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Main Research Activities
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fiber optics
Å high-capacity coherent links;

Å PON;

Å radio-over-fiber.

optical wireless
Å free-space optics (FSO);

Å visible light communications (VLC). 

DSP
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Outline

Å Introduction and Motivation

ü Free-Space Optics: What, Why and How?

Å FSO Implementation Challenges

ü Impact of Pointing Errors;

ü Impact of Atmospheric Turbulence.

Å Enhancing FSO Reliability

ü Advanced Channel Estimation;

ü Mitigating Atmospheric Turbulence: MIMO-FSO.

Å Enhancing FSO Capacity

ü Adaptive Modulation for Turbulence Mitigation;

ü Adaptive Modulation for Pointing Error Mitigation.

Å 1.8 km WDM-FSO Field Trial

ü How Many Channels are Enough?

Å Conclusions



FSO: A High-Capacity Solution for Next-Generation Wireless
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Å More than 30% of world population still 

does not have access to internet, with the 

number being higher considering high-

speed transmission. 

Å 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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Å High bandwidth

Å Unlicensed spectrum

Å Immunity to EMI

Å Compatibility with deployed fiber

Å Fast/easy deployment

Å Security

Å Tight/precise alignment

Å Atmospheric turbulence

Å Weather conditions (fog)

Why FSO?



Wireless Communications ïPast, Present and Future
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4G
(sub-6 GHz)

5G
(sub-6 GHz + mmW)

6G
(sub-6 GHz + mmW+THz)

6G?
(FSO)

Å 5G extends 4G with mmW frequencies below 100 GHz;

Å 6G is expected to extend mmW and use THz-wave frequencies (above 300 GHz);

Å Free-space optics in the infrared region (800 nm ï2000 nm) are an attractive alternative to mmW and
THz-wave.



High-Capacity Coherent Pluggables + Seamless Fiber-FSO: A Perfect Match?

12

400ZR Commercial 

Transceivers

High-Capacity & Low-Cost 

Coherent Pluggables are 

a Reality!

400-800G 

FSO

SFP / SFP+ 

Transceivers

SFP / SFP+ 

Transceivers

1-30G FSO

Ethernet End-Points



High-Capacity Coherent Pluggables + Seamless Fiber-FSO: A Perfect Match?
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FSO Implementation Challenges

1) Impact of Pointing Errors
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Optical Beam Steering Misalignment Tolerance CharacterizationPointing Errors Tolerance: Seamless Air-to-Fiber



16

Optical Beam Steering Misalignment Tolerance CharacterizationPointing Errors Tolerance: Seamless Air-to-Fiber

1 mm deviation 

represents a 20 dB 

attenuation

CΦ tΦ DǳƛƻƳŀǊΣ aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ ±Φ !Φ wƻŘǊƛƎǳŜǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άCoherent Free-Space Optical 
Communications: Opportunities and ChallengesΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ ¢ŜŎƘƴƻƭƻƎȅΣ ǾƻƭΦ плΣ ƴƻΦ млΣ ǇǇΦ омто-3186, 
2022. https://doi.org/10.1109/JLT.2022.3164736

https://doi.org/10.1109/JLT.2022.3164736
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Optical Beam Steering Misalignment Tolerance CharacterizationPointing Errors Tolerance: Seamless Air-to-Fiber

~1.5 dB Optical 

Power Variation over 

the Entire C-Band!

CΦ tΦ DǳƛƻƳŀǊΣ aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ ±Φ !Φ wƻŘǊƛƎǳŜǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άCoherent Free-Space Optical 
Communications: Opportunities and ChallengesΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ ¢ŜŎƘƴƻƭƻƎȅΣ ǾƻƭΦ плΣ ƴƻΦ млΣ ǇǇΦ омто-3186, 
2022. https://doi.org/10.1109/JLT.2022.3164736

https://doi.org/10.1109/JLT.2022.3164736
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FSO Implementation Challenges

