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Annhouncements

* Project feedback has been sent out.

* Please respond by EOD with your revisions and finalized parts
list with purchase links

* Midterm exams are being graded

* Lab 4 section tomorrow (11/5) over Zoom
* Drop by Lab 058 with questions from 3-5PM

e Lab4 and HW 4 are due November 12th

* Lab4 document has been updated
* Use oscilloscope to visualize the sine wave



Last lecture ...

* Overview of Analog Signals in Embedded Systems
« Sampling Signals
* Data Conversion

* Analogto Digital Converters (ADC)



Today we are going to learn about ...

* Quick recap
* Wrap up digital-to-analog conversion (DAC)
* Wireless communication!



Reading

* STM RM0432 Reference Manual
* Section 22: Digital-to-analog converter (DAC)

* Embedded Systems with ARM Cortex-M Microcontrollers in
Assembly Language and C: Third Edition

* Chapter 21: Digital to Analog Converters
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ADC Conversion Modes

The ADC module performs conversions on selected channels in
either single-conversion mode or continuous-conversion mode.



SQR = Sequence Register
EOCIE = End of Conversion Interrupt Enable

ADC CO nverSion MOde IER = Interrupt Enable Register

Single Conversion On One Input Channel

(Regular Group)

1. The target channel is determined by the SQ1[4:0] ( Start )
bits in the SQR1 register ¢

2. The 16-bit ADC data register (ADC_DR) holds the
conversion result Channel X

3. Afterthe conversion, the end of regular conversion l
flag (EOC) is setin the ISR register.

4. The ADC module generates an interrupt request if ( Stop )

the EOCIE bitis setin the interrupt enable register
(IER)



1.

ADC Conversion Mode

Single Conversion On One Input Channel
(Injected Group)

The JSQ1[4:0] bits in the JSQR register selects
conversion channel

. The 16-bitregister (ADC_JDR1) holds the conversion

result

After the conversion, the end of injected conversion
flag (EOC) is setin the ISR register.

The ADC module generates an interrupt request if
the JEOCIE bit is set in the interrupt enable register
(IER)

J =Injected

G
'

Channel X

|
«




ADC Conversion Mode

Single Channel, Continuous Conversion

* ADC module automatically starts a
new conversion immediately after it
finishes one.

* The last conversion result is saved in
the ADC_DR register for a regular
channeland in the ADC_JDR1 register
for aninjected channel

* CONT bitinthe CFGR register enables
continuous mode

«<>

¢

Channel X
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ADC Conversion Mode

Scan Mode: The ADC module can perform sampling and conversion on a set of pre-defined input
channels in a round-robin fashion.

Regular:
Channels
selected by
ADC_SQRx

Injected:
Channels
selected by
ADC_JSQR

( start )
|

‘ Channel X ‘

v

!
‘ Channel Z ‘

(sop )

Scan with Single Conversion

( start )
l

‘ Channel X ‘
!

v

‘ Channel Z ‘

Scan with Continuous Conversion
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ADC Data Alignment

* Software can change the ADC resolution (12, 10, 8, or 6 bits)

* Each ADC data register has 16 bits

Right alignment, regular channel
15 0
0000000000

00000000
000000
000

6 bits
8 bits

10 bits

12 bits

Left alignment, regular channel
15 0
00000000

6 bits

00000000 | 8 bits

000000 | 10 bits
000 | 12 bits
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Digi’cal to Analog Conversion



What is a digital-to-analog converter (DAC)?

A digital-to-analog converter (DAC) transforms a finite-precision
digital number to an analog voltage

Example >




DAC Architecture

A four-bit digital-to-analog converter (DAC)

switch is open
switch is closed

- [l
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Vout




DAC Characteristics

* Precision: the number of distinguishable DAC outputs (e.g., 1024
alternatives, 10bits)

* Range: the maximum and minimum DAC output

* Setting Time: the interval from an update of a DAC’s digital input to
the instant when the DAC output becomes stable within a specified

percentage

* Resolution: the smallest change that occur in the analog output as
the digital input varies (the change in output that occurs when the

* Glitch: the first peak transient that appears at the DAC output



DAC on the STM32L

STM32L processor has two
independent DAC converters, with
one channel in each converter

