumber of sensors deployed T battery replacement costs 2796t 1S Present

- Severe bottleneck for internet-of-things (IoT) revolution!
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Solution: Event-Driven sensors

Exploit energy in target
sighature itself to wake-up
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Camera transmitter Alarm

Back End
Response device

A

SO

No power whatsoever is
wasted when the target is
not present. Battery life
extended to many Years!

Characteristic
emissions:
*Vibration

‘RF

*Acoustic

Infrared signature

.

Event-driven,i................
Zero-power Sensor Front End

while searching for

} Zero power wasted
the target of interest

tiny fraction
consumed only
upon detection

Break the paradigm of using active electronics to detect targets!
- Enables new class of ASLEEP-but-ALERT systems with

_near-unlimited battery life.
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Zero-Power Infrared Digitizing Sensors

" sUnder microscope: SenS|ng Wlthout power

Tiny mechanical switch
riggered by infrared light
7

Zero-power Load
IR digitizing electronics
sensor

- A passive microsystem that
combines sensing, signal
processing and comparator
functionalities.

Zero-power spectrum

- The sensor produces a digitized analysis
output bit in the presence of the
unique IR spectral signatures.

) Northeastern

Emission




Plasmonic Microelectromechanical Infrared Digitizer

* Plasmonically-enhanced MEMS relay (PMR)

Outer
compensating Contact Close -up

beams

Plasmonic
absorber

—

t Inner actuating

Thermal beams

isolation link

Load capacitor

Z. Qian, S. Kang, V. Rajaram, C. Cassella, N. E. McGruer, and M. Rinaldi, “Zero Power Infrared Digitizers Based on Plasmonically-enhanced
Micromechanical Photoswitches”, Nature Nanotechnology, vol. 12, issue 10, pp. 969 — 973, 2017. d0i:10.1038/nnano0.2017.147
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Plasmonic Microelectromechanical Infrared Digitizer

» The gap separating the PMR contacts is directly controlled by the impinging IR
radiation through a plasmonically-enhanced thermomechanical coupling

. g
*

. Max deflection

Z. Qian, S. Kang, V. Rajaram, C. Cassella, N. E. McGruer, and M. Rinaldi, “Zero Power Infrared Digitizers Based on Plasmonically-enhanced
Micromechanical Photoswitches”, Nature Nanotechnology, vol. 12, issue 10, pp. 969 — 973, 2017. d0i:10.1038/nnano0.2017.147
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Plasmonic Microelectromechanical Infrared Digitizer

« PMR is immune to ambient temperature changes and residual stress

20 pym

/ ur . \
~— Excellent compensation —~

Deflection (um)

10
Ambient Temperature Change (K)

Z. Qian, S. Kang, V. Rajaram, C. Cassella, N. E. McGruer, and M. Rinaldi, “Zero Power Infrared Digitizers Based on Plasmonically-enhanced
Micromechanical Photoswitches”, Nature Nanotechnology, vol. 12, issue 10, pp. 969 — 973, 2017. d0i:10.1038/nnano0.2017.147
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Plasmonic Microelectromechanical Infrared Digitizer

A key factor for success:
Robust Contacts

Planar design

stress
x10% N/m?

4.4
Max stress:
ff 15 N
4.36 x 106 N/m 2Stl ness: 15 /mi

Bowl-shaped
des'*

Maxstress: = gitness: 43.1 N/m
1.82x 108

N/m?
~3X better stress handling
and stiffness

s Mso, lrt BEA | Au I contact metal Il PR plug - >95% yield : Northeastern
t‘f Northeastern Z. Qian, et al. Nature Nanotechnology, 12, 969-973 s SMART




Plasmonic Microelectromechanical Infrared Digitizer

Excellent stress
compensation

Releasing
- window
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nanotechnology

Z. Qian, et al. Nature
Nanotechnology, 12, 969—
973




4 bit Zero-Power IR Digitizer

Infrared Spectral State
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V. Rajaram, Z. Qian, S. Kang, C. Cassella, N. McGruer and M. Rinaldi, “Microelectromechanical Detector of Infrared Spectral
Signatures with Near-Zero Standby Power Consumption”, Proceedings of the 19th International Conference on Solid-State
Sensors, Actuators and Microsystems (Transducers 2017), Kaohsiung, Taiwan, June 18-22, 2017, pp. 846-849
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Zero Standby Power Consumption

Average noise amplitude: ~ 5 fA

OFF-state resistance >4 x 10> Q

Standby power consumption < 1 fW

ON-state resistance ~3x 103 Q

ON/OFF conductance ratio > 1 x 1012

-40

Sub-threshold leakage current
measurement

|Limited by the instrument noise!
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Z. Qian, et al. Nature
Nanotechnology, 12,
969-973
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Zero Standby Power Consumption

2.50E-05 _ Missed detection
 Zero False Alarm Rate (to A 500-nW device | l

above-threshold out-of-band HO0E
rad I atl O n) 1.50E-05

PMPs only turn ON at the design-
defined IR spectral band with
absorbed power above threshold, 5.00E-06 .