2) Impact of Atmospheric Turbulence



Experimental Analysis of Outdoor FSO

19



Time-Varying FSO Channel

20

CΦ tΦ DǳƛƻƳŀǊΣ aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ ±Φ !Φ wƻŘǊƛƎǳŜǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άCoherent Free-Space Optical 
Communications: Opportunities and ChallengesΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ ¢ŜŎƘƴƻƭƻƎȅΣ ǾƻƭΦ плΣ ƴƻΦ млΣ ǇǇΦ омто-3186, 
2022. https://doi.org/10.1109/JLT.2022.3164736

https://doi.org/10.1109/JLT.2022.3164736


Time-Varying FSO Channel
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CΦ tΦ DǳƛƻƳŀǊΣ aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ ±Φ !Φ wƻŘǊƛƎǳŜǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άCoherent Free-Space Optical 
Communications: Opportunities and ChallengesΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ ¢ŜŎƘƴƻƭƻƎȅΣ ǾƻƭΦ плΣ ƴƻΦ млΣ ǇǇΦ омто-3186, 
2022. https://doi.org/10.1109/JLT.2022.3164736

https://doi.org/10.1109/JLT.2022.3164736
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Enhancing FSO Reliability 

1) Advanced Channel Estimation



FSO Channel Estimation: Low-Complexity Moving Average

23

Low-complexity channel estimator:

F. P. Guiomar, A. Lorences-Riesgo, D. Ranzal, F. Rocco, A. N. Sousa, M. A. Fernandes, B. T. Brandão, A. Carena, A. L. Teixeira, 
aΦ /Φ wΦ aŜŘŜƛǊƻǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άAdaptive Probabilistic Shaped Modulation for High-Capacity Free-Space Optical 
LinksΣέ L999 WƻǳǊƴŀƭ ƻŦ Lightw. Tech., vol. 38, no. 23, 2021. https://doi.org/10.1109/JLT.2020.3012737

https://doi.org/10.1109/JLT.2020.3012737


FSO Channel Estimation: Adaptive Algorithms

24

CΦ tΦ DǳƛƻƳŀǊΣ aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ ±Φ !Φ wƻŘǊƛƎǳŜǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άCoherent Free-Space Optical 
Communications: Opportunities and ChallengesΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ ¢ŜŎƘƴƻƭƻƎȅΣ ǾƻƭΦ плΣ ƴƻΦ млΣ ǇǇΦ омто-3186, 
2022. https://doi.org/10.1109/JLT.2022.3164736

https://doi.org/10.1109/JLT.2022.3164736


FSO Channel Estimation: Advanced Solutions using Machine Learning

25
aΦ !Φ CŜǊƴŀƴŘŜǎΣ WΦ [Φ bŀǎŎƛƳŜƴǘƻΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άHighly Reliable Outdoor 400G FSO Transmission 
Enabled by ANN Channel EstimationΣέ ƛƴ tǊƻŎΦ hC/Σ {ŀƴ 5ƛŜƎƻΣ ¦{!Σ нлннΦ https://doi.org/10.1364/OFC.2022.W3I.4

https://doi.org/10.1364/OFC.2022.W3I.4
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Enhancing FSO Reliability 

2) Mitigating Atmospheric Turbulence: MIMO-FSO
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Joint LDPC Coding
Concept & Implementation

P/S
LDPC 

Coder S/P

Typical 

Tx-DSP

Typical 

Tx-DSP

Channel

S/P

LDPC

De-

Coder
P/S

Typical 

Rx-DSP

Typical 

Rx-DSP

Tx

Rx

Parity bits

aΦ ! CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ ά400G MIMO-FSO Transmission with Enhanced Reliability Enabled by 
Joint LDPC CodingΣέ ƛƴ tǊƻŎΦ 47th European Conf. Optical Communication (ECOC), paper Tu1B.5, Bordeaux, France, 2021. 
https://doi.org/10.1109/ECOC52684.2021.9605896

https://doi.org/10.1109/ECOC52684.2021.9605896
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Joint LDPC Coding: Experimental Results
Concept validation

2 dB

o The VOA was used to sweep the 

attenuation of CH1.

o Due to having only one receiver, while 

the CH1 performance degrades, the 

CH2 performance slightly improves.

o In these conditions, only 4 dB of 

attenuation are supported with 

individual encoding.

o Performing joint encoding present a 

gain of 2 dB.