Can be configured as a resolution of
8-bits or 12-bits

Two converters can update their
output signals independently or
synchronously

Dual-channel DAC block diagram
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b laoiseed T »TRIG DAC_DOR1 |/ Buffer 1
R converter 1 / |
. 1 i
MODE1 bits |~ S
LSI clock dac t1
DAC channel 1 |
7777 ; &‘f:}dﬂe Offset calibration v i
Sample & F gl Y | RS s T H
Control regist £ 2 OTRIM2[5:0]bits ] On-chip |
& logic Channel2 TSAMPLE2 = B :
eripherals '
F[TseLzgz:0) | e |
: bits DMA_Request ||  TREFRESH2 ;
% 1|M6_n;\||(c;: \ 3
TIM7_TRIG—{ : | DAC
| le_n::c‘: [~ ®TRIG DAC_DOR2 Buffer 2 ::I
: ] L '_,L\”‘m converter 2 T
i EXTIS_TRIG—| ) i
SW_TRIG-4 .
? s I/ ] i
| | MODE2 bits | : |
5 dac_out2| | |
i | DAC channel 2 |
[*7 APB1 Bus vOn-chip
Peripherals |

DAC_OuUT2




.0.0.0.0.090.0.¢ 8-bit right aligned

XXXXXXXX _ 8-bit left aligned
DAConthe STM32L ~ Edl

12-bit right aligned
- XOOOOXXXXXXX BRI

Data Holding Registers (DHR)

12-bit right-aligned DHR (DHR12R)

Control Logic

12-bit left-aligned DHR (DHR12L)

Noise generator
Triangle wave generator

8-bit right-aligned DHR (DHRSR)

8-bit left-aligned DHR (DHRSL)

Data Output Register

(DOR), 12 bits

Analog Power Supply (Vppa)
Voltage Reference (Vgge)

Digital to Analog
Converter

Analog Ground (Vggp)




Conversion Trigger

Software triggers, external timers, and internal timers can trigger DAC
conversions

Timer Trigger:
Conversion starts after TIM6_TRGO ——»
detecting the rising edge of TIM8_TRGO ——»

TIM7_TRGO —»

timer trigger output IIM5. TRGO ——> ngg(;r
TIM2_TRGO —» Signal
Software Trigger: TIM4_TRGO —>
Conversions starts after EXST\;\;'TnF(:Ig ::
B | e
— TSEL[2:0] control register (DAC_CR)

software select the DAC trigger



Loading Effects

When the DAC output is used to drive an external load (e.g.,
earphones) the voltage output may be lower than the desired value
due to loading effects

DAC Module
VOUT

: V
(desired) out . .
= AN M= How do we fix this?

I:{DAC

% _ R104p x | desired
ouT — ouT
Rpac + Rroap




Buffered Output

Use an internal output buffer to avoid the load impedance problem!

Close to infinity
DAC Module /\

Rin g o
_ Buffer desired . desired ._ yrdesired
Vour Viy = XV X Vour ~ Vour

" ourt ~
(desired) / \ /\ [ \— VIN \ VOUT RDAC + RIN,BuffeT' RDAC + oo

RDAC / V
//\ Close to zero

R R
VOUT _ OUT,Buffer < VIN ~ LOAD
Rioap + Rout,Buffer Rioap +0

~ ydesired
XVin = Vour

The output buffer can be enabled or disabled by the
DAC_CR_BOF bitin the control register DAC_CR



Wireless Communication



Wireless embedded systems are all around us

Smartphone Smartwatch Thermostat Environmental Sensors

How many connected loT devices are there today?



Where are these technologies used today?

o Insights that empower you to understand loT markets
- IOT ANALYTICS

Top 10 loT Application areas 2020

Global share of Enterprise loT projects!

o ﬁ.b Manufal:turmgflndustrlal 22%

=
[
=
o
P

@

o a‘ Transpurtatlun j" Muhlllty 15%
o ‘ Energy 14% o ""
o E Retail 12%

o}ﬁmlﬁ _ Cities 12%

° % Healthcare 9%

@

o @ Supplv,r Chain 7%
o " Agrlculture 4% @
0 Hnﬁ __________‘____‘____"_’”"""“E_’_ — @
O * ower [N >+ ®

