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Why autonomous wireless sensors?

There are a lot of sensors in a vehicle.
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Why autonomous wireless sensors?

Some of the sensors are acquired in realtime.

Connected to ECU OK.




Why autonomous wireless sensors?

... and this is the result!




Why autonomous wireless sensors?

-

, = 100 kg of wires

Cost?
Space?
Weight?

Reliability?
Time to assembly?

Fewer Wires, Lighter Cars IEEE 802.3
Ethernet standard will reduce the
weight of wires used in vehicles
KATHY PRETZ Apr. 2013
http://theinstitute.ieee.org/benefits
/standards/fewer-wires-lighter-cars




Why autonomous wireless sensors?

Can we move from WIRED to WIRELESS?

Source http://www.can-cia.org/index.php?id=1691

Which sensor can we
move to wireless?

A TPS can be a good
candidate!
We need to consider:

* safety concerns for
people and for car itself

* in car and car-to-car
networking problems.



Why autonomous wireless sensors?

It makes sense to use
wireless sensors in
replaceable parts.

No wires can be used in
some parts of the vehicle.

Losing the communication
can impact the
performances but not the
safety!




Why autonomous wireless sensors?

We don't want wires (and batteries)!

They discharge, even when simply
stored and not used.

e\ Wi They need to be replaced:

R N 2cheoh maintenance expenses.

They need to be recycled!

" http://www.chinabaike.com/z/keji/dz/772296.html
Pros:

* easy to use, light weight
* cheap and reliable Rechargeable

* quite high density of energy ——> batteries can be an
* many size, voltages and capacity option!
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Power requirements

So... what are we talking about?

Autonomous ==== NO external power supply

Wireless == NO Wires can be used

Sensor === |t has to be able to do measurements

Automotive === |t has to be small and low cost



Power requirements

A typical wireless sensor ANTENNA
e \ ;
Light E
sensor RE
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Energy conditioning J supervisor




Power requirements

Autonomous
No external power supply!

I

Ubiquitous power source

/\

Vibration ! Solar
energy harvesting Battery energy harvesting




Power requirements

How much energy is available?

SOURCE AVAILABLE ENERGY (typical)

+
CR2032

CR2032 battery FEY 240 mAh @ 3.0V (to0 2.0 V)

3V

s

AAA NIMH battery (UM 900 mAh @ 1.2V

N

Vibration energy harvester P77

Solar energy harvester ?7?7?
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Power requirements

Low power wireless sensor

* Low power RF transceiver

e Star topology (typical)

* Low duty cycle

* Short range

Prr <100mMW
l\ o
/
F 4 F
4

0<1% typical

D <100m typical



Power requirements

Many low power RF transceiver

Range

Bluetooth® WiF

ZigBee

RF4ACE Sub-1 GHz

Technology

Range (m)

Many different options!

Mb

ps
50

0.1

Coin
Cell

Mo
Battery

Li-lon

AAA

Maximum Throughput

Technology

Smallest Power Source
Required

BLE/ANT

Rl F/ANT ZigBee

Sub1 GHZ AFAGE
2.4 GHz 6LoWPAN

2.4 GHz
Proprietary

Technology
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Power requirements

Texas Instruments CC2500 Microchip Technology MRF24J40
RF Power: 0 dBm @ 3,0 Vdc 21,2 mA RF Power: 0 dBm @ 3,3 Vdc 23 mA
Datarate: R = 250 kbaud FSK / OOK Datarate: R = 125 kbaud O-QPSK 802.15.4
Ppoc=63,6 mW Poc=75,9 mW
Esym = Poc /R =254,4-107° ] Esym = Poc /R =607,2-107°J

-9 -9
1sYM = Pre _ 40107 157107 o=t 2 8010445 90

Poc 254,4-10°° Poc 607,2-10°°

10

EER Vs SNE

e 5
—— FEE
== PsK ||

EnMNim{dR)



Power requirements

Sensor (sensing elements)

