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Il. Indoor Applications
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%‘-. Manuela Vieira was born in Lisbon, Portugal. In 1986, she received the Master of Science in Solid State Physics-
Microelectronic and in 1993 the PhD in Semiconductor Materials, both from the New University of Lisbon. She receives
the habilitation title in Electronics, in 2003 from New University of Lisbon, Portugal.

+ She is a Full Professor, since 2011, in Electronics inside the Department of Electronics Telecommunication and
Computers (ISEL-Portugal) and Associated Professor in the New University of Lisbon, School of Sciences and
Technology (UNL-FCT, Portugal).

« She is also the Leader of the Research Groups in Applied Research in Microelectronic Optoelectronic and Sensors
(GIAMOS / ISEL) and in Microelectronic, Material and Processes (M2P/ CTS-UNINOVA). She has several scientific
papers and has participated in many international and national projects, both as a researcher and as a project
coordinator. She has 30 years of experience in the field of thin films and devices and on Visible Light Communication.

Other scientific activities:

+ Referee for international publications such as: Thin Solid Films, Material Research Society, Sensor Magazine, Sensor
and Actuators, Material Science Férum, Solid State Electronics, Vacuum, Applied Surface Science, Sensors and
Transducers, Revista Ibersensors, Physica Status Solidi, Sensors, Journal of Nanoscience Nanotechnology, Journal of
Sensors, Journal of Signal and Imaging Systems Engineering (IJSISE), etc.

«  Evaluator of proposals submitted to several international funding organizations
e Supervision and co-supervision of Master and PhD students
+  Examiner for Master and Doctoral degrees.

*  Authored and co-authored over than 400 publications in refereed journals and conferences proceedings. Presented
more than 500 communications at conferences and seminars most of which with publication in journals and proceedings.
She is an IARIA Fellow since 2018.

Technologies & Techniques

Scope:
Smart device/smart sensor
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Technologies & techniques:
Electronic systems technology
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A group of experienced and young researchers covering the areas of
materials and devices processing; materials and devices characterization
and optimization, well supported by the physics modelling of the devices and



http://www.cts.uninova.pt/index_dev

3
=
")
L]
=
|_
O
L
I_>
m
O

™M
—
¥

Development, optimization and application of semiconductor
based devices: image and color sensors, optoelectronic devices,
solar cells, optical amplifiers, biosensors, VLC devices,
nanostructures and UV and |V detectors.

Design and modeling of optical devices.

Electrical and numerical simulation of optical devices.

Integration of different technologies, namely: optical sensors,
wavelength-division multiplexing, waveguides, Visible Light
Communication, X-ray detectors and full digital medical imaging.

Optical Communications.

g -
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» Applications of semiconductor devices
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Wavelength Division Multiplexing (WDM)
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Optical biosensors
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* Visible Light Communications

> Indoor positioning systems Q

o Vehicular Communications
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o Deposition facilities:

o Laboratories for support of Semiconductor Thin Film Development using the PECVD
(Plasma Enhanced Chemical Decomposition) techniques.

o Laboratories for support of Electronic, Optoelectronic and Microelectronic Device
Processing.

» Characterization facilities:
> UV-VIS-NIR and IR Spectrophotometers (Shimadzu),
o dark/photo conductivity as a function of temperature;

o spectral response;

> Flying Spot Technique-FST;

> Photothermal Deflection Spectroscopy-PDS;
> Space Charge Limited Current-SCLC;

o C(T)/C(V) measurements,

- Coatings uniformity test-bench,

o Characterization systems for devices (IV characteristics; annealing test chambers;
degradation tests; interface characterization; Electroluminescence) and Solar simulator
for small areas.

o Spectrometers (UV, VIR, NIR, IR) and
o Optical Characterization Systems (I-V, C-V),
> Electric Characterization Systems,

o Material Testing Bench.




SPECTRAL DISTRIBUTION FORWARD RADIATED OPTICAL POWER
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Univeraity of

Waterloo

Department of Electrical and Computer Eng., Waterloo,
Canada.

Giga to Nano Electronics Group, Univ. Waterloo, Canada.
University of Cagliari, Italy. @C |
IPE, Stuttgart University, Germany

Institute of Semiconductor Physics, Ukrainian Academy of
Science, Kiev, Ucraine.

Institute of Physics, Polish Academy of Sciences, Warszawa,
Poland.

Institute of Molecular Physics University, Polish Academy
of Sciences, Poland.

Wurzburg University, Germany.
Polish Academy of Sciences, Poland
University of Salerno, Italy

La Sapienza Universitat, Rome,

v" Production of semiconductor devices,
v" Characterization of materials and devices,
v Joint publications.
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Indoor and outdoor
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GEO-LOC

“Indoor and Outdoor Geo-Localization and Navigation
by Visible Light Communication”

IDI&CA program, 5t Edition, 2020-2021

AGE-SPReS

“Arrayed Graphene Enhanced Surface Plasmon
Resonance for Sensing Applications”

IDI&CA program, 5t Edition, 2020-2021

PhotoAKI
“Photonic Biosensor for point of care and Early

Diagnostics of Acute Kidney Injury”
LISBOA-01-0145-FEDER-031311, 2018-2021

QuiCoviDe
“Quick COVID-19 Detection”
FCT, Research 4 COVID 19 program, 2020-2021



NATURAL LIGHT SOURCES

Sun light Moon light Stars Iight

ARTIFICIAL LIGHT SOURCES
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LED/LASER




TIMELINE OF MAJOR DISCOVERIES IN MODERN LIGHTING

The first practical
incandescent bulb

with carbon filament

was invented by
Thomas Edison.

¢
4

1879

"

The first

incandescent bulb

with tungsten
filament was
produced.

1904

TECHNOLOGIES

Sodium lamp  Red LED was Yellow, green, and

was first discovered by orange LEDs were

produced Nick Holonya, Jr produced.

commercially  at GE. OLED was u Blue LED was

by Philips. demonstrated | discovered by Shuji
[] Nakamura at Nichia.

1932

1938

—

GE invented
the first
practical
fluorescent
tube.

’ B
L ==

1980

B

1959 1962 1963

!

|
GE patented the
first practical
halogen bulb.

1971

High-pressure sodium
lamp was produced
commercially in 1970s.

Metal halide lamp
was introduced in
1960s.

1l

1993

E.
CFL was first
launched
publicly by
Philips.
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IMPORTANCE OF LIGHT ON EARTH AND ON LIFE

Life on Earth depends on light.
Without it the human survival would be impossible:

e Earth temperature regulation

* Body temperature (fishes,amphibians, reptiles)

* Vision ability

e Calcium absorption in bones

 Production of hormones (e.g., melatonin to synchronize the*
circadian rhythm)

 Production of oxygen through the photosyntheS|s process

performed by green plants

12:00

21.00 midnight

Melatonin

secretion starts

19.00
Highest body
temperature

Deepest sleep

04:00
Lowest body

18.30
Highest blood . . temperature
pressure Circadian
18:00 Rh th 06:00
17.00 y mS 06.45

Greatest cardio-
vascular efficiency
and muscle strength

Sharpest blood
pressure rise

\J- 07.30
Melatonin

Secretion stops

15.30
Fastest

eaction time
PeREOR T 14.30 10.00

Best 12:00 Highest
coordination = alertness
noon
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CAR & VEHICLES

* Infrared security systems

* Optical fiber dashboard displays

» LED traffics signals

+ Laser traffic radars

« Solar-powered emergency brakes

MEDICINE

* Laser surgery

» Laparoscopy

* Medical diagnosis
tool

* Imaging Medical
devices

* Clip-on pulse
oximeters,

* IR skin
thermometers

* Microscopes

* Light based
therapies

OTHERS

Laser light shows
* Digital cameras
* Night vision goggles
* Missile guidance
* Laser weapons
* Surveillance cameras

HOME

Energy saving lights
Infrared remote controls
TV flat panel

Compact disc players
Optical fibers for cable TV

OFFICE

Optical scanners
« Laser printers
* Photocopiers
» Slide projectors
» Laser pointers
* Optical data storage