Maote: 1. Based on 1,414 publically known loT projects (not including consusmer loT projects eg smart home, wearables, etc.) 2. Trend based on relative comparison with % of projects in the 2008 loT Anabytics loT project kst e.g., a downward armow means the relative
share of all projects has decined, not the overall number of projects, 3, Other includes 10T progects from Enterprise & Finance sectorns, Sounes: loT Analytics Research - July 2020




Types of Communication Systems and Connectivity
Solutions

Radio and TV Broadcasting Satellite Connectivity Bluetooth

Wi-Fi
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Examples of Communication Channels

* Communication systems convert information into a format appropriate
for the transmission medium

* Some channels convey electromagnetic waves (signals)

* Radio (20 kHz to 20+ GHz)
* Optical Fiber (200 THz or 1550 nm)
* Laser line of sight (e.g., from Mars)

* Other channels use sound, smell, pressure or chemical reactions

e Smell: ants
e Chemical Reactions: neuron dendrites

e Dance: bees
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Wireless Communication

* Wireless communication refers to the transfer of information
between two or more points (that are not connected by some
physical medium) using electromagnetic waves propagating in

space

Transmitter

N VWWWWWY N/

Hardware that generates
radio waves is called a

transmitter

Receiver

Hardware that picks
up radio waves is
called areceiver

27



Electromagnetic Spectrum

Penetrates Earth's
Y [\ Y \
Atmosphere? Y Y
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

Wavelength (m) 10° 1072 107° 0.5x10~® 1078 10710 10712

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Frequency (Hz)

10* 108 10* 10" 10'° 10'® 10%°

Temperature of
objects at which
this radiation is the
most intense
wavelength emitted

)

1K 100 K 10,000 K 10,000,000 K
=272 °C -173°C 9,727 °C ~10,000,000 °C

Image Source: Wikipedia
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https://en.wikipedia.org/wiki/Electromagnetic_spectrum#/media/File:EM_Spectrum_Properties_edit.svg

Signal Qualities

* Signal Strength

* the amount of energy transmitted/received

Electric
Field (E)

Nl 1 1 [

* Signal frequency & bandwidth
* Which “channel” the signal is sent on

Propagation

* Signal modulation g | pag
/N Direction
 How data is encoded in the signal Wavelength (A) s T




Signal strength is measured in decibels

e Power is measured in watts or dBw or dBm

* Power g, = 10 * log o ( Powery ;)
* POWBTdBm =10 * loglo(Powermilliwatts)

* dBm is mostrelevant to the loT domain
* 0 dBm equals 1 mW transmit power

* Rules of thumb: +3 dB is double the power, 10 dB is 10x power



Typical Wireless Power Transmit Levels

* 100kW = 80 dBm: Typical FM radio transmission with 50 km radius
* 1 kW =60 dBm: Microwave oven element

* ~300 W =55 dBm: Geostationary satellite

¢ 250 mW = 24 dBm: Cellular phone maximum power (class 2)

e 200 MW =23 dBm: Wi-Fi access point

e 32 MW =15 dBm: Wi-Fi transmitter in a laptop

* 4 mW =6 dBm: Bluetooth, 10 meter range

* 1 mW =0 dBm: Bluetooth, 1 meter range
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Signal strength varies significantly across
technologies

* Bluetooth Low Energy (local area)
* nRF52840 transmit power: 8dBm (6.31 mW)
* nRF52840 receive sensitivity: -95dBm (316.2 fW)

* LoRa (wide area)
 SX127X LoRa transmit power: 20dBm (100 mW)
« SX127X LoRa receive sensitivity: -148 dBm (1.6 attoWatt)
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Freguency separation enables different wireless
technologies to operate simultaneously

]
g
T
=

Radio Spectrum

LF = Low Frequencies VHF = Very High Frequency EHF = Extremely High
MF = Medium Frequencies UHF = Ultra High Frequency Frequencies
HF = High Frequencies SHF = Super High Frequency

33
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Wireless spectrum is limited...and valuable