* Rain sensor =~ 100 mJ
* Acceleration sensor = 400
* Pressure sensor =~ 60 ml
* Temperature sensor =20

* Light sensor <0

* Sound sensor <0



Power requirements
16 bit pController (typ.)

e 16-Bit RISC Architecture
 Low Supply Voltage Range: 1.8 Vto 3.6 V

* Ultra-Low Power Consumption
— Active Mode: = 2.5 mA @ 16MHz
— Sleep mode + timer: = 0.3 pA
— Idele mode: = 0.1 uA / MHz
— Sleep mode: = 30 nA

10-Bit 200-ksps ADC
SP', UART, Timer... (Typ. LED 1.6 x 0.8 x 0.6 mm3: 10 mA @ 1.8 V)



Power requirements

CASE STUDY: TIME DISTRIBUTION OF THE OPERATING MODES

Period: 1 s
uController: sleep mode 0,990 s
uController: active mode 0,007 s
uController: active mode + RX 0,001 s
uController: active mode + TX 0,002 s

m Sleep
wuC ON

uC ON + RX
®muC ON + TX




Power requirements

ENERGY CONSUMPTION vs OPERATING MODES

'PTOT =P + PRX + 'PTX + 'PSL-?ER FISOR

u Conrrolier

P o« / =24mA@ 16 MHz,270 n4A D—Sleep+WDT

w Controller

Pyl =23mA@O0dBm Pyl =19mA

u Controller

P supervisor 1 superrisor= T 4

m Sleep
= uC ON

uC ON + RX
muCON +TX
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Power requirements

POWER CONSUMPTION vs OPERATING MODES
Period: 10 s

pController: sleep mode 9,990 s
HController: active mode 0,007 s
pController: active mode + RX 0,001 s
pnController: active mode + TX 0,002 s

m Sleep
= uC ON

uC ON + RX
®uC ON + TX

NiPS Summer School 2014, Perugia, July 14-18, 2014 22



Power requirements

Automotive
e Small —) fow centimeters
e Light —  fEW grams
e Low cost —)  fow euro

4

It must work with the energy harvested on the vehicle!




Power requirements

Generic automotive sensor

VOLTAGE
ENERGY ENERGY REGULATOR
HARVESTER STORAGE
SU PERVISOR

H SENSOR

Out

7 == Do




Power requirements

Sensor 1: 20 mA constant
Sensor 2: 20 mA rms, 20 ms active mode — 200 pA rms, 80 ms sleep mode
NiPS HAT2: 7 mA rms, 6 ms active mode — 0.6 HA rms, 94 ms sleep mode

Current vs Time
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: : = Sensor 2
0.02 : —HAT2

0.014 | ' -

0.0121 : .

Current (mA)

=

o

=
[

|

0.008 : -

0004 o F PR PP R P P PP PPPRPRTY TR DETTETTRrrroTs e ]

0.002 i : —

Time (s)



Power requirements

Time series: lap1l, y axis

Capacitor =0.001 F
Von=3.3V

Voff=3.0V

Required power ws Time
02

-0.1
0

20

40
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80

|| |.|ll l|" o .

Energy (J)

Time



Power requirements

ON Time =24.636440 s
Good Acq.=0

ON/OFF State

Max Theoretical Acqg. = 246

QONIOFF State Vs Supply Voltage

ON/(ON+OFF) Ratio = 20.149207 %

—— OM/CFF State
— Supply Voltage

|
(=)

Supply voltage (V)

60 80 100
Time (s)
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Power requirements

Capacitor =0.001 F
Voff =3.0V

Time series: lap1l, y axis
Von=3.3V

Required power vs Time

Sensor 2

0z T 04
: — Requested Pawer
5 — Harvester Power
Stored Energy
015 —0.3
—02
—0.1
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Eneragy (J)



Power requirements

Time series: lap1l, y axis Capacitor =0.001 F
Von=3.3V Voff =3.0V

Required power vs Time

Sensor 2

Pawer ()