STORE

Supermarket bar code canners
Credit card hologram

I\/IANUFACTURING

Laser welding and cutting
» Optical stereo-lithography
* Machine vision
» Image recognition for quality control
* Nondestructive testing
* Precision measurement
» Optical inspection of labelling and packaging
» Laser fabric cutting machines



LIGHT AND UNITED NATIONS SUSTAINABLE DEVELOPMENT
GOALS
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TWO
REVOLUTIONARY
OPTICAL
TECHNOLOGIES

il
Charles K. Kao Willard S. Boyle

“The Nobel Prize in Physics 2009 honors three scientists, who have
played important roles in shaping the modern information technology,
with one half to Charles K. Kao and with Willard S. Boyle and George
E. Smith sharing the other half."
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Data traffic

CAGR - Compound

\\0
l\vlore% \ rnet More Devices & FasterBroadband More Video
@ ers Connections Speeds Viewing

171
Billion

271 829% of
Billion Traffic

annual growth rate Source: Cisco VNI Global IP Traffic Forecast, 2016-2021

300 Exabytes per
Month

250

200

150

100
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2016 2017 2018

’
= By 2021, 63% of taefl' 1P

. traffic will be w@ess *
HMobile %o 3 &
Mobile (46% CAGR) o&

| mFixed/Wired (l6% CAGR) \G

e
E B Fixed Wi-Fi from Mobile Devices [43@9R}

2019 2020 20; B FixedW1-F1 from Wi-Fi-Only [zge% (18% CAGR)
¥

N
* Wireless traffic includes Wi-Fi and mobile
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AM radio station

MICROWAVE INF VIOLET
Far M C
Microyvave oven Night Vision Eye vision Dermatology
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Lighting Desinfection
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COMMUNICATION SPECTRUM

©§\’,
Radio Microwaves Infrared‘ Visible Ultra violet X rays
1 l T l 1 >
MHz GHz THz PHz EHz
Radio frequencies
2G mobile 4G mobile
phone phone

Radio navigation Walkie-talkie ~ FM Radio Radar

Yy e3¢

100 kHz | 1 MHz 10 M|Hz 100 MHz | 1 GHz | 10 GHz | 100 GHz  f (Hz)

L % o @
Shortwave Citizen band TV set 3G mobile TV Satellite

emission phone



OWC Optical Wireless Communications

INFRARED “ ULTRAVIOLET

1 mm 1I5pm 8um 3pum 1.4 pum 700 nm

Far Long Mid Short Near [N f/H
10 THz 100 THz 430 THz 750 THz 3 PHz

30 um 300 um 700 nm 400 nm A

850 nm
Optical wired communications
1310 nm
1550 nm

— Fiber optics communication
Optical fiber




VLC - Visible Light Communication

o
| . Wavelength

(metres)

Radio Microwave Infrared Visible Ultraviolet X-Ray Gamma Ray ol1|1]|1|o|0f1]0(1
l 1 ] | l l l oo
1 T 1 1 1 Ll ' ® L.d.B. ® 9 5§ &
103 102 105 106 108 1010 1012
PN

Frequency
(Hz)

1020

1018

1013 1016

LED wi—-H

(Lighting, Dataand Sens:ng)

* increased bandwidth

» free and non-regulated spectrum

 line of sight technology (1 — 100 m)

* negligible power

* inexpensive (use of already existing lighting infra-
structures)

Photodetectors




Visible Light Communication

Li-Fi is a Visible Light Communications (VLC) system .‘ ‘.

oLiFis
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Li-Fi and Wi-Fi are quite similar as both transmit data through the electromagnetic
spectrum
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The term Li-Fi was coined by Professor Harald Haas in
2011. Haas envisioned light bulbs that could act as
wireless routers.
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Li-Fi signals cannot pass through walls, so in order to enjoy full connectivity,
capable LED bulbs will need to be placed throughout the home.
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Li-Fi and Wi-Fi are quite similar as both transmit data

[ o)
electromagnetically. However, Wi-Fi uses radio waves, while L?F i ))
Li-Fi runs on visible light waves. )



Server

Internet
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driver

Amplification
and processing

Received app data e 3

——————————— Receiver Dongle

Data is fed into an LED light bulb (with signal processing technology), it
then sends data (embedded in its beam) at rapid speeds to the photo-

detector (photodiode).

The tiny changes in the rapid dimming of LED bulbs is then converted by
the 'receiver' into electrical signal.




LED Controller LED

. decode
;:‘ brightness f %
N

MAXI—'U—U— H"\Ddlf':/ ’. H| II ‘ D
Signal
1 ’1 m11'
Bright > 0 l s e e e e
Dark =1 Observation paints
Visible-light PC(Processing)

receiver

Li-Fi is a Visible Light Communications (VLC) system.

This means that it accommodates a photo-detector to receive light
signals and a signal processing element to convert the data into
'streamable’ content.




Infrastructure-to-device communication. /1 l\\

T 1 Data flow
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LED Transmitting and
light receiving device

RECEIVER

TRANSMITTER

Optical source Line of Sight
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* room illumination , :

- position/navigation o
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I F ITS POTENTIAL BENEFITS ARE

'f’

Vam @t

Freeing up spectrum:
Audio, video, live-streaming
makes heavy demand on
radio spectrum. If that traffic
is diverted to Li-Fi (wherever
available), already clogged
cellular networks will be
relieved of their burden.

Smart lighting:
Street lamps can be
used to provide Li-Fi
hotspots.

Transportation: Headlights

A

.
Mobile connectivity:

Electronic devices such as
laptops, smartphones,

Hospitals: Li-Fi and tod lights in venicles are tablets and others mobile
does not result in moving to LED and so are devices can interconnect
any electromagnetic street lights. Li-Fi can be used directly using Li-Fi
interference and will for vehicle-to-vehicle and '

not interfere with
medical equipment.

DISADVANTAGES

vehicle-to-roadside communi-
cations for road safety and
traffic management.

Li-Fi cannot be
achieved without a
light source.

Light cannot pass through
(] walls so mobility is an
issue.
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The integration of 10T devices
and Li-Fi will provide a wealth
of opportunities. For example,
shop owners could transmit
data to multiple customers'
phones quickly, securely and

3 ’ remotely.
Entertainment
0(\0 8\ Ny .{‘, " Apps beyond imagination
© \6‘(\ : P e eHealth \
\(\ - Smart Ny T(afﬁc
& Smart parking N priority @
Smart i ~ Smart

wearables Yoy ¥ ' Domotics Grids

Car
)

Water quality

Connected

Car-to-car ﬁ
communication house _
Security &
- Surveillance
Utility management
Speed P
Latency |

Capacity



1981 1992 2001 2010 2020(?)

2 Kbps 64 Kbps 2 Mbps 100 Mbps 10 Gbps
Basic voice service  Designed primarily  First mobile True mobile ‘Tactile Internet’
4 ] using analog for voice usingthe  broadband utilizing  broadbandon a with service-aware
protocols digital standards IP protocols unified standard devices and fiber-
(GSM/CDMA) (WCDMA/ (LTE) like speeds
CDMA2000)

?

: j B

5@ will drive the future networked society

5G is expected to use various technologies such as LTE (Long Term
Evolution), WiFi, Ultra Wide Band (UWB) and VLC to ensure permanent
coverage of the communication network without any interruption of service.

ﬁ x 1,000 284 7 Billion {37 Trillion / ¥, 0 Latency
BN
increasing wireless capacity connectin connecting saving 90% energy perceiving zero downtime

Y
5 e 1,000 times 7 billion pec )pr 7 trillion “things”
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Communication with light enables a true Internet of Things as consumer
devices that are equipped with LEDs could be transformed into interactive

communication nodes,"

"We are not just talking about sensors, smartphones and appliances. This
easily could include toys that have LEDs, creating an Internet of Toys in
which toys can be accessed, monitored and acted on remotely."