Some everyday uses of the radio frequency spectrum

* FCC auctioned off 3.5 GHz PG s
S p e Ct Ffrum i N Au g u St 2 0 2 O Radio  Remote TV CeII:phones GI’ l\:/ledical WiFi, Bluetooth, microwaves, \:‘Veather Public safety,

control pagers, satellite and cordless : alarms,
3 phones, walkie-talkies : toll tags

e 70 MHz Geed d ot FEEGL 5 B P
M M L ,1 | ' ‘v | [. . | | .x [ i eazak  Tust x; [l |1 lﬂ:l [ | |
(] $4.6 bllllon I ‘ ‘ | _[ } ! [ | ‘ t l ‘ l | ‘ Whit?spacei§re_se!'veqfqrmili’gary:,(edgra_lqov.emrqent,gnd‘imustryqse.!
0 16G 2 GH

| | |
0 500 MHz GHz z 3 GHz 4 GHz 5 GHz 50GHz 300 GHz

Signals can go through dense objects ~— Signals have difficulty going — | Signals can’t go |Signals travel

. 700 MHz
e FCC auctioned off 2.5 GHz
. 2 O 22 goes on auction
S p e C t r u m I n (buildings, forests, mountains, and storms) through dense objects t{:rough dense 4short
° $ 4 2 7 m | ul on Value of spectrum compared with real state °‘,’{,‘ffg‘f,,-’;‘;;,§’;:f” Ao

—ty ' = i IH-'“E Eﬁg ﬁl ﬁﬁ Q'ﬁ AR b

Fifth Avenue, New York City Upscale suburb Productive farmfand Desert

SOURCE: New America Foundation; FCC JOAN McLAUGHLIN/GLOBE STAFF

F < N EWS from the Federal Communications Commission

Media Contact:

Wll Wit (07 418-0503 T-Mobile pays $304M to fill in [

https://www.fierc ewirel

will.wiquist@fcc.gov
holes-its-25-ghz-

For Immediate Release holes in its 2.5 GHz spectrum ===

FCC CONCLUDES FIRST 5G MID-BAND SPECTRUM AUCTION EyLtinds Hardestyisep ity 02 = 2550
3.5 GHz Spectrum Will Promote Innovation and Advance U.S. Leadership in 5G T-Mobile 2.5GHz ) ( spectrum auction )




Modulation

* Encoding signal data in an analog “carrier” signal
* Carrier signal defines the frequency

* Modulation scheme + data define bandwidth
required

Modulated Signal

Message Signal

T -

Carrier Signal




Modulation types i

* Encoding binary data on a signal

l_ —
 Amplitude-shift Keying (ASK) M!MMI
a) ASK HHHHHH
* Modify amplitude of carrier signal ° .
* On-Off Keying (OOK) is an extreme
example

(b) OOK

* Frequency-shift Keying (FSK)
* Modify frequency of carrier signal




Modulation tradeoffs

Various tradeoffs between different modulation schemes
 Bandwidth requirements, transceiver hardware, immunity to noise, etc.

ASK (amplitude) is simple but susceptible to noise
* Noise exists in the real world

FSK (frequency) is relatively simple and robust to noise, but uses more bandwidth
* Bandwidthis limited, but still commonly used

PSK (phase) energy efficient and robust, but more complex hardware
* More expensive hardware, but very commonly used
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Signal to Noise Ratio

* The signal-to-noise ratio (SNR)
compares the signal level to the
packground level noise.

* It is the ratio of signal power to noise
Dower

* Often expressed in decibels (dB)
* Greater than 0dB (ratio higher than 1:1)
means more signal than noise

* Has an impact on performance and
signal reception

SNR: 40 dB

SNR: 20 dB

SNR: 10 dB

™

/™,

S/o=100

S/lo=10

S

I

NR: 0 dB

l

J

il

Slo=1
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Performance Metrics

* Data rate, R, is limited by signal power, noise power, and distortion

* In anideal case (no noise or distortion), data can be transmitted at a rate of
R = oo and have a probability error of O

* The Shannon-Hartley theorem tells us the maximum rate at which
information can be transmitted over a communication channel with a
specific bandwidth in the presence of noise.