0.1 SN N S

Requested Power
Harvester Power

Stored Energy

0.2

0.1

Energy (1)



Power requirements

ON Time =102.112380 s ON/(ON+OFF) Ratio = 83.513833 %

Good Acqg. = 1016 Max Theoretical Acg. = 1021 Sensor 2
OMNOFF State Vs Supply Voltage
| ! |
1 N
—— ONIOFF State
— Supply \_f’o\tage
a5 10 105 71

2

Supply voltage (V)




Power requirements

ON Time = 102.112380 s ON/(ON+OFF) Ratio = 83.513833 %
Good Acqg. = 1016 Max Theoretical Acg. = 1021

OMNfOFF State Ws Supply Voltage
1

Sensor 2

OMN/OFF State

—— OM/CFF State
— Supply Voltage

50 80 100

120 ‘\4%

Supply voltage (V)



Power requirements

Time series: lap1l, y axis Capacitor =0.001 F
Von=33V Voff =3.0V NiPS HAT2

Required powier vs Time
02 T

— Requested Power
— Harvester Paower
Stored Energy

ll m“ ________ - |||“‘ ...... .n]ll e _

0 ‘ | ‘ ‘
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Power requirements

ON Time = 121.882280 s ON/(ON+OFF) Ratio = 99.682882 %
Good Acq. =1219 Max Theoretical Acg. =1219

OMNfOFF State Ws Supply Voltage
1

HAT?2

—— OM/CFF State
— Supply Voltage

OMN/OFF State

50 80 100

120

14%

Supply voltage (V)
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Sources of energy

Typical supply chain of an autonomous sensor

{ Battery

Vibration
E.H.

3 DIFFERENT SOURCES OF ENERGY,
MANY PROS AND CONS!

< |

Power
Conditioning —>  Payload

Energy
Storage




Sources of energy

Discharge characteristic of a CR2032 battery.

(from ENERGIZER CR2032 datasheet)

Load: 15K ohms - continuous 21°C (70°F)
Typical Drain @ 2.9V: 0.19 mA

3.2

3.0

2.8

2.6
2.4 \
2.2

2.0 \

Voltage, CCV

1.8

0 300 600 200 1200
Hours

Load: 100 ohms - 21°C (70°F)
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1500

3.2

3.1
3.0

2.9 .

Voltage, CCV

0.0 1.0 2.0 3.0
Seconds

4.0

Voltage, CCV

Voltage, CCV

Bkagnd Drain: Continuous Pulse Drain: 2 seconds X 12 times/day

21°C (70°F) 15K ohms 400 ohms
0.19 mA @2.9V ~6.8 mA @2.7V
3.2 Bkand — 120
3.0 %% gn —1 100
2.8 !
2.6 Pulse Y 80 E
24 \ .
40
2.2 -
IR
2.0 ! 20
g1 [ [ [ | W,
0 25 50 75 100 125 150 175 200 225
Capacity, mAh
Bkgnd Drain: None Pulse Drain: 1mSec ON / 14mSec OFF
21°C (70°F) 120 ohms
~23 mA @2.7V
3.2 < | — 120
gg Bkgnd 100
2.6 N\ 80 ¢
. ~ Pulse N
2.4 S — . N 60 -g
2.2 NoA N\ 40
IR N\ 20 "
T T T T TN\
1.8 A 0

0 25 50 75 100 125 150 175 200 225
Capacity, mAh



Sources of energy

Typical supply chain of an autonomous sensor

A4 3 DIFFERENT SOURCES OF ENERGY,
y MANY PROS AND CONS!

< |

Vibration

E.H. i
ower
Condltlonmg Payload

Solar
E.H.