Visible Light Communication
s Technology: Indoor Localization

IIIIIIIIIIIIIIIIIII
EEEEEEEEEEEEEEEEEE

Manuela Vieira
Jt instituto de
. telecomunicacoes

Manuel Augusto Vieira |
Paula Louro ”
Pedro Vieira

\
=
O
<
N
L
<
O
S
-
ad
O
S
O
=



http://www.cts.uninova.pt/index_dev
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VLC: Visible Light Communication

oy

Dual operation:  Line of sight technology (L0S)
light + communication « Distance: 1 — 100 m
Infrastructure advantage  Obstructions

Increased bandwidth « Atmospheric absorption
Free and non-regulated spectrum; « Shadows

Negligible power  Light dispersion
Inexpensive * Influence of other light
Security : sources

Harmless to human health
No EM interference

INDOOR USE
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—624nm, 250Hz

526nm, 3500Hz

e Coder/decoder device
|./RGBV/UV channels;

Gain (&.",0°,0%)

Wavelength (nm)

» Light-to-dark sensitivity
depends on the carbon
concentration

« Color recognition
depends on the applied

bias = .

 Light filtering depends on
the bias wavelength and
side

« WDM device
RGB channels; 6000bps
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Optical wireless communication has been widely studied during the last
years in short-range applications.

Therefore, communications within personal working/living spaces are
highly demanded.

Multi-device connectivity can tell users, from any device, where they are,
where they need to be and what they need to do when they get there.
In future accurate indoor positioning might not be viable by sole utilizing
RF communications.

To support people’s wayfinding activities in unfamiliar indoor
environments, a method able to generate ceiling landmark route
instructions using VLC is proposed.

It can be easily used in indoor environments using the existing LED
lighting infrastructure with few modifications. This means that the

LEDs are twofold by providing
ilumination as well as
communication.




« The dynamic navigation system is composed of several transmitters

which send the map information and path messages required to

wayfinding.

Mobile optical receivers, using joint transmission, extracts theirs location

to perform positioning and, concomitantly, the transmitted data from each

transmitter.

To synchronize the signals from multiple LEDs, the transmitters use

different ID’s, such that the signal is constructively at the receiver.

 Bidirectional communication between the emitters and the receivers is
available in strategic optical access point (Li-Fi zone).

« The system is composed by the transmitter and the receiver modules
located, respectively, at the infrastructures and at the mobile users.
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Encoding .
Data ~_ % LEDs B . pm/p(;jm MUX Ll Receiver circuit |— Decoding
Map information Luminaires _ evice
Buddy localization Medium
Transmitter Receiver Display
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» The system is a self-positioning system in which the measuring
unit is mobile.

v" Each luminaire for downlink transmission become a single cell in which the optical access point
(AP) is located in the ceiling.

v' Data from the sender (the map information and the path messages necessary to wayfinding) is
encoded, modulated and converted into light signals emitted by the transmitters.

Transmitter 0

» Tetra-chromatic white sources are
used providing a different data
channel for each chip.

" 400 500 600 700 800

Wavelength (nm) Sync. ID payload data
10101][rrrcc c] [data transmission]

T Vas
3 WU UL UL Te.
- & (I U LU U e
Recelver £
UL UL U ULk
Input Front diode Back diode 00 05 10 15 20 25
channels Time (ms)
o * Receiver modules includes a photodetector based on
s VJ'lJ'LI'lJ'lJ'lILI'LJ'l . . . T .
; = B a tandem a-SiC:H/a-Si:H pin/pin light controlled filter
! 3—’: that multiplexes the different optical channels,
@ GR_I'I_IU'L : . . e L
o performs different filtering processes (amplification,
| RJ'I_I'I_I'I_I'L

switching, and wavelength conversion) and finally
decodes the encoded signals, recovering the
transmitted information
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Transmitter / Receiver of VLC

! LED

ID data transmit with fast
blinking

Coder/decoder device

Front diode

Bit decode

7

4 10011001 g
11011101 ="

O oo

Applied Voltage

)
Wavelength
Division
Multiplexing

« The device acts as an active filter, under irradiation.

ranges and quenching of the violet/blue ones.

°e
%
Wavelengthﬂlm'\

Division

« The gain is higher than the unity for wavelengths above 500 nm and lower for
wavelengths below, resulting in an amplification of the green and red spectral

« As the wavelength increases, the signal strongly increases. This nonlinearity is the
main idea for the decoding of the MUX signal at the receiver.
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Normalized MUX signal

Sync ID Payload data

- [1111] AR 4

s Ty (T
| 3)0.4_- Ll U h

' . 5 §
| f:\/nnnnmmn M “ : u

B 00 05 10 15 20 25
3IGJ'I_I'I_HJ'

" RArun Time (ms)

2% ordered levels pondered by their optical gains are detected and
correspond to all the possible combinations of the on/off states.

By assigning each output level to a 4-digit binary code (weighted by
the optical gain of the each channel), [Xs, X, X5, X,], with X=1 if the
channel is on and X=0 if it is off, the signal can be decoded.

Comparing the calibrated levels with the different generation levels
in the same frame of time, a simple algorithm was used to perform
1-t0-32 demultiplexer function and to decode the multiplex signals.



A

(1

O
"%
ol
Z
O
<
O
Z
>
=
=
O
O

To encode the messages an on-off keying (OOK) modulation scheme was
used.

The OOK is considered suitable for applications in which the
communication distance is more important that data rate.

The codification of the optical signals is synchronized and includes the
information related to the ID position of the transmitters and the message to
broadcast

The codification of the optical signals is synchronized and includes the
information related to the ID position of the transmitters and the message to
broadcast.

Each frame is divided into several blocks depending on the kind of
transmitter. We assigned the first block the synchronization (SYNC) in a
[10101] pattern the second to the ID of the transmitter and the last one to
the message to transmit (Payload Data). A stop bit is used at the end of the
each frame.

Sync. ID payload data
[10101][rrr c c c] [data transmission]
Co V,a
- R
> ni
o | 1k B
Data frame structure. O UL L 22
| : |
Representation of one original encoded 5 bl
message, in a time slot = e
© | : |
8 P |
l R1,2
L [ | R X L X L

0,0 0,5 1,0 1,5 2,0 2,5
Time (ms)



4,3,1

4,41

3,31

MUX signal

00 10 20 30 40 50

Time (ms)

« Example of a MUX/DEMUX signals received. On the top th
received information is decoded. The MUX signal of the £ =
calibrated cell in the same frame of time is superlmposed
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INDOOR APPLICATIONS




The indoor environment chosen is an airport.

« LED bulbs work as transmitters, broadcasting the InTormation. An optical
receiver extracts its location to perform positioning and, concomitantly,

the transmitted data from each transmitter.

» The traveler navigates from outdoor to indoor. Equipped with a receiver,
after the check-in (main entrance) he passes through the control zone and
depending on the available time for boarding he can shop, has a light
meal or rest.

» After registration, he sends to the central controller a message request in
order to add, in the available time, customized points of interest, routes
from restaurants, shops, gates, halls to boarding or the right track.

» During his path, the passenger is advised how to reach its destination
and the possibility to use location-based advertising (available selection
of goods, advices and restaurants to take a break).

» Two topologies were considered: the square for the main hall and the
hexagonal for the marketing zones.
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An on-off keying modulation scheme was used. In OOK, the data bits 1 and 0 are
coded by turning each LED on and off respectively.

To create a communication protocol to ensure the required system performance
and overcome the technology constraints, a 32 bits data frame was designed.
The first five bits are used for time synchronization. The same synchronization
header [10101], in an ON-OFF pattern, is imposed simultaneously to all the
emitters.

Each colour signal (RGBV) carries its own ID-BIT. The next bits give the
coordinates of the emitter inside the array (X;;). Cell's IDs are encoded using a
binary representation for the decimal number.

The last bits, in the frame, are reserved for the message send by the X; node
(payload data). A stop bit is used at the end of each frame

Sync. ID Payload Data

T T l T T T T T T T V,
%ﬁ# L — l—l_l—\_|-|_|—|_|B00

s 1,0
N1 1o G
o I B e N e B G,

5 bits F+3 bitS::1 +3 bitg R_1 -1

b)

Sync.] 1D || Payload Data |

T 4
5 bits 13 bitsi3 bitsl
| : I

_\_I_LI_|_I_|__I_\_|_I_|_I_|_I_|_I_|_I_|_I_|_IB

‘I_I_I_I_I_I_I_I_I_i_l_l_l_l_l_l_l_l_u_l_l_l_l 13
L . - R1,2 a)

0.0 0.5 1 0 1 5 2.0 2.5
Time (ms)

Hexagonal

Codeword (R, G, B, V)

Square
f:I
o




* The input of the

aided navigation sync. 1D 5 ”
[10101][r r r c Zc] [0aTA tRghgmission]

system is the MUX A —

; C |
signal, and the output 2L L mm_ _LVz,s
IS the system state

estimated at each
time step (At).