* For an additive white Gaussian noise (AWGN) channel the Shannon
capacity is given as,

Channel capacity in /\ Average received signal
bits per second \‘ power over the
(bps) S bandwidth
C =Blog,|1+—

N Average power of the noise
Bandwidth of the / ,\/and interference over the

channel in hertz (Hz) bandwidth
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Link Budget

* Link Budget is analysis of a radio link accounting for all power gains
and loss that a signal will experience going from TX to RX
* Transmitter Power
* Receiver Power
* Propagation Loss
* Antenna Gains

* Link margin is a safety margin between RX power and minimum power
needed to correctly detect the signal
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Link Budget

Ppx = Prx + Gpx — Lpx — Lps + Grx — Lpx

Ppy =received power (dBm)

Pry = transmit power (dBm)
Gry =transmit antenna gain (dBi)
Gry =receiver antenna gain (dBi)

Lpx = receiver losses (coax, connectors, ...) (dB)

Lty = transmitter losses (coax, connectors, ...) (d

Lrs = path loss (dB)

Transmitter ——
Ptx

rrrrrrrrrrrr

—=— Receiver

Prc




>> 60 second brainstorm <<

1. Why do we have so many different wireless protocols?

2. Why do we have different protocols for indoor and outdoor
applications?

1. What are the tradeoffs?



Tradeoffs

All radios have to make tradeoffs

* Shortvs. long distance

High vs. low power/energy
-High vs. low seeds
_arge vs. small number of devices

ndoor vs. outdoor usage
Device-to-device, device-to-infrastructure



Range vs. Data Rate vs. Cost

Data rate & |
Power Consumption Cost: Low B @ @ @ High
A
.
100 MBps n Lcilulal
Wi-Fi AG/ITE
Halow 3G
1 MBps Bluetooth
Licensed LPWAN
LTE-M
s EC-GSM
NB-loT
Unlicensed LPWAN
1 KBps
MYTHINGS
LoRa
Sigfox
—»
im 10m 100 m 1km 10 km Range

https://behrtech.com/blog/6-leading-types-of-iot-wireless-tech-and-their-best-

49
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Bluetooth

 Radio band: 2.4-2.48GHz
* Average 1 Mbps and up to 3Mbps
* Supports point-to-point and point-
to-multipoint
* Creates personal area networks

 Connects up to 8 devices
simultaneously

* 3 class of transmit power
* Frequency hopping communication

)
> RST
»

>

: ﬂ
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P CID
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’ «
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Bluetooth: Some History

5 Invented in 1989 at Ericsson Mobile

ERICSSON

ke

Named after a Viking King from the 10t Century

9 Bluetooth Managed by the Bluetooth Special Interest Group
SPECIAL INTEREST GROUP ° Started aS |EEE 802.15.1

| First consumer device was a Bluetooth headset in 1999
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Fun Fact: Frequency hopping communication
was invented by actress Hedy Lamarr

UNITED STATES PATENT OFFICE

2,292,387
SECRET COMMUNICATION SYSTEM

Hédy Kiesler Markey, Los geles, and George
Antheil, Manhattan Beach, Calif.

Application June 10, 1941, Serial No. 397,412

6 Claims. (CIL 250—2)
This invention relates broadly to secret com- Fig. 2 is a schematic diagram of the appa-
munication systems involving the use of carrier ratus at a receiving station;
waves of different frequencies, and is especially

Fig. 3 is a schematic diagram illustrating a
nseful in the remote control of dirigible craft. starting circuit for starting the motors at the

| m——

PRACTICE

-
MEDICINE



One Example / Bluetooth Preview:
Frequency Hopping Spread Spectrum (FHSS)

* Transmitter hops through a sequence of transmit channels
* Spend some “dwell time” on each channel before hopping again
* Receiver must know the hopping pattern

* Avoid causing or receiving prolonged interference

Frequencyf — - - - - o o o e e e ———————

Time

Peter A. Stesnkiste



BLE Physical Layer

e 2.4 GHz Carrier

* 40 channels (2 MHz) 2s02MHz

* 1 Mbps data rate

e Channels 37, 38, and
39 for advertising

e I."I WiFi Channels ~~——

-

s

I I I I I I I I IIIIIIIIIIIIIII
[ 0 i L A B R O U R R S R S S S S S

2.4GHz Band

54



Bluetooth Applications

e Wireless communication between devices

* Mobile phones, laptops, cameras, gaming
controllers, computer peripherals...

* Short range sensor transmission

e Share multimedia
* Pictures, video music

* A2DP - Advanced Audio Distribution Profile

* Stream audio wirelessly



Bluetooth Low Energy

From 2001 - 2006 Nokia asked:

How do we design a radio that can transmit short burst of data for
months or years only being powered by a coin cell battery ”?

Keep the radio in sleep mode most of the time!