aΦ ! CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ ά400G MIMO-FSO Transmission with Enhanced Reliability Enabled by 
Joint LDPC CodingΣέ ƛƴ tǊƻŎΦ 47th European Conf. Optical Communication (ECOC), paper Tu1B.5, Bordeaux, France, 2021. 
https://doi.org/10.1109/ECOC52684.2021.9605896

https://doi.org/10.1109/ECOC52684.2021.9605896
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Joint LDPC Coding: Experimental Results
Reliability measurements

Weak-

turbulence

Moderate-

turbulence

Strong-

turbulence Next Step: 

NxN MIMO

aΦ ! CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ ά400G MIMO-FSO Transmission with Enhanced Reliability Enabled by 
Joint LDPC CodingΣέ ƛƴ tǊƻŎΦ 47th European Conf. Optical Communication (ECOC), paper Tu1B.5, Bordeaux, France, 2021. 
https://doi.org/10.1109/ECOC52684.2021.9605896

https://doi.org/10.1109/ECOC52684.2021.9605896


30

Enhancing FSO Capacity 

1) Adaptive Modulation for Turbulence Mitigation



FSO: Indoor Communications Testbed

31



Probabilistic Constellation Shaping for Bit-Rate Flexibility

32

F. P. Guiomar, A. Lorences-Riesgo, D. Ranzal, F. Rocco, A. N. Sousa, M. A. Fernandes, B. T. Brandão, A. Carena, A. L. Teixeira, 
aΦ /Φ wΦ aŜŘŜƛǊƻǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άAdaptive Probabilistic Shaped Modulation for High-Capacity Free-Space Optical 
LinksΣέ L999 WƻǳǊƴŀƭ ƻŦ Lightw. Tech., vol. 38, no. 23, 2021. https://doi.org/10.1109/JLT.2020.3012737

https://doi.org/10.1109/JLT.2020.3012737
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FSO: Experimental Setup

Å 64 Gbaud polarization-multiplexed PCS-64QAM;

Å 55 meter outdoor FSO link, with continuous measurement over 3 hours;

Å Aim: test resilience against adverse weather conditions (rain showers).

F. P. Guiomar, A. Lorences-Riesgo, D. Ranzal, F. Rocco, A. N. Sousa, M. A. Fernandes, B. T. Brandão, A. Carena, A. L. Teixeira, 
aΦ /Φ wΦ aŜŘŜƛǊƻǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άAdaptive Probabilistic Shaped Modulation for High-Capacity Free-Space Optical 
LinksΣέ L999 WƻǳǊƴŀƭ ƻŦ Lightw. Tech., vol. 38, no. 23, 2021. https://doi.org/10.1109/JLT.2020.3012737

https://doi.org/10.1109/JLT.2020.3012737
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FSO: Adaptive Modulation Insufficient SNR -> LoS

F. P. Guiomar, A. Lorences-Riesgo, D. Ranzal, F. Rocco, A. N. Sousa, M. A. Fernandes, B. T. Brandão, A. Carena, A. L. Teixeira, 
aΦ /Φ wΦ aŜŘŜƛǊƻǎ ŀƴŘ tΦ tΦ aƻƴǘŜƛǊƻΣ άAdaptive Probabilistic Shaped Modulation for High-Capacity Free-Space Optical 
LinksΣέ L999 WƻǳǊƴŀƭ ƻŦ Lightw. Tech., vol. 38, no. 23, 2021. https://doi.org/10.1109/JLT.2020.3012737

https://doi.org/10.1109/JLT.2020.3012737
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Enhancing FSO Capacity 

2) Adaptive Modulation for Pointing Error Mitigation
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Experimental Setup

Å 64QAM-PCS signal, with a symbol rate of 100 Gbaud. 

Å Goal: Use PCS to adjust the bitrate to account for sequential beam misalignment.

aΦ !Φ CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άFree-Space Terabit Optical InterconnectsΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ 
Technology, vol. 40, no. 5, pp. 1519--1526, 2022. https://doi.org/10.1109/JLT.2021.3133070

https://doi.org/10.1109/JLT.2021.3133070


Ideal Conditions (Baseline Performance)

Tx RxPerfectly aligned
1 Tbps transmission is 

achieved with a quite good 

NGMI But there are always 

pointing errorsé.