1 Mls ID: C,,, #P1
23 R;, [10101 001 010...]
G5 [10101 001 011...]

Ul
U U Mm___J_ G,| By [10101 010 010...]

V,; [10101 010 011...]

Codeword (RGBV)
|
]
]

* An on-off keying I N
modulation scheme im MJ_L_L | J_Rm

was used 0,0 0,5‘ 1:0 1:5 2,0 2,5
Time (ms)
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< « As the receiver moves between generated point regions, the received information
Z pattern changes. The transition actions are correlated by calculating the ID position

codes in successive instants.
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device can be established through a control manager linked to an indoor billboard.

» Using a white polychromatic LED as transmitter, the receptor sends to the local
controller a “request” message with its location (ID) and adds its needs for the
available time. For route coordination, the local controller emitter sends the

‘response” message.

» Each ceiling lamp broadcasts a message with its ID and advertising which is received
and processed by the receiver.
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» A coupled data transmission and indoor positioning was
presented. To transmit the data, an On-Off Keying code was
used. Two cellular topologies, for the ceiling plans, were used:.the
square and the hexagon. Yy A

developed

» A detailed analysis of the characteristics of varlous components
within the VLC system were discusse S | me e

» Results showed that is possible not only to determine the
position of a mobile target inside the unit cell but also in the
network and concomitantly to infer the travel direction along the
time.

» For future work, by using multiple emitters and receivers, the |
transmission data rate through parallelized spatial multiplexing

can be improved. :.;? (1 )
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Geolocation and Wayfinding Services Using Visible Light

Communication

« Adynamic LED-assisted positioning and navigation VLC system is
proposed.

* A 3D model for the building is established.

« The transmitted information, indoor position, motion direction as well
as bi-directional communication are determined.

Encoding .
Data ~ A LEDs a ‘ pm/zm MUX L] Receiver circuit |—s{ Decoding
Map information Luminaires _ evice
Buddy localization Medium i
Transmitter Receiver Display




The indoor environment is a shopping center with several floors.

When we are looking for the shortest route to a place, we want to be guided
on a direct, shortest path to our destination.

« The ground floor is level 0, and the user can go
both below and above from there.

« They navigate from different outdoor
connections to indoor. Depending on the time
available, they can find a friend, shop, have a
meal or rest.

* When arriving, they notify the controller
manager (CM) of their location (x,yzz), asking ;zdnsmit.ters
for help to find the best way for their needs. Green ©

« Each user sends to the CM a message request pgjye @
in order to add, in the available time, Violet ®
customized points of interest, or the right track
to a given location or meeting point.

« A code identifies each user.

* During his path, the user is advised how to
reach a friend or destination and also from the
possibility to use location based advertising
services.
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The system is composed of several transmitters (LEDs ceiling luminaries) which

send the map information and path messages required to wayfinding. F %%

Mobile optical receivers extracts theirs location to perform positioning and, ™

@
concomitantly, the transmitted data from each transmitter. (L%

( / £
To synchronize the signals from multiple LEDs, the transmitters use different 3T
ID’s, such that the signal is constructively at the receiver. Qﬁ )
Bidirectional communication between the emitters and the receivers is gﬁ " §§
available in strategic optical access point (Li-Fi zone). € ‘f;?Res se

Transmitters
Red ©
Green @
Blue @
Violet @

Receivers
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Footprint Overlap
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» Celiling plans for the LED array layout in a 3D building, for even and odd floors
(R,G,B,V are the modulated color spots for data transmission in each level). The footprint
regions assigned to the overlaps are pointed out. ,‘.'o

VLC




* An on-off keying modulation scheme was used to code the information. To
create a communication protocol and overcome the technology
constraints, a 64 bits data frame was designed.

1 Original encoded message, in a time slot: 1

h-------------------------‘
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00 10 20 30 40 50 "20 3.0 40 50
Time (ms) Time (ms)
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MUX signal

00 1.0 20 30 40 50
Time (ms)

The footprint position comes directly from the synchronism block, where all the
received channels are, simultaneously, on or off.

The next block of ten bits gives de ID of the received nodes.

The last block is reserved for the transmission of the wayfinding message.




Payload data

RGBV
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--11100
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ol e 0011
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Time (ms)
#P5(B24V2,3) : :
« To compute the point-to-point along a
5 path, we need the data along the path.
6 ) 4
- N » As the receiver moves between
4P7(Gs 2Vs) 7 ip1 (R3,463,3Bz,4\/2,3)‘; #P3 (RyB,.) generate_:d point regions, the received
information pattern changes. The

8 1 pi transition actions are correlated by
9 calculating the ID position codes in
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H M E pin Wayfinding Data
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Fine-grained indoor localization and navigation in
successive instants. On the top the received channels
packets are decoded at each time step [R, G, B, V].

« The user enters the floor 1 by line #7 (C, , ;), it goes to position #1(t,) being directed by the CM
into the pretended directions (C, , ; # 5) where she arrives at t; passing through footprints #3
(t,) and #1(t,) from the next cell.
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000:000011010

Request

0.0 0.5 1.0 5
Time (ms)
* Bi-directional communication between VLC emitters and receivers at a

handheld device can be established through a control manager linked to an
indoor billboard.

» Using a white polychromatic LED as transmitter, the receptor sends to the
local controller a “request” message with its location (ID) and adds its needs
for the available time. For route coordination, the local controller emitter
sends the “response” message.
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« Each ceiling lamp broadcasts a message with its ID and advertising which is
received and processed by the receiver.




The user sends to the CM a “request” message with his location (x,y,z), identification
(pin,) and also adds its needs (Wayfinding data). If a meeting between users is
requested they need previously to combine a common code and insert it in the
“request” (pin,).

a i‘

6‘\“3 Sync B M pin_[pin, Wayfinding Data .

A B S ' l ' ' ' '
! |
|

|

7261/3 |- => 2 © <=-=|2015/3 |

MUX signal

Time (ms)
MUX synchronized signals from two identify users
Signal received by the CM receiver from two users (“2015” and “7261”) at different locations (C, ; 4;

#1 and C,; ;; #1 ) in successive instants (t; and t;). On the top the transmitted channels packets are
decoded [X; ].

>
O
>
Y
LL]
)
O
<
A
<
n
<
=




Responses sent by the CM to user “7261” the moment she arrives for the
scheduled meeting (t,) and when she is in the vicinity of the chosen location (t,).

6 |Sync CM XM @ pin, pin, Wayfinding Data

Floor-1
7261/3
2015/3 | 7261/3 |
V4,11 421 V431 441 V4 ,1
4 | 4 6 | 6 4 | 4

1—7—1—3—1—

J.__l__l_J._

G311 G331 R3a1 Gss1

Floor -1 G

ffffff E 103
726 . 5 | |
Gisa  Ruigs 3.0 5.0
MUX/DEMUX signals assigned to a “response”. Time (ms)

The emitter controller [000] responds to the successive requests (t,, t,) of an user
(“72617) that has required the shortest path to have a meeting (pin,/3) with a friend
(“20157) that was shopping in the same center when she arrives (C, 5 4; t;) and has
asked for buddy wayfinding services before (t,), from cell (C, 4 ,).
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A generating method of ceiling landmark route instructions using VLC
was proposed.

For lighting, data transmission and positioning, white LEDs were used.
A SIC optical MUX/DEMUX mobile receiver decodes the data and
infers its path location, timing and user flows.

A 3D building model for large indoor environments was presented,
and a VLC scenario in a three-level building was established. The
communication protocol was presented. Bi-directional communication
was analyzed.

Global results show that the location of a mobile receiver, concomitant
with data transmission is achieved. The dynamic LED-aided VLC
navigation system enables to determine the position of a mobile target
inside the network, to infer the travel direction along the time and to
interact with received information.

The VLC system can help to find the shortest path to a place, guiding
the users on a direct, shortest path to their destinations.