1. Advertise on only one of the three channels (less frequency hopping)
2. Transmit quickly at 1Mbps

3. Make the minimum time to send data only 3ms

4. Make a very predictable time when the device accepts connections
5. Limit the max transmit power to 10mW

6. However, don’t sacrifice security: AES 128-bit



LoRA (Long RAnge)

* A long-range wireless communication
protocol based on spread spectrum
modulation

 Used a physical layer for LoRaWAN a low-
power wide-area network (LPWAN) protocol

* Very popular for outdoor loT

* Frequency

* 868 MHz (Europe), 915MHz (North America),
433 MHz (Asia)



Example application: air quality monitoring

Yerba Buena)
Island

i %

air exhau?l- fan : | » ®

e 0 DO G
g

[1] Cheng et al. AirCloud: a cloud-based air-quality monitoring system for everyone. 2014. [2] Purple Air. 2019.



Comparison to other techniques

High ‘

Bandwidth

Low

Cellular
Wi-Fi BLE Mission critical outdoor use case
Video / Voice Higher power
Customer loT
—_—
=

Sensors, actuators and tags
Lowest power and lowest cost

Short

Range Long



LoRa PHY uses a spread spectrum modulation
technique

* Chirp Spread Spectrum (CSS)

* Modulation technique where frequency is varied linearly from
(to) lowest to (from) highest within a channel

i up-chirp
. fcenter /// """"""""
2 0 2 3
| | | flow — time
down-chir

fhigh p
fcenter \ """"""""""" \ """
ﬁow — time




LoRa Modulated Signal

Message encoded on the chirp signals

ﬂﬂgh

fcar‘r‘icr

Source: hitps://youtu.be/lg0eZWZFKIE


https://youtu.be/lg0eZWZFKiE

Backscatter Communication

Motivation: we’d like to make very very low power, battery-free sensors

Problem: Regular radios consume a lot of power when they transmit
since they have to make their own radio waves

Backscatter is a method used in RFID tags to perform low power
communication...it can also be used for more general purpose
communication



Radio Frequency IDentification (RFID)

Marketing

Tolling

O TR N

103 0000000010 3

QNS
TheTollRoads.com ang\*\; )

Tracking and Localization



https://www.atlasrfidstore.com/rfid-insider/how-is-rfid-used-in-the-real-world/?srsltid=AfmBOopO4VG-WVjR3BOyMr52NasJQDJQF05gEc5XmIiK8h3u3vHgKID5
https://www.atlasrfidstore.com/rfid-insider/how-is-rfid-used-in-the-real-world/?srsltid=AfmBOopO4VG-WVjR3BOyMr52NasJQDJQF05gEc5XmIiK8h3u3vHgKID5
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How does backscatter work?

Conventional
radio

Generates and emits
signals. Uses lots of
energy.

Backscatter
passive radio

Reflectsxexisting signals.
1000x-10000x less energy per
bit ‘



Basic Principle of Operation

RFID Reader

DA

]

Tag reflects the RF signal using ON-OFF keying (OOK)

Tag




How many RFID tags are out there?

Approximately 39.3 billion sold in 2023...

A
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Types of RFID Solutions

/—\Most RFIDs dre passive

Passive Semi Passive Active

Energy Harvesting (RFID Reader

Power Battery/Energy Harvesting Battery/Energy Harvesting

Signal)
Communication ,
Backscatter Backscatter Conventional
Scheme
Power
<20 meters <40 meters >50 meters

Consumption

Cost $0.05 $2 >$2




Types of RFID Solutions

ACTIVE @ PASSIVE
RFID RFID
120 - 150 kHz — Low Frequency (LF)

13.56 MHz — High Frequency (HF) & Near-
Field Communication (NFC)

865 - 960 MHz - Ultra High Frequency (UHF)
read range.

Loss effective around water and metal

Photo Credit: AtlasRFIDStore



The “Thing”

o The Thing or the Great Seal Bug, invented by
Leon Thereminin 1945

o« Consideredto be a predecessor to RFID

Miniature




Wireless ldentification and Sensing Platform (WISP)



http://www.youtube.com/watch?v=SKQ3wkAqA_8

Evolution of the WISP

WISP WISP 5.0 WISP 6.0

(a) Basic Sensor Node

Lemmr o v abimamry

WISPCam

(b) Basic Sensor Node (c) Camera
(d) Microphone (e) Accelerometer  (f) Ambient Light Energy

Harvester + Camera



Ambient Backscatter

Backscatter existing RF signals

o [V
e FM
e Wi-Fi
® LoRa

RF Harvesting & ) Indicator
“|Power Management » LEDs
> Receiver > Digital " User
Logic Buttons
\ iTransmitter .
: <+ .
; ; .

