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Main Research Activities

fiber optics optical wireless

high-capacity coherent links; A free-space optics (FSO);

PON; A visible light communications (VLC).
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FSO: A High-Capacity Solution for Next-Generation Wireless

Individuals using the Internet

Number of Internet users, billions
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A More than 30% of world population still
does not have access to internet, with the
number being higher considering high-
speed transmission.

A Free-Space Optics (FSO) is a solution for
providing worldwide high -capacity internet
delivery reaching places where fiber cannot

go, either with terrestrial or satellite links.
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Wireless Communications i Past, Present and Future
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A 5G extends 4G with mmW frequencies below 100 GHz;
A 6G is expected to extend mmW and use THz-wave frequencies (above 300 GHz);

A Free-space optics in the infrared region (800 nm i 2000 nm) are an attractive alternative to mmW and
THz-wave.
)
it
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High-Capacity Coherent Pluggables + Seamless Fiber-FSO: A Perfect Match?
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High-Capacity Coherent Pluggables + Seamless Fiber-FSO: A Perfect Match?

Seamless WDM
Compatibility!

d Multi-Tbps
FSO

lt instituto de
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FSO Implementation Challenges
1) Impact of Pointing Errors
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Pointing Errors Tolerance: Seamless Air-to-Fiber
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Pointing Errors Tolerance: Seamless Air-to-Fiber
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Pointing Errors Tolerance: Seamless Air-to-Fiber

Received Optical Power vs Wavelength
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FSO Implementation Challenges
2) Impact of Atmospheric Turbulence
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4

Experimental Analysis of Outdoor FSO
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Time-Varying FSO Channel
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Normalized Irradiance

Normalized Irradiance

Time-Varying FSO Channel
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Enhancing FSO Reliability
1) Advanced Channel Estimation
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Opt. Power [dBm]

FSO Channel Estimation: Low-Complexity Moving Average
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Low-complexity channel estimator:
Y Preas(n),
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FSO Channel Estimation: Adaptive Algorithms
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FSO Channel Estimation: Advanced Solutions using Machine Learning

Highly Reliable Outdoor 400G FSO Transmission
Enabled by ANN Channel Estimation

Marco A. Fernandes, J. Leonardo Nascimento, Paulo P. Monteiro and
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Enhancing FSO Reliability
2) Mitigating Atmospheric Turbulence: MIMO-FSO
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Joint LDPC Coding

Concept & Implementation
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Joint LDPC Coding: Experimental Results

Concept validation

o The VOA was used to sweep the

101,
: attenuation of CH1.

o Due to having only one receiver, while
the CH1 performance degrades, the
CH2 performance slightly improves.

o Inthese conditions, only 4 dB of
attenuation are supported with
individual encoding.
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Joint LDPC Coding: Experimental Results

Reliability measurements
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Enhancing FSO Capacity
1) Adaptive Modulation for Turbulence Mitigation
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FSO: Indoor Communications Testbed




Probabilistic Constellation Shaping for Bit-Rate Flexibility
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FSO: Experimental Setup
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A 64 Gbaud polarization-multiplexed PCS-64QAM;

A 55 meter outdoor FSO link, with continuous measurement over 3 hours;
A Aim: test resilience against adverse weather conditions (rain showers).
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FSO: Adaptive Modulation Insufficient SNR -> LoS
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Enhancing FSO Capacity
2) Adaptive Modulation for Pointing Error Mitigation
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Experimental Setup
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ECL: External Cavity Laser; RRC: Root-Raised Cosine; AWG: Arbitrary Waveform Generator; SMF: Single-Mode Fiber; PCS: Probabilistic Constellation Shaping; EDFA: Erbium-Doped Fiber Amplifier; My : Motor
Horizontal; My;: Motor Vertical; SNR: Signal-to-Noise Ratio; PM: Power-Meter; RTO: Real-Time Oscilloscope; CD: Chromatic Dispersion; CMA: Constant Modulus Algorithm; LMS: Least-Mean Squares; NGMI:
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A 64QAM-PCS signal, with a symbol rate of 100 Gbaud.
A Goal: Use PCS to adjust the bitrate to account for sequential beam misalignment.
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Ideal Conditions (Baseline Performance)
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Introducing pointing errors
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1.8 km WDM-FSO Field Trial

How many channels are enough?
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Achievable bit-rate
Single-wavelength Shannon capacity
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Achievable bit-rate
WDM Shannon capacity (infinite power)
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Achievable bit-rate
WDM Shannon capacity (limited power)
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Achievable bit-rate
WDM Shannon capacity (limited power)

A

A

The capacity gain of increasing the number of WDM
channels considerably decreases

Considering S|mple Tx-power as alisaisas

[ | s [ imited Tx Power

s [nf. Tx Power

safueat Question 1: HOW

[T additional constraints are considered (filtering /
wavelength-dependent losses) increasing the
number of channels can degrade the global ABR.
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Receiver amplification architecture
Dedicated amplification.

NWDM
Amplifiers
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Am Ti(lfl er FSO wavelength
P Channel H
x Each wavelength is independently amplified, requiring Ny,py amplifiers wavelengh
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Receiver amplification architecture
Global amplification.

Optical

filtering H

L.

>

d?
TX ( HHHH _mf .amplification should be us® | | wavelngtn
0[]/ [Race b Question 2: What type of pre-a . W

‘ H H ” “ wavelength

\ ‘ :
L F wavelength wave’\ength
TX RX wav;ength
FSO

Amplifier Channel Amplifier

x The WDM signal is amplified saving Nypy-1 amplifiers. D WU;ngm
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Field trial:

Experimental Setup J////AIRCISION

J////AIRCISION
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Field trial:

Experimental Setup

Single channel parameters:
A 32 Gbaud, 16 QAM

A 200 Gbps
Aircision Optical Aircision Optical
Tx-DSP ////Head ////Head Rx-DSP
X- /ANIRCISION /ANIRCISION X-
) 0 Optical wavelength | ‘ Coherent [
AWG - < > selection and RTO
t | modulator 1.8 km L receiver
) _ amplification
| High-power FSO link
=DFA and Dedicated
I I I Ie I filtering Amplification EDFA w/
APE Path 1: optical wavelength
8-16 optical wavelengths — Waveshaper selection and amplification
Global EDFA w/
Amplification APC

Path 2: amplification and

I/ wavelength selection w/ coh. rx.
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Field trial:

NGMI results (path 1: channel-wise amplification)

8 Channels 10 Channels 12 Channels 14 Channels 16 Channels

B3NS I N T I T R 1994709 |
T LR o

o T it}
= = o)
@) ) @)
Z04f { Z 04l | Z o4l
0.2} - 0.2} . 0.2}
2 4 6 8 10 12 T — 5 10 15

x  Despite channel-wise amplification, increasing the number of channels tends to degrade the global performance due to optical
filtering in the optical heads.
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