Research is still necessary to optimize the coverage; effects as
synchronization, shadowing and ambient light could bﬁiminized
through MIMO techniques. o~ B



Bidirectional communication in an automated

warehouse

v Use of autonomous vehicles to grab goods and carry
them to the packaging station

v Navigation along pre-defined routes

v' COOPERATIVE APPROACH: bidirectional
commiinicatinn
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» 12V lamps to autonomous robots
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White RGB LEDs
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Photocurrent (a. u.)

U O

Time (ms)

Simultaneous modulation of 4 emitters
The resultant optical signal is a
combination of 4, 3, 2 or 1 optical signals

— 16 possible photocurrent levels

(The driving current of each LED emitter was
adjusted to provide different levels of photo
excitation)
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v" Bi-directional communication using VLC has been addressed in
a robot navigation system inside a warehouse.

v Different links were proposed to establish 12V and V2|
communication.

v" Definition of specific codes for each link using 64 bits word. ON-
OFF Keying modulation.

v 12V link — positioning and navigation information using 4 emitters.
v V2V link - data transmission using a single emitter.

v" Flickering effects were addressed by suitable control of the
amount of transitions to zero.

v Implementation of bit error control schemes.
v Future work

v Analysis of the system under other background illumination
sources (noise, photodiode saturation...).
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VISIBLE VEHICULAR
COMMUNICATION

VEHICLE-TO-EVERYTHING (V2X)

’ 4
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Vehicle-to-everything (V2X)

VLC seems to be appropriate for providing wireless data exchange for
automotive applications.

Visible light represents a new communication opportunity for vehicular
networking applications.

The communication is performed through VLC using the street lamps and
the traffic signaling to broadcast the information.
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Vehicular Communication Systems are a type of network in which vehicles

and roadside units are the communicating nodes, providing each other with
information, such as safety warnings and traffic information.

Communication between fixed locations and vehicles (Infrastructure-to-
Vehicle, 12V) between vehicles (Vehicle-to-Vehicle, V2V), and between
vehicles and fixed locations (Vehicle-to-Infrastructure, V2I) is essential to
transfer information in real time.

The 12V applications focus on utilizing the traffic related infrastructure, such
as traffic light or streetlight to communicate useful information.
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In this work, a two-way communication between vehicles and the traffic
lights is implemented. The redesign of the trajectory is presented.

Street lamps and traffic lights broadcast the information.

The On-vehicle VLC receivers decode the messages and perform V2V
distance measurements.

A V2X traffic scenario is proposed and characterized. A phasing traffic
flow is developed as a Proof-of-Concept (PoC).

The simulated results confirm that the redesign of the intersection and its
management through the cooperative request/response VLC architecture
allows to increase the safety and to decrease the trip delay.
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The proposed system is composed of several transmitters,
the street lights and the traffic signals, which transmit map
information and traffic messages required to the moving
vehicles.

Data is encoded, modulated and converted into light signals 32
emitted by the transmitters. Then, this information is transferred
to receivers installed in the vehicles.

Every street light has their differentiable Identifications (IDs)
for the generation of the visible light signal that transmits the
map information through a Visible Light Transmitter module.

Tetra-chromatic white sources are used providing a different
data channel for each chip. Every vehicle is equipped with a
receiver module for receiving the mapped information generated
from the street.

The receiver modules include a photodetector based on a
tandem a-SiC:H/a-Si:H pin/pin light controlled filter that multi] = ..
the different optical channels, perform different filtering
processes (amplification, switching, and wavelength convers * :;;:,
and decode the encoded signals, recovering the transmitted

information.




Generic model
cooperative vehicular and
vulnerable road users
communications

F Street lamp

lllustration of the proposed V2X)

communication scenario:

v'Connected vehicles communication
in a crossroad.

Vehicles

Traffic light >0
Until recently...

* (V2V) communication was
limited to brake lights, turn
signals;

* (V2I) was restricted to point
detection (loop detectors).




Encoding

Data Map information || LEDs b B ’ pm/pm'MUX —>| Receiver circuit [—>| Decoding
. Street Lamp device
Traffic status

Medium

Transmitter Receiver Display

Block diagram

« Using the 12V communication, each
street lamp (transmitter) sends a
message, which is received and
processed by a SiC receiver, locat
at the vehicle’s rooftop.

» Using the headlights as
transmitters, the information is
resent to a leader vehicle (V2V) or,
depending on the predefined
occupied lane, a “request”
message to go forward or turn right
(right lane) or to turn left (left lane)
is sent directly to a crossroad
receiver (V2l), at the traffic light, - . S N
interconnected to a local manager .-
that feeds one or more signal ’
heads. .
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» For crossroad coordination, a local controller emitter located at the light signal, send a
“response” message to the vehicles approaching the intersection (12V). Bidirectional
communication is then stablished (V2I2V).
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EVALUATION

Generalized view of the
architecture

Operational
procedure:

Each vehicle receives

two different messages:

v 12V and V2V coming
from the streetlight
and from the follow
vehicle;

Compare them and
infers the drive
distance and the

relative speed.

Send the information to
a next car (V2V2V) or to
an infrastructure
(V2Vv2).

Connected vehicles
receive response
messages (12V).



The redesign of the traffic-actuated controller uses vehicle request/respond
message information to generate phase durations appropriate to
accommodate the demand on each cycle.

Timing function
configuration.

4l [~
' /’/] ? | N ' //, l\,) ) '
US| [ <SS [or Jf “ of ‘\\’ | Phasing diagram.
N J |
] — ] \\\ (\T /// ] | :
K| , :L :
Pedestrian, Phase 1 Phase2 Phase3 , Phase4 Phase5 Phase 61 : :
| |
| |
[ — — —:— —:— prs
v Al areaas anAd e - .i._|__ .L_: _______
J 1 Phy5|cal.are.a and NN T
TF3 channelization B i—i— L .
! é | . |
VRU’s v VR v - ‘ N e
TF 4 Request Message : :
) i
J ¥ distance istance : i
I
J v J 0 Street Lamps [ : :
TF1 TF5 : <-|!
v |
TF 2 TF 6
L Y Signal timing involves the determination of the
) g g

appropriate cycle length and apportionment of
time among competing movements and phases.
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To build the 12V it is proposed a simplified cluster of unit square cells in an
orthogonal topology that fills all the service area

To realize both the communication and the street illumination, white light tetra-
chromatic sources are used providing a different data channel for each chip.

At each node, only one
chip of the LED is (g
|

modulated for data

transmission, the Red,
the Green, the Blue or ‘
the Violet while the

| Vs, By 1V, ﬁb

others provide constant

current for white ?gv ‘g P
perception. ' n | ‘ N\ N0 |
Sy x e paressel
Each transmitter, X W 7 TS : =
., carries its own Gz, R Gy, R34 Gss
CO|OI’, X’ (RGBV) as Footprints  Overlaps :
well as i'Fs horizontal ) RIGIBIV y B
and vertical ID #2. RGHB " ] <] e
- . #3 R+B
position in the #4 R+B+V X1 |
: #5 B+V | ] [
surrounding network e CrBy =
(1,))- #7 G+V 8| « Re 4
: G 1 o ,

#8 R+G+V : d
#9 R+G <'| ?)



« To encode the messages an on-off keying (OOK) modulation scheme was used. The
codification of the optical signals is synchronized and includes the information related
to the ID position of the transmitters and the message to broadcast.

« A 32 bits codification was considered .