Energy
Storage



Acceleration (g)

=
n

Sources of energy

Vibration energy harvesting

NonLinCarlUrbamny-ch2.csv

2 %=0,307 g gy

=
i

]
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Sources of energy

Vibration energy harvesting

Power Spectral Density of the Acceleration (ngsz)
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NiPS Summer School 2014, Perugia, July 14-18, 2014 39



Sources of energy

Piezoelectric Vibration energy harvesting

~ i ~ 1.66
50 gr. Tip Mass * oo -
66 56T
Resonant frequency l
down to 37.5 Hz 1_ Clamp Line —» \—zx ®.110 THRU
’ 20 —m -

Harvesting Bandwidth (Hz): 3 < NOT SUITABLE FOR
Frequency Range (Hz): 80-205 « OUR APPLICATION!
Device size (in): 2.74 x0.67 x 0.032
Device weight (0z): 0.115
Active elements: 1 stack of 2 piezos
Piezo wafer size (in): 1.40 x 0.57 x 0.008 Wide Band Noise!

Device capacitance: 3-4nF



Sources of energy

Piezoelectric Vibration energy harvesting

D Magnets
oAt
Oscillating mass m Piezoelectric beam %t
Vibrating ground ' o i dU (x) o o
- RO | v YT —yx—K V-0E&l7)
' \_/_—“]
I
' P
< - >

F. Cottone, H. Vocca, L. Gammaitoni, "Nonlinear Energy Harvesting“
Phys. Rev. Lett. 102, 080601 (2009)

Linear Nonlinear
E.H. E.H.
Accel. 1 5307 0,302
Erms
VOUTRMS
1,966 V 2,160V
RL= 18kQ
Posrws | 5 295 mw | 0,259 mw
RL = 18kQ




Sources of energy

Solar energy harvesting

Output (current)

comparison
1000
2 typical scenarios
500
/ Several illumination
conditions
Outdoor products
Indoor products /

1 lllumination http://us.sanyo.com/Dyn

100 1000 10000 100000 [lux] amic/customPages/docs/

B - o solarPower_Amorphous_

s i S ) PV_Product_Brochure%2

coffes shops | | mesting rooms | | tables | Cloudy || Bright ||Direct sun| N o

e %0



Sources of energy

Solar energy harvesting

(some definitions)

Light source

Sunlight

Artificial light

AM-D Outer space (solar light at global average revolution orbit) Incandescent light

General-use incandescent light, halogen lamp

AM-1

When the sun is directly overhead (Om above sea level at the equator,
vertical sunlight at meridian passage)

Fluorescent light

Daylight, white, and warm white colors

AM-1.5 | When zenithal angle
(Sunlight angle 0° when sun is directly overhead) is 48.2°.

Electric discharge lamp

Mercury-vapor lamp, sodium-vapor lamp, xenon lamp

Other AM-2 (when zenithal angle is 607), etc.

[Light Source]

Sunlight

Fluorescent light

Condition llluminance (lux) Condition llluminance (lux)
Direct sun 100,000 to 120,000 [ T Around 1,000
Bright 50,000 to 100,000 Office/conference room 300 to 600
Cloudy 10,000 to 50,000 Restaurants/coffee shops Below 200
Rain 5,000 to 20,000
p _ EF{IM] . S{mzj
w) —

?}'{%



Sources of energy

Radiant spectrum of light source and spectral sensitivity of solar cells

1.0 T T T

09+

o
o
I

_ Sunlight spectral (AM-1.5)

=
~
I

Fluorescent light
L {White color)

e
o
I

o
n
|

a-Si solar cells

=
T
|

c-Si solar cells

=
w
I

Humaneye
spectral sensitivity

Radiant spectrum intensity (Relative value)
=
fo

01

- 0.8

- 0.6

- 0.4

- 0.2

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Wave length [um]
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Sources of energy