and remain OFF otherwise. Probability = 96.6%

* Probability of Detection > 95% |

1.00E-05

Current (A)

-5.00E-06
0

A 3-uW device

Current {pA)
o
[

Probability = 100%
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Threshold Scaling by Structural Optimization

* Increase the thermal sensitivity while maintaining
a high stiffness

» Scale the contact gap

1.6 5 Maximum Thermal Sensitivity at 1-um Al
Recent work (>15% Increase)
1.4 1

1.2 1
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151 |ON| OFF S. Kang, S. Calisgan, Z. Qian, V. Rajaram, N. McGruer and M. Rinaldi,
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0.5 cy les without stict State Sensors, Actuators and Microsystems Workshop, Hilton Head
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Threshold Scaling with Voltage Bias

Top Contact
L

Electrostatic Actuation l'

IR/thermal Actuation

Pull-in

_ Bottom Contact
Over 1 order of magnitude improved threshold!

. 10
w  Experimental results B Experimental results

1.7 lJW Analytical model Analytical model
- V, =63V 1.4 yW

Current (LA)

: 0.0
| 0 10 20 30 40
1 Time (s)

V. Rajaram, Z. Qian, S. Kang, N. McGruer and
M. Rinaldi, “Threshold Scaling of Near-Zero
Power Micromechanical Photoswitches Using
Bias Voltage”, Proceedings of the IEEE
Sensors 2017, Glasgow, Scotland UK, October
29 — November 1, 2017, pp. 1-3
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High Spectral Resolution Plasmonic Absorbers

Experimental demonstration of metal- Lithographic tuning of peak absorption

insulator-metal plasmonic IR absorbers wavelengths
- I 1 0
10 | Kang et al., Adv. Optical Near unity absorpt|on (n>99-7 /0)

Mater. 2018, 1801236 High spectral selectivity (FWHM<180nm)
Polarization and angle insensitivity
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Plasmonic Microelectromechanical Infrared Digitizer

IR spectroscopy based standoff chemical detection

RENAULT DIESEL EXHAUST (Catalyzer) |

« Engines using gasoline or diesel
as fuels produce: CO,, CO, NO,, &0 @0
H,O, SO, in alocalized
position

HITRAN

* These gases have sharp website-based tool

emission peaks in the IR
(4-10 gm)

Radiance (x10° Wisriem?/cm")

« The emission spectrum of these widl
heated gas mixture act as a 2250 2000 1750 1500 1250

specific signature of a fuel- Wavenumber (cm-')

burnin g vehicle HITRAN is worldwide standard for simulating radiance from Northeastern
the microwave through ultraviolet region of the spectrum i SMART




Application Space

Currently
Optical demonstrated

Communication  harrowband
(Sea & Air) spectral tuning range
0 >

10 4
3 |Flame detection Currently
] demonstrated
] broadband

absorption range
| Hot JJ

plume
detection

-
|

Currently achieved
detection threshold
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Vacuum-packaged PMPs for System Integration

<1 mTorr pressure after >3 months Window: AR-coated Germanium

Ceramic LCC package

GUESEEEERENEEEEEED 175 ° C max.

process
temperature

. Packaging by
INO, Canada

5 S T IIITTCSS

T
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Released chip inside package
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Near-Zero Power Wireless IR Sensor Node

Pyroelectric Coin Gell
i Battery
Motion (CR2032)

Detector

=1 Antenna

Sensor out

|
Texas Instruments PIR sensor ,“ - T
with sub -1GHz transceiver , ¢ \ 4

LPV521 TLV3691
(Amplified (Window
Bandpass Filter) Comparator)

SUPPLY CURRENT (IDLE)
NOMINAL MEASURED

Sensor

Comparators x2
Divider

Opamp1

Opamp2
CC1310
Total 1.683 pA 1.654 pA

Idle current is reduced to near-zero
V. Rajaram, Z. Qian, S. Kang, and M. Rinaldi, “MEMS-Based Near-Zero Power Infrared
Wireless Sensor Node”, Proceedings of the 31st IEEE International Conference on Micro
) Northeastern Electro Mechanical Systems (MEMS 2018), Belfast, UK, 21-25 January 2018, pp.17-20




Zero Power Wireless IR Sensor Node

packaged PMP

Northeastern

Blackbody Source Computer Display

".’;l Texas Instruments SmartRF Packet Sniffer
Motorized Filter =—

Wheel Time (ms] || Payload I
F.nbr. 0 D2 D4
Program: 1 =0

while(1) { Time (ms) |[Payload ||

transmit “01”; +1ooe ‘jg@I
delay (1000ms); _1{:95

- 1 — = - 1r

Nugh Wireless
”” Microcontroller Tx

module USB Receiver module

. V. Rajaram, Z. Qian, S. Kang, and M. Rinaldi, “MEMS-Based
Load-SWItCh & Near-Zero Power Infrared Wireless Sensor Node”,

battery unit Proceedings of the 31st IEEE International Conference on

Micro Electro Mechanical Systems (MEMS 2018), Belfast, UK,
21-25 January 2018, pp.17-20