+ Encoded message response of the controller to the
request message of the vehicle in positio #8 (R;,
G;, and V, ,).

|
. ’>\ M“ \',_1.‘ | Payload Data | Frame structure
M 5bits; Sbf 3 . « Each frame is divided into
e g | bits Vv three or four blocks depending
[ S U Sy O S Oy 6 : TR
N — A I~ on the kind of transmitter:
o] g i % a street lamps, headlamps (a) or
> Vo > traffic light (b).
CDT 8 I : I R N
o e 32
c 0.0 0.5 1. 1.5 2.0 2.5
% Time (ms) a)
(b} o _ — Time sms) >
— Codification used to drive the = 00 0.5 1.0 S5 20 25|
@) headlights of a vehicle in a request 3 S L L Vv,
- message from footprint #8. R, Gj ;. o | -! i ﬁw{
6 and V, , are the transmitted node ® | g | G,,
o packet, in a time slot g | L R,,
&) e ‘ Sync.” INFO H ID M Payload Data \ '
8 & 5bits 6bits  3+3
= bits b)
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A 11 « MUXsignal of the
10 .
6 01 calibrated cell. On
% 88 the top the
5 10  transmitted
< | 01 channels packets [R,
= 4 00 G, B, V] are
X depicted. A received
% 3 11 MUX signal is also
- 10 superimposed to
2 8% exemplify the
d ' ithm.
1 » ecoding algorithm
" 10
0 00
0.0

Time (ms)

All the levels (d,-d,,) are pointed out at the correspondent levels, and displayed
as horizontal dotted lines. In the right hand side, the match between MUX levels
and the 4 bits binary code assigned to each level is shown.



* Vehicle a enters the crossroad in position #8 (t,) and it goes straight to position #2
(t,) (Phasex, TF1), while vehicle ¢ turn left, moving across position #1 (Phase2, TF2).

V., Sync ID Payload data
B, ' -

R,, 'c(tz)”@— R ey >
AR SR S B
y , "’ [ IS B 1101 [#8]

_ 1 ac(t) f
s krr N 7 1011 [#4]
c { n o
sf| [ INY ) ek
e LR N5 B ( (

| 1 |

00 05 1.0 15 20 25
Time (ms)

The receivers compute the geographical position in the

successive instants (path) and infer the vehicle’s speed. This de

will be transmitted to another leader vehicle through the V2V
communication or to control manager at the traffic light through @

V2I. Vehicle to Infrastructure
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Vehicles approaching the
intersection from different
flows are assumed to have
a conflicting trajectory

N
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The 12V MUX signals received and decode (on the top) by the
receivers of the vehicles b, e and f at request (t,) and (¢}, and

t7) response times. The 4-digit binary codes associated to the
positions in the unit cell are identified at the right hand.

message (V2l), confirmed by the follow vehicle.

« All the requests contain vehicle positions and approach speeds. |
If a follower exists (Vehicle d), the request message from its
leader includes the position and speed previously received by @
V2V. This information alerts the controller to a later request

285




* Signal phasing is the sequence

Cycle length of individual signal phases

t t, t t ¢ t, within a cycle that define the
2 c e W ‘ : : .
. iﬁ L OB ordf_erln which pedestrians and
Request time €b) | b d vehicular movements are

assigned the right-of-way.

* Redesign traffic-actuated
controllerusesag, b, ¢, d, eand f
vehicles requesting and
responding message
information to generate phase
durations appropriate to
accommodate the demand on
each cycle. Each driving vehicle
is assigned an individualised
time to request (t) and access
(t") the intersection.

West (Left)

East (Left)

South (Straight)

North (Straight

Access time

Phase duration

|
t
Pedestrian |a 1

Il
! il ? ! l\» = ' Phasing of traffic flows:
VRU’s ! S lor Jf ! “ or ‘\\’ ! Pedestrian phase, Phase 1 (W straight
| Ny — E | J | flow), Phase 2 (W straight and left
' = I ' \\& ‘\T ' flows), Phase 3(W and E left flows),
! ! ! Phase 4 (N and S straight flows).
Pedestrian; Phase 1 Phase2 Phase3 | Phase4 Phase5 Phase6i
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Information flow towards the traffic light: Improvement of control by precise
information about traffic

Traffic Light
Phase Assistant”
NETWORK
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Light-activated pi'n/pin a-SiC:H devices combines .. ...

the demultiplexing operation with the FI— L
simultaneous photodetection and self g ot T | |
amplification.

Vehicles

Street Iwm ‘J—Eitﬁc light
Connected vehicles information from the network \
.

(12V), vehicular interaction (V2V) and g
Infrastructure (V2I) is analyzed.

A generic model of cooperative transmissions for
vehicular communications services is established.

The experimental results,
confirmed that the proposed
cooperative VLC architecture
IS appropriate for the control
and management of a traffic
light controlled crossroad

network.
Two-level optimization:

phase sequence and duration. //\

Transmitters

Receivers
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What is Silicon Photonics?

B A Disruptive Technology:

« Monolithic optoelectronic devices
produced in low cost Si process

e

 Delivering optical connectivity
everywhere, from network to chip
level

s 1echnology

« SOI wafer level in (back end)
CMOS process
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Why Silicon Photonics?

The rationale of silicon photonics is to apply the paradigm of microelectronics
to photonics by manufacturing various devices in a single material (silicon)

and using a single manufacturing process: the CMOS process

Building Blocks

Material

Manifacturing
Technology

-

\

Microelectronics

Transistor

Silicon

Laser,
phodetectos,
modulator, optical
fiber, waveguide,
etc.

Semiconductors,
galsses,
polymers,
insulators, etc.

Epitaxy,
deposition,
diffusion, etc.

Laser,
phodetectos,
modulator, optical
fiber, waveguide,
etc.

Silicon

CMOS compatible
process




Silicon for optics and

e photonics
‘ A.Silicon Opaque region Transparent
! 10 Photo region
0 Respo
nse

ransmitting
Modulating
Switching
Filtering
Detecting

Detec_ting Emitting
Imaging Amplifying
0
20 60 1,00 1’40

Wavelength [nm]



Energy (eV)
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Wooten, F. and Winer, K. and Weaire, D.

Computer Generation of Structural Models of Amorphous

Siand Ge

Phys. Rev. Lett. 54 1392 (1985) 2

Amorphous silicon open the range of
the operational wavelengths to the T T e
Near-IR range Wavelength (nm)

1 I 1
1500

Real n and imaginary k part of the index of refraction for relaxed amorphous silicon as function
of wavelength, obtained from spectroscopic ellipsometry measurements. The index is
compared to literature values for crystalline silicon (dashed lines). In the near infrared part of
the spectrum (> 1100 nm) the refractive index of amorphous is typically 0.3 higher than that of
crystalline silicon, while the absorption is small.
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Silicon photonics is currently at the same early stage of
expansion as electronics was in the 1970s, but with a
major advantage for chip fabrication: existing silicon
foundries for microelectronics

Silicon on Insulator (SOI) are the common wafer for PICs

PECVD a-Si:H can be used as a low-cost alternative

PECVD Silicon Nitrate (Si;N,) allow the waveguide to
work in the visible range (Red part of the spectrum).
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P1X4life started with a grant from the EC

’ within the H2020 framework. Once the

P|x4 / 2 grant to set up the pilot line is finished,
P1X4life will remain offering its services
through the different partners and other

+Standardized +Standardized
+PDKs
Technology Technology
_r Device Test
|dea/Concept Fabrication )
& Packaging

0 ‘

Product

Prototype Compact &
Cost effective

ptimization —+
Silicon nitride integrated technology enables many different applications
on biophotonics and life-science applications in which light might be
utilized as sensing mechanism or as instrument. The biggest advantage
of silicon nitride is that it is completely passive and has no fluorescence
on the visible range.

PIX4life provides silicon nitride integrated technology specially
optimized for such applications.



Waveguide propagation
properties

* N quantifies the phase delay per unit length in a waveguide,
relative to the phase delay in vacuum.

* Ny also called modal index, depends on.
> the wavelength

> the mode in which the light propagates

* Ny can be a complex number. The imaginary part quantifies
losses

» Exact value of n can be calculated by using numerical
methods

e N can be approximated by a weighted average of the
refractive waveguide index of core and cladding, determining
the weight factors by the fractions of the optical power
propagating in the core and cladding.
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Basic Principle of Photonic Biosensors

Photonic Bio-Senx

2

Photocurrent
measured by the
photodiode can be
related to the

v concentration of
The concentration of biomarkers biomarkers
changes the refractive index of

the medium where light is traveling

Provoking changes in light
propagation properties




Plasmonic Interferometer

Gold surface is
Analyte functionalized
with NGAL

N
‘.

antibodies

“5

Light Output:

' Should be
directed toward
a photosensor

Light input: « A surface plasmon interferometer consists of a thin layer of
already coupled gold embedded in the silicon membrane working as an
to the waveguide interferometer
through grating * Interferometer structure:
coupler e SiO2(blue)
* SiNx (red)

* Au(Yellow).