Solar energy harvesting

Model Typical operating 100mW/em® Typical .,Deraﬁ?gs ~50k fux (Inftial) External dimensions (mm) Weight (g)
characteristics (Initial) Pmax (Vop-lop) characteristics (Initial) Pmax (Vop-lop)
AM-5308 (1.7V- 68.8mA) 117/mW (1.9v- 61.5mA) | (1.7V- 31.1mA) 58mW  (1.9V- 29.2mA) 501X 47.2% 6.4
AM-5302 (1.7V- 105.0mA) 181TmW (1.9v- 95.5mA) | (1.7V- 47.0mA) 8e6mwW (1.9V- 45.1mA) 31.2X 117.8 16.3
AM-5413 (2.2V- 16.7mA) 39mW (2.6¥- 15.0mA) | (2.2V-  7.5mA) 18mwW (2.6V-  7.1mA) 33.0X 23.9% 2.1
AM-5412 (2 2\ 30y T OV SOOI | 2.2V 17-OmA) ATV 12.00- To.oey e} 7.3
QM-SG‘IO (3.3V- 5.1mA) 18mW (3.9v-  4.6mA) | (3.3V- 2.3mA) SmW (3.9V- 2.2mA) 25.0X 20.0 2.2 >
AM-5613 (3.3V-_3r.omny R Ay s T e e S R e e oo J0.7 9.8
AM-5608 (3.3V- 36.0mA) 125mW (3.9V- 32.0mA) | (3.3V- 16.5mA) 59mW  (3.9V-  15.1mA) 60.1X 41.3 11.0
AM-5605 (3.3V- 115.4mA) 401mW (3.9V- 102.7mA) | (3.3V- 52.9mA) | 189mW (3.9V- 48.6mA) 62.3X 117.8 32.5

Amorphous Silicon Solar Cell from

Sanyo Semiconductor Co., Ltd.

LxWxT:250x20,0x2,3mm

Efficiency: 3,6% @ 100 mW/cm?
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Hardware development

What do we have to design?

ANTENNA

E.H.

r A
Light
" sensor RF
/ —> pController €—> .
- l | transceiver
Temperature R h [ —
sensor
I
Voltage |,
L sensor |
J
1
= )
Vibration
E.H. |
. Power Voltage Energy
conditioning supervisor Management
Solar 7




Hardware development

3 D
X23 P03

GND

™
A

X25 Q2—

X26 ®6—‘

LL103 | é:L1g3 I
D1 3
[ o J

LL103 L103
D2 4

c1 c2
100uF/16VI

GND

TPS71533DCKR

-|__100uF/16V

GND

NC

GND

le

I

M eine ouT
- |C2

1000uF/6,3V

G

ND

Energy management

Rectifier + Voltage Regulator + Supervisor

Total Current loss < 7 A

Delay time of IDLE state of reset

CT=0->10ms

O
CT = Ve -> 200 Q
Lol lqp]
4 IC1 —
. 1P1-0R 5
B cT VDD
l 2l GND
3 vk meseT P Q1
— MR RESET
GND \_l MMBF 170
TPS3836J25DBVT
Q1= FDV301N
| C5 GND  Q1=BSH103
-|__1uF
GND




Hardware development

Energy management

- 50.00s 1000s/ Stop % -50w

0 1oov @ 100v/ f
f | s
Voltage | | P mm—
across T R R S T ¥ o e A
the storage e S
capacitor : :
| Rata |
: | — - |
-
| |l AX = 56,400000000000s |
. 1/AX =17.730mHz ]
| [ IAY(1} = 2.350V |
Supply | Load s turned ON
voltage to :
the load | A
| |
|

Print to file: or int_@2
~ Print to +) Save to Options « Print Palette .
PNG (24-bit} | QTexas .. * Color




Hardware development

Energy management

0 roov/ @ 100/ & 5000s 1000/ Stop % 507

|
I
|
Voltage | |
across | f S e e T T } _____
i il .l 7 Sl it A RN R
the sto'rtage S—r——— S -
capacitor
P A |
|£es : |
100 mV hysteresis l
:;j’z—"“—m—m_.;_l:: T —— |
Supply Load is tufned OFF ="
voltage to
the load Load is turned ON
._"_l’; " - I I ! rmm.,_'.._._.._...._
' I
|
AX = 55.600000000000s | 1/AX = 17.986mHz AY(1) = -100mV |
- Mode ~ Source X Y 2 Y Y2

Normal 1 v || 2350v 2,250V Y1y2




&pp
wdd
Mg
FGD

FGC

Hardware development

uController

R s N
5
O
S §;$ + L
& =] . i N
& /‘ E is
& // A \ E+ V

/ \
- -

uController 16 bit /
Light Sensor 16KB Flash

Temperature Sensor
6uA @ 3.3V

1.5KB SRAM
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Hardware development

RF Transceiver

a <> i) b

#np S .