#11!“-11!“-1-1-


http://www.youtube.com/watch?v=gX9cbxLSOkE

Voltage Rectification

Diodes allow current to flow in one direction

+ V -

anode * cathode

— |

-V

©

o

Curve =

=

(-

@)

(e.g., -50V) Y
Vir j
1 l
€ | 1

VF (0.7v, silicon)

reverse

breakdo
wn

>\



Voltage Rectification

What is a rectifier?

N N N ﬁﬁ“
N .

half-wave rectifier




What is going on in this circuit?




Other Forms of Backscatter Communication

Underwater Backscatter Networking

T - RF Backscatter Node

Radin <
Energy :
r Harvester [ L8/

—RYX W/N 'N E‘ﬂ by

Reflection No Reflection

(a) RF Backscatter in Air
Projector Acoustic Backscatter Node

Ustic Signa

9))755%, 8 =
of | [

= }(ﬁ;«’ ’\«

Control

Reflection No Reflection

(b) Piezo-Acoustic Backscatter in Water


http://www.youtube.com/watch?v=zC3HaY6YJLY

Battery-free sensing

UW Sensor Systems.

H

Battery-free Battery-free phone?2 Battery-free
Camera’ Underwater Sensing?

TWISPCam: A battery-free RFID camera. S. Naderparizi, A. Parks, Z. Kapetanovic, B. Ransford, J. Smith. IEEE RFID 2015
2Battery-free Cellphone. V. Talla, B. Kellogg, S. Gollakota, J. Smith ACM IMWUT 2017
SUltra-Wideband Underwater Backscatter via Piezoelectric Metamaterials. R. Ghaffarivardavagh, S. Saad Afzal, O. Rodriguez, F. Adib. ACM SIGCOMM 2020



Some limitations

Traditional backscatter techniques require you to be nearby an RF signal
source TV/FM/AM

—

Photo Credit: Ericson

IMPINJ

Photo Credit: Impinj

Liu, Vincent, et al. "Ambient backscatter: Wireless communication out of thin air." ACM SIGC OMM
computer communication review 43.4 (2013): 39-50.



|s there a signal source that is always available?



Thermal Noise Sources

Sun
Resistors

Photo Credit: NASA Photo Credit: NASA

Earth Cosmic Background Radiation

Photo Credit: NASA Photo Credit: ESA/ LFI & HFI Consortia



An unpowered resistor generates Johnson
(thermal) Noise

Vnoise
T O O O )
O
ooo © o c
nz
V2 = 4kTBRe(Z) P, = — =KkTB



How do we transmit data”

* Modulate data using ON-OFF keying

e ]




Prototype Implementation

WIS SOND T5n ot
SIV0” (zy9i<) puog-opiw 1¥9: |
2200 78361/81/20/10690Y~10A3 ¢

. S0
o, 90TVNY

=0

Transmitter Receiver Antennas




How to transmit data

@ Modulate data using ON-OFF keying

s(t) = m - sgn(cos 2mf,.t)
fsc = subcarrier frequency

m = bit value (1 or 0)

Packet

1 1 1 1
50 100 150 200
Time (s)

Subcarrier signal

|
250

1 1 1 1
50 100 150 200
Time (s)

Encoded Data

|
250

1 1 1 1
50 100 150 200
Time (s)

1
250




Raw Signal

0.25
- — 0.2
How to receive data
» 0.15 §
5
g 0.1
@ Decode using heterodyne detection o 0.05
0 ‘ ‘
. . 0 1 2 3 4
» Generate a square-wave subcarrier with Time(s)
frequency f,. and amplitude values of +1 After Heterodyne Detection

* Multiply the received signal with the receive-
side subcarrier
« Accumulate (integrate) the product values

RN
N

-|—— Demodulated

—_—
T

>
."é
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§ 087
jo)
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ti Noa!
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Battery-free Transmitter using Modulated Thermal

Noise
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