37
aΦ !Φ CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άFree-Space Terabit Optical InterconnectsΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ 
Technology, vol. 40, no. 5, pp. 1519--1526, 2022. https://doi.org/10.1109/JLT.2021.3133070

https://doi.org/10.1109/JLT.2021.3133070


Introducing pointing errors

Tx Rx

Noise introduced to deviate 

the beam from the optimal 

position

PCS is used to lower the bit-rate 

and the NGMI is kept constant

38
aΦ !Φ CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άFree-Space Terabit Optical InterconnectsΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ 
Technology, vol. 40, no. 5, pp. 1519--1526, 2022. https://doi.org/10.1109/JLT.2021.3133070

https://doi.org/10.1109/JLT.2021.3133070


Introducing pointing errors

Tx RxNoise introduced to deviate 

the beam from the optimal 

position

39
aΦ !Φ CŜǊƴŀƴŘŜǎΣ tΦ tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άFree-Space Terabit Optical InterconnectsΣέ L999 WƻǳǊƴŀƭ ƻŦ [ƛƎƘǘǿŀǾŜ 
Technology, vol. 40, no. 5, pp. 1519--1526, 2022. https://doi.org/10.1109/JLT.2021.3133070

https://doi.org/10.1109/JLT.2021.3133070
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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

Transceiver Parameters (200G COTS-like):

Å B = 32 Gbaud

Shannon Capacity (dual-pol):

Å ὃὄὙς ὄ ὰέὫςρ ὛὔὙ

How can WDM boost 

this value?

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7
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Achievable bit-rate
WDM Shannon capacity (infinite power)

Transceiver Parameters (200G COTS-like):

Å B = 32 Gbaud

Shannon Capacity (dual-pol):

Å ὃὄὙς ὄ ὰέὫςρ ὛὔὙ

Shannon Capacity (dual-pol, WDM):

Å ὃὄὙς ὄ ὲὅὬὰέὫςρ ὛὔὙ

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7
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Achievable bit-rate
WDM Shannon capacity (limited power)

Transceiver Parameters (200G COTS-like):

Å B = 32 Gbaud

Shannon Capacity (dual-pol):

Å ὃὄὙς ὄ ὰέὫςρ ὛὔὙ

Shannon Capacity (dual-pol, WDM):

Å ὃὄὙς ὄ ὲὅὬὰέὫςρ ὛὔὙ

Shannon Capacity (dual-pol, WDM, lim. power):

Å ὃὄὙς ὄ ὲὅὬὰέὫςρ ὛὔὙȾὲὅὬ

ὃὄὙÍÁØ ὄ ὛὔὙȾÌÎς

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7
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Achievable bit-rate
WDM Shannon capacity (limited power)

Å The capacity gain of increasing the number of WDM 

channels considerably decreases

Å Considering simple Tx-power as a limitation, the ABR 

saturates at ║ ╢╝╡Ⱦἴἶ

Å If additional constraints are considered (filtering / 

wavelength-dependent losses) increasing the 

number of channels can degrade the global ABR.

ὃὄὙÍÁØ ὄ ὛὔὙȾÌÎς

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7
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Receiver amplification architecture
Dedicated amplification.

Tx

Tx

Amplifier
FSO

Channel

Rx
Optical

Filter

NWDM

Amplifiers

× Each wavelength is independently amplified, requiring NWDM amplifiers

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7
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Receiver amplification architecture
Global amplification.

Tx

Tx

Amplifier
FSO

Channel

Rx

Optical 

filtering

× The WDM signal is amplified saving NWDM-1 amplifiers.

Rx

Amplifier

M. A. Fernandes, G. M. Fernandes, B. T. Brandão, M. M. Freitas, N. Kaai, A. Tomeeva, B. van Der Wielen, J. Reid, D. Raiteri, P. 
tΦ aƻƴǘŜƛǊƻ ŀƴŘ CΦ tΦ DǳƛƻƳŀǊΣ άEye-Safe Terabit-Class WDM Optical Wireless: How Many Channels are EnoughΚέ ƛƴ tǊƻŎΦ 
Optical Fiber Conference (OFC), paper Th3C.7, San Diego, USA, March 2024. https://doi.org/10.1364/OFC.2024.Th3C.7

https://doi.org/10.1364/OFC.2024.Th3C.7


47

Field trial:
Experimental Setup
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Field trial:
Experimental Setup
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Field trial:
NGMI results (path 1: channel-wise amplification) 
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× 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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