* Water(cyan) and Analyte(purple) only exist during sensor
utilization
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Light incident on the plate from the propagating mode in 31 S
U) the SOI waveguide couples into two surface plasmon 27 s
|_|J modes, one on each side of the metal plate. 1] =1
O These two modes, because of the different indices s P 5 j P
present on either side of the plate, will have different X (um)
D propagating constants resulting in a path length
difference. _ Interferometer length L for destructive
The two modes then interfere at the end of the plate and constructive interference:
O resulting in varied power output. The power output can L=1.05 um and L=2.1 um, respectively
then be correlated to the refractive index of the test '
I material, and therefore the quantity to be detected.




The Output of the Plasmonic interferometer
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Interrogation scheme: extracting
PN the output

g The Interferometer is very sensitive to any change of
| the analyte refractive index

» Afine tuning of all the « Alight wavelength scan is
dimension is needed to needed for extracting the
obtain a good calibration of  sensor output
the device

Need a High definition Need for a wavelength
lithography: tuneable laser:
EXPENSIVE EXPENSIVE

TECHNOLOGY TECHNOLOGY




The PhotoAKI alternative output scheme

P (W)

0.25

0.003

* Once fixed the light wavelenght, the transmitted power depends on:
> the refractive index of the sampling medium
o the length L of the interferometer.

* The periodicity of the output power as a function of L can be seen as well as
the shift in the position of the minima and maxima as a function of the

refractive index.




The arrayed Interrogation Scheme

* Aiming to reduce this complexity in the output extraction ‘1 AALLAA W
we propose an array of interferometers, each one witha ™} =~ {95 I
regularly increasing length. Tam] 3

* The interrogation scheme is based in determining in with
part of the waveguide array is located the minimum light ™3 I
intensity. i M i |

* Without the need of any optomechanical system, the Xum
complexity of the sensor readout is strongly reduced by
this alternative method.

_ * An MMI splitter divide the light
Output signals | H in a certain number of equally
to the photodeteQIQL, balanced waveguides.

2000 * To each waveguide

Interferometgrs:/H 3 corresponds an interferometer
S 0 : with a different length

] Output waveguide

with minimum light

Input Waveguide- B g

0 20 40 0 10 20 %0 d 09 intensity. This
X (um) . .
localization
To each waveguide corresponds an depends on the

interferometer with a different length analyte properties




e Transmitted power for the 8
parallel waveguides and for

en=l.2en=1.3en=14

three different refraction Array waveguide number
indexes n of the sampling 1 3 5 7
medium. We can observe the -15

minimum transmitted power

shifting from the 4t to the 6t 20

waveguide as the refractive

index increases from n=1.2 to @'25. . .
n=1.4. :’30 ® ® : 1
)
The schematic of the setup is % o ' ®
presented. o3 ® *
* In order to excite the parallel ®
waveguides a Multi-Mode 0
Interference (MMI) device is used

in a 1-to-8 splitter operation
mode. Such operation mode can
be achieved by center feeding the
MMI with a symmetric field profile
and adjusting the length of the
device, L,,, to the exact distance
where the N-fold images are
generated. A zoom of the
interferometer region is
highlighted in the circle. > (nm)
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 Light Emitter: External Laser (650nm)

 Light waveguide Coupling : Grating coupler on a PECVD SiNx waveguide
« MMI Splitter: divide the input light in a set of balanced waveguides

* Interferometer:

« Light detector:
« a-Si:H photodiode/phototransistor

 Signal Processing:
« CMOS circuitry integrated with Photonic layer

Analyte

Light Light
. MMI
waveguide : Interferometers Detector
: splitter
Coupling S

Light
Emitter

Signal
Processing
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% PECVD thin film materials can be used for building low
cost photonic chips with potential application in the field of
bio-sensing.

% The compromise between production costs and device
efficiency paves the way to affordable Lab-on-chip
systems to be used in point of care testing.
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The beginning...

DynaTACTM Cellular Phone, Motorola, 1973, (1089 g) by Martin Cooper.

RAN PLANNING AND
OPTIMISATION
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The present... Radio Access Network (RAN)
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Macro-cell Base Stations
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Micro-cell Base Stations

HOTEL
CONTINENTAL

Wwojciechowscy
ey
120 Krynica Morska
82-120 Previatm 7
tel. (+48)(0-55) 47 60 94
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Pico-cell Base Stations
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Femto-cell Base Stations

". 2 .

"

Macro 2G/3G

[Source: http://www.vodafone.pt].
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http://www.totaltele.com/res/image/_tto news images/buildings/brown house shape.jpg
http://www.intersales.com.au/GuidancePhotos/baseStationtower.jpg
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The RNPO Process...

e Requirements for
coverage

e Requirements for
capacity

e Requirements for
quality

e Area type/radio
propagation

N CELFINET

Dimensioning

l

O

Network Planning and
Implementation

Rough number of BTS
and sites
BTS configurations

Measurement network
performance

l

?

Optimisation

Site selection

BTS configurations
RRM parameters
Capacity and coverage
analysis

QoS analysis

Adjustments of RRM
parameters or antennas
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 RF Planning

Main

' Cell Footprints
Objective Generation
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 RF Planning

Calibration through Learning
Process with Drive Tests

Constrained Least Squares

Drive Tests
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e Geolocation RF

[

Footprints | && & B Center of

Cells Footprint 200 150
Sobreposition

Use Cases
Production and
Reporting
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Link Establishment

NBAP

REQUEST

Prop. Delay Cell ID

3G/4G Layer 3

Measurement Report

RRC
Protocol Messages MEASURE
Ec/NO
* Protocol messages exchanged RRC Phone Call Establishment
REQUEST
within the network and the

users.

UE Subscription Identifier

* Useful information in terms of
network performance metrics.
RNCID UE Context
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* Geolocation OTD  CELFINET
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e Geolocation OTD Validation through RSCP

Park José Gomes Ferreira, Lisbon Jardim da Estrela (Star Garden), Lisbon

Drive Tests and Traces RSCP in Parque José Gomes Ferreira Drive Tests and Traces RSCP in Jardim da Estrela

ntage of RSCP level
ntage of RSCP level

Perce
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20%

75 65 =55 45 5 9! 85 75 6!
RSCP [dBm] RSCP [dBm)]

‘ —Traces Drive Tests with indoor attenuation ~ —— Drive Tests | ‘ ——Traces  —— Drive Tests Drive Tests with indoor attenuation ‘

* Median RSCP absolute error: 5 dB * Median RSCP absolute error: 7 dB
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* Roughly every ten years, a new generation has emerged to fulfil different
needs from users and industries. For example, the main difference
between 2G and 3G is the access to mobile data services.

TIO

S

The next step will be 5G that
will impact society more than
any of its predecessors. There
are several key trends that
show a need for a new

network — increase of the -
number of subscriptions and ‘
the mobile data traffic < e g

generated by each user will u 9 = = =

| .

alSo Increase - @
SMS VIDEO MOBILE GAMING CLOUD
MMS CALLS v SERVICES COMPUTING

YEAR Early 80s 1991 2001 2010

STANDARDS AMPS, TACS GSM, GPRS, EDGE UMTS / HSPA LTE, LTE Advanced

TECHNOLOGY Analog Diqital Digital Digital

BANDWIDTH Narrow Band Broad Band Mobile Broad Band

DATA RATES < 80 - 100 Kbits Up to 2 Mbit/s xDSI-lke experience
1 hour HD movie in
6 minutes

* This is due mainly to video content, that is predicted to grow 35%
annually through 2024
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eMBB Enhanced mobile broadband

focuses on

] Gigabytes in a second,
services S @
R 3D Video, UHD screens

requiring high

data rates ER building E Work and play in the cloud
'\\ H ,Augmented reality

acCross a ~7 N _

. ' [ndustry automation
Wlde ' 2 ¢ : Mission critical application
Coverage Smart citg: @_ \* 'E Self diiving car
area such as ‘ ST
4K video @
streaming, _ _ ,

Massive machine type Ultra-reliable and low latency

AR and VR communications communications

MMTC services require a high connection density and energy efficiency.
This is the use case responsible for industry 4.0 and smart cities,
dependent on high number of sensors which have to be optimized to
consume low energy.