Vi o @

55 117 @ y

FOD 14 17

POC 15 @i i " [15
. ) =
Y
©

IEEE 802.15.4 compliant RF Transceiver Module
2.4 GHz band, 0 dBm RF power, -95 dBm RX sensitivity
Range: up to 400 ft




Hardware development

RF Transceiver

MRF24J40MA |IEEE Std. 802.15.4™ Module

(o) Ot

e Power

MRF24J40
Interface
PCEB Matching Physical MAC
Antenna Circuitry
Power
Management

20 MHz
Crystal

MRF24J40MA Datasheet - http://www.microchip.com/wwwproducts/Devices.aspx?dDocName=en027752



Hardware development

RF Transceiver — PCB Antenna

16.5 mm
D —

4.0 mm

Y

dB (Gain Total) Z

2.0921e+000 -T_
. 1.1359e-001

-1.8649e+000
-3.8435e+000
-5.8220e+000
-7.8005e+000
-9.7791e+000
-1.1758e-001
-1.3736e+001
-1.5715e+001
-1.7693e+001
-1.9672e+001
-2.1650e+001
-2.3629e-001
-2.5607e+001
-2.7586e+001
-2.9564e+001

2.0 mm 2.5 mm
5.0 mm

MRF24J40MA Datasheet - http://www.microchip.com/wwwproducts/Devices.aspx?dDocName=en027752
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Hardware development

Small Vibration and FV Powered
Wireless Temperature
and Light Sensor
Operating On 2,4 Ghz ISM Band

2°]
H
[0 Jié
, O
o
-- J
=0
o
o
o
<«
o
o

8DWEOOL x)
‘01 334

YWNBYr+Z-vEBGSZ 31
YWBY rvyZ4uWeEvO

Small enclosure: 60 x 35 x 25 mm
2 solar cells: 20 x 25 mm, Pmax=8 mW @ 3,9 V
1 piezoelectric non-linear vibrations harvester
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Software development

Interrupt
Controller Radio TX
H Sety buffer
P loading
Radio Idle
Wake UP 2 ms
sz\t-a' Radio
Acquisition setup

>

TX start

|

Idle till the
end of the TX

I

Switch off
The Radio

|

Watchdog
setup

Watchdog
expired?




Software development

 Mixed C and Assembly code

* No Operating System

e Each function must be optimized to reduce the execution
time

* Peripherals can be switched OFF when unused

* Reduced system clock when possible

* Intense use of timers, interrupt and Idle/Sleep mode

 Smaller code = faster execution? Not always!



Software development
MACSuayer  Adknouedgment | Frate | semee | e Q 802.15.4 FRAME

MHR MFR
LT T T T e e e e e e e e
: TTTTA
1 2 1 41020 n 2 : oclels
MAC Sublayer Frame | sequence | Adressing Data Payload FCS
b Confrol | Mumber Fields v
MHR MSDU MFR
! [
I 2 1 41020 1 n 2 | octets
) MAC Command Frame | sequenc Adrassin Command
MAC Sublayer Frame Confrol o Ficlds 9 S Command Payload FCS
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Electrical test
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Test

Typical vibration E.H. test setup

http://realvibrations.nipslab.org

Agilent
MSO6032A
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Agilent 33522A



Test on the shaker: no solar cells

Real vibrations can be used to
evaluate the time required to charge
the storage capacitor.
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Low power sensor nodes

802.15.4 to Bluetooth and USB gateway

Data can be directly received on a computer
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