Zero Power Wireless IR Sensor Node

ce

=N
H (o] (0] o
o o o o
1 n 1 n 1 n 1

N
o o
" 1 "

—— PMP Absorptance
“* ------Window Transmittance

7/
7,

c
©
-—
o
P
O
n
Q
<
Q
8]
C
@©
-—
=
£
[72]
C
©
Lo
|_

500
Z 400
5 300
g i
2 200-
® 100-

25 30 35 40 45 50 55 6.0 65

Wavelength (um)

-=— Absorbed

| —x— Delivered ~284 nW

+~—*_ threshold

N

Northeastern

0 T T T T d T T T T T T T T T T 1
25 30 35 40 45 50 55 6.0 65

Filter Wavelength (um)

urrent (nA)

C
I

0

nt (mA) Current (nA)
o

—
—~ 0O

~2.6 nW

—

011

standby power
consumption

50

'55 60 65 70 75
Time (s)

V. Rajaram, Z. Qian, S. Kang, and M. Rinaldi, “MEMS-Based Near-Zero Power Infrared
Wireless Sensor Node”, Proceedings of the 31st IEEE International Conference on Micro

Electro Mechanical Systems (MEMS 2018), Belfast, UK, 21-25 January 2018, pp.17-20




Battery-less IR Sensor Tags

The zero-power and abrupt switching properties enable seamless integration
with COTS RFID tags

Battery free: non hazardous and low ecological impact
Multi-channel enables complex

_ sensing modalities such as
Interrogation ) T spectral analysis and finer
signal from a quantification of IR intensity.

reader o

o
Backscatter (RF harvester, o

signal from the . Dower module "
tag indicating &( . "
the status of

the switches

9

[O)
'
-

860MHz-960MHz operation frequency
Support standard protocols (EPC Gen 2)
Read range @ 2W ERP: 5 meters

Farsens EVALO1-X5-R Non-volatile memory

V. Rajaram, Z. Qian, S. Kang, S. Calisgan, N. McGruer and M. Rinaldi, “MEMS-Based
Battery-less RFID Infrared Sensor Tag With Memory Function”, IEEE MEMS (MEMS
Northeastern 2019), Seoul, Korea, January 27-31, 2019, in press.
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Battery-less IR Sensor Tags

Sensor node comprises a RFID IC in “switch monitor” mode whose General purpose 1/O register changes based on
the state of a connected switch
A USB RFID reader is used to interrogate the sensor node IC to read data in the GPIO register
The data returned from the register is displayed on PC. Data is read when (a) IR is OFF and (b) IR is ON. As Expected,
the data reflects a change in one bit of the register (001F to 001E indicating switch OFF to ON).

Measurement of Vx on RFID tag

IR ON
(PMP Closed)

IR OFF
(PMP open)

Vacuum-packaged PMP

Reader Oﬁl

Reader ON

RFID Reader to PC L 3
100 kQ ' ' ' ' ' y
0 15 20
5.3 um QL ~wW—va | ©®) Time (s)
-/ I = !
P ) \ =
©

<

—

EPC ‘ Data ‘TimeStamp(msec) RSSI(dBm)

[] 1 000000A93C0000000CT 00 TF} 04:10:15.954 PM -30
02 000000A93c0000000cf@ 1F ) 04:10:23.264 PM -32

Rocky100
IC

‘ RFID reader software window
PMP (3.3 kQ) screenshot (Thingmagic URA)
RFID Tag

V. Rajaram, Z. Qian, S. Kang, S. Calisgan, N. McGruer and M. Rinaldi, “MEMS-Based Battery-less RFID Infrared
) Northeastern Sensor Tag With Memory Function”, IEEE MEMS (MEMS 2019), Seoul, Korea, January 27-31, 2019, in press.




Comparison to the State-of-the-art

Uncooled IR Photoswitch Technologies

Pyroelectric IR detector with low-power
Parameters: digitizing circuits (e.g. TI motion detector)

Switching threshold ~ 100s nW ~ 10s nW

Power consumption ~ 7 W ~ 2.6 nW

Spectral selectivity Depend on material properties Lithographically-defined

IR Signature Detection NO: Single broad band YES: Multiple narrow bands

Zero-power PMP

N-ZERO
Always ON
Sensing Confirmed COTS RF

events trigger COTS sensor

wakeup of -
COTS modules COTS microprocessor




Envisioned Applications

Occupancy Sensing

Indoor people counting system
enabled by IR sensor tags

0--7+ .\N

ZIR sensor +
RFID tag

Light switch +
RFID reader

Flame Detection

Reduced power consumption leads to lower
maintenance cost and ubiquitous sensing

Hydrocarbon fire "typical" emission spectrum

UV|VIS IR

Wavelength (um)

Northeastern

Smart Farms
Reflectivity in SWIR and temperature of

leaves indicate their water stress. VOCs
indicate pest infection

5

Reflectivity

Optical Communication

On-demand optical receivers that only consume
power when incoming transmission is received.
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