URLLC requires very low latency and a reliable network in order to ensure
critical services such as autonomous vehicles and remote healthcare.
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eMBB will most likely be the first use case deployed in the 5G network. It
can be seen that eMBB presents a wide range of requirements compared
to the others while the others have very specific requirements.

_ Peak x(J{\gh \mporfance User Experienced
Enhanced Mobile Data Rate ' ——— = Data Rate

Broadband /
Area Traffic _ /

Spectrum
Capacity Efficiency
Network ‘ - -
Energy Efficiency ‘ Mobliity
Massive machine ‘
type communications
Connection Density Latency



Operators to choose the deployment they consider most advantageous.
High frequencies provide higher data rates but have smaller distances and
low frequencies provide a wide coverage area but better propagation
characteristics. This means that high frequencies will lokely be used for
high density hotspots and low frequencies will be used for rural coverage.
This technology contributes to more reliable high speed connections and
can often be combined with beamforming to serve more users.

New architecture

allows the integration of elements of
different generations in different
configurations, namely Standalone
(SA) and Non-Standalone (NSA).

Spectrum

will expand the range of
frequencies used for mobile
communication. 5G radio will
benefit from all spectrum options
between 400 MHz and 90 GHz.

Massive MIMO

employs the use of a large number of
antenna elements to improve both
throughput and energy efficiency.

Cloud Radio Access
Network

Is a combination of distributed and

centralized deployments which takes

advantage of the strengths of

centralization and implements a more
able fronthaul t|on

i?i"u‘it. “Access Ec

Computing

is the technology to move the execution
applications closer to the users. This will
enable improve latency, reliability and
efficiency of the network.

Network Slicing

is a technology that allows an operator to
deploy multiple logical networks over the
same physical infrastructure.

A




Water
vapor
absorption

band

Large Continuous

2425GHz 425 el {76 86 Heas 164 200 300 GHz

Unused Ly ree
Oxygen
B a n d W | d t h / absorption bands
27.5GHz 2835 29.1 29.25 31 31.3GHz 37GHz 42 425GHz
Bands proposed Potential bands Other bands .
N a r rOW . for mobile use . for mobile use . raised in NOI Absurption bands

Beamwidth

e 780 MHz in microwave vs. 150 GHz in mmWave — gbps
speeds to multiple devices

« Smaller wavelengths — mMIMO beamforming - stronger radio
signal and throughput for greater distances — better link
performance - low interference
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. Free Space Path Loss Free Space Path Loss
200 ‘ 200 —— ——

—f24GHz | Range: 100 m |
— .28 GHz | Range: 1km |
f: 100 GHz | Range: 10 km |
150 ¢ 1 150 | 1
o )
= =
8 100 [ 8100 .
= - i ~
© ©
o o
50 : : E— : ; — 50 ; ;
102 103 10* 10° 10" 102 10°
Distance(m) Frequency (GHz)

« Bad for long distances — directive antennas in clean air conditions.
But atmosphere interferes.

« LoS also affects mmWave propagation. The pathloss exponent is
much higher for NLoS, making it very difficult to use mmWave to
cover indoor environments using nodes deployed outside or vice-
versa




Propagation Loss (due to rain)

Rain Attenuation

102

—_
o
o

Rain Attenuation (dB/km)
=
ra

0.25 mm/hr-Drizzle

107 T 1 mm/hr-Light rain
et 4 mm/hr-Moderate rain
f/\/ —— 16 mm/hr-Heavy rain
/ 50 mm/hr-Extreme rain 3
100 mm/hr-torrential rain |
1076 !
100 10" 102

103
Frequency (GHz)

« Bad for long distances — directive antennas in clean air conditions. But

atmosphere interferes.

» LoS also affects mmWave propagation. The pathloss exponent is much
higher for NLoS, making it very difficult to use mmWave to cover indoor
environments using nodes deployed outside or vice-versa



Propagation Loss (due to foQ)

102

dB/km)
=

(
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o
o

Fog Attenuation

103
10"

Fog Attenuation

-
T

Medium fog (0.05 g/m?)| 1

Heavy fog (0.5 gfm3)

102
Frequency (GHz)

10°

Bad for long distances — directive antennas in clean air conditions.

But atmosphere interferes.

LoS also affects mmWave propagation. The pathloss exponent is
much higher for NLoS, making it very difficult to use mmWave to
cover indoor environments using nodes deployed outside or vice-

Versa



Propagation Loss (due to Atmospheric Gases)

Atmospheric Gas Attenuation
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« Bad for long distances — directive antennas in clean air conditions.
But atmosphere interferes.

» LoS also affects mmWave propagation. The pathloss exponent is
much higher for NLoS, making it very difficult to use mmWave to
cover indoor environments using nodes deployed outside or vice-
versa




Sensitivity to Blockage

Rx power relative to

Free-space Rxpoverat  EREEETINT

im (dB)

« Ability to diffract depends on wavelength.
* |ntermittent connection — not reliable
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« Massive MIMO beamforming will contribute to a better end
user experience by boosting mobile network performance.

Qualcomm

« Gain values depend of number of antennas

Advantages

Higher spectral
efficiency

Improved
antenna gain

Better link
performance

Wider coverage
area

Limited
interference
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Expected 5G Frequency Band Usage

B Low frequency i High frequency 1 Millimetre wave
cells 700 MH:z cells 3.4-3.8 GH: cells 26 GH:

e }

Large scale events Vehicle communications  Environmental Transport & Improved residential
Thousands of users Transport infrastructure monitoring & infrastructure connections,

Smart cities Smart energy




Sensors

Process Monitoring
Latency -100

MassiveloT

}v.

Head mounted display

4 Augmented Reality

Latency <10 ms
Availabdity: $9.9%
Rate Gbps-Mbps

Handheld terminal I -

g Industrial robot

Motion control

| Latency ?—
| w1
Ultra reliable low Jaten“éff‘-:
\ — e

Source: Qualcomm
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Servers Controllers

cxnxm: @ @C}'“

Remote I/O oxy Other field-bus:

Source: Qualcomm
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Using spatial dimensions
to multiplex multiple data

streams increases capacity
W J
’ 4

3

2 w
1
w \ﬁ / 4
i
SNR (log) @ SNR (log)

Using spatial dimensions for
diversity reduces error rate

Capacity

Error rate (log)
Ca
r

Capacity from spatial multiplexing Reliability from spatial diversity
Allows multiple transmissions at the same Spatial diversity can overcome radio shadowing
time to multiple location without interfering in challenging radio environments

Can also be used to by multiple operators Key for URLLC' to meet 99.9999% reliability

to share spectrum more efficiently and challenging industrial loT applications

Source: Qualcomm
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5G Small Cell Deployment
5G Technology Features * Inlicensed bands give
Low latency predictable performance
Ultra-high reliability « Easy-to-install and self
High bandwidth organising
Massive number of devices « Small cells ideal for site-
Support of new frequencies specific deployments (outdoor,
indoor, below ground)

Service Features
Deployed as a service
Easy to integrate into corporate

and mobile networks
Mobile network offload

Source: Dense Air
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Schematic representation of an industrial site Requirements

N High reliability: Self-driving
robots rely on highly reliable
, networks. No network results
o in a logistics stop

(D 2505 /

q) i / Low latency: Self-driving
<  — v vehicles must communicate
to other vehicles (V2V) or to

Ire

%ﬁ the infrastructure (V21) with
low latency to avoid
collisions. This can be based
N on P-P V2X or C-V2X

s

’
I

A
4%

Special coverage: Good
wireless coverage on all
tracks, incl. below ground, on
Pre-production area container parks and in other
difficult zones

Transport routes
Transport robots

T
o
o
A

o

)
=
0
s,
.
O

Semi-finished goods
warehouse

Final assembly
Finished goods warehouse
and distribution

N

Reliable W
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Global economic output in 2035 enabled $3,364B $6598 $742B $273B  $249B
by 5G in the following five categories 1. "The 5G scuncery: How 5G techricyy wil conrivute o the globsl sconoeny” by IHS Evansirics | 1HS Technakgy

Source: Qualcomm
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