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Free Space Optical Link

2

Transmitter - TX
Alignment/stability
Beam Diversity
Collimating Optics
Divergence
Launch power
Modulation format
Multichannel
Beam shaping

Free Space Channel
• Attenuation
• Wander
• Multipath
• Time varying channel
• Turbulence

(scintillation, fading, wander)
Polarization

Receiver - RX
Alignment/stability
Geometrical aperture
Position/Beam Diversity
Collimating Optics
Adaptive Optics
Direct/Coherent Detection
Intensity averaging
Sensitivity
Turbulence compensation

A. Trichili et al., Roadmap to Free Space Optics, JOSA B, July 2020 

Refractive index map

Wind, rain, fog, snow, temperature and pressure 

gradients, obstacles, pollution, ….
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RAINGAUGE

ANEMOMETER
WEATHER STATION

DISDROMETER

1.55 µm 
FSO link

Transmitter
side

1.55 µm 
FSO link

10.6 µm 
FSO link

151 GHz 
RF link

Mid-range RF/FSO experiment @ PoliMi

PoliMi

CNR

Huawei

300m to 900m



A. Melloni - OWCC 2022 4

Turbulence effects on beams

Intensity of 
received beam

Phase of received
beam

WEAKTurbulence: MODERATE STRONG
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Turbulence effects on beams

Intensity of 
received beam

Spatial Coherence
of received beam

WEAKTurbulence: MODERATE STRONG

r0
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Single aperture receiver

TX
w0 10 µm2

L=320m
1mm

dR

dR large= critical alignment
dR large = large fading Time                  

PD   
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MULTIAPERTURE receiver for a turbulence affected beam

Each receiver must be smaller 
than the spatial coherence of 
the received beam

The single contributions should 
be combined coherently in the 
electrical or optical domain

Optical Phased Array - OPA
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3-dB Beamwidth 
(Full-angle):

∆"!" ≈ 9.8°
∆"#$ ≈ 5.6°

10x10 µm

From antenna array theory to signal processing….
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Optical analog processor vs electronic digital processor

OPA - M optical inputs 

PD TIA

PD TIA

PD TIA

Mx1 DSP
Electronic 

digital 
processor
(bit time)

1

2

M

Spatially 
non-coherent beam

• Recovery of spatial coherence loss 
induced by turbulence (100s Hz speed)

• Sampling the received beam pattern in 
a minimum number of apertures 
(M optical inputs)

• “slow optical analog processor” vs “bit-
time scale Mx1 electronic DSP” 

• Energy and cost effective -> Scalability 
to high M optical inputs

Mx1 
Programmable 
Optical Analog 

Processor
(slow)

1 optical 
output

PD TIA 1x1
DSP

1

2

M
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The simplest Optical Analog Processor

Df

“Photonic Processor”

Actuator (Heater)

Mach-Zehnder Interferometer

Integrated optic technology

50/50 50/50

input{ {
output

Unitary tra
sfo
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DL=0-q
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The simplest Optical Analog Processor
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The Optical Analog Processor based receiver

Programmable Photonic Processor

M M inputs, M-1 MZI, M-1 Photodetectors,

2(M-1) Control loops, 1 output

A device capable of coupling an arbitrary free-space input 
beam into one specific output beam (e.g. single-mode 
waveguide), without any calculation and calibration

W. Bogaerts, … F. Morichetti, A. Melloni 
Programmable photonic circuits
Nature 586, 207–216 (2020)

Slow monitor
Fast receiver
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Electronic control is needed to:

• Set the desired working point

• Track input signal changes

• Compensate thermal fluctuation

• Compensate fabrication variability

• Double-dithering control strategy

Thanks to Prof. Sampietro and his group !

The control electronics

Pout=0
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Double-dithering control strategy

CUSTOM CMOS ASIC CONTROL 

The control electronics
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• Automatic self-configuration of MZIs from any 

initial condition

• In-line, non-invasive sensors, CLIPP

• Double-dithering control strategy

• Orthogonal dithering frequencies

• Control in parallel, not sequential

• Complexity Scaling: linear with M

• Time convergence scaling

• Stabilization of cascaded MZIs in <10 ms

p
M
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The control electronics
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The control electronics
CUSTOM CMOS ASIC CONTROL
by Prof. Sampietro group (PoliMi)

• ASIC in standard CMOS 0.35µm technology from 
AMS: size 2.3 x 3.3 mm2

• Analog controller based on the dithering technique 
and transparent detectors (CLIPPs) 

• A single electronic chip handling 4 MZIs
• Modular scheme to accommodate mesh 

architectures of arbitrary complexity
• Power consumption <20 mW (+ heater) for each on-

chip controller

ASIC controller

Photonic Mesh

16
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M. Milanizadeh et al, JLT 37(4), 
2019

Thermal eigenmodes
decomposition (TED)
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Experimental results



A. Melloni - OWCC 2022

Optical 
Antenna

Array

Output 
WGs

First MZI Row Second MZI Row

Optical Antenna Array

Thermal tuners

Thermally controlled 
MZI

Transparent detector

(d)

WG2
WG1

9°

5°

Photograph of the PCB

Electronic ASIC

Photonic chip

Turning 
mirror

500 µm

19

Silicon photonic processor + OPA
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Camera or Collimator

OUT

Establishing free space channel

10 Gbit/s OOK modulated channel
20

IN

TX Beam 
Expander

3.5 m

…..

Photonic Processor

Induced turbulence 
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Camera or Collimator

OUT

Establishing free space channel

10 Gbit/s OOK modulated channel
21

IN With no tuning

Healthy channel 
when locking is 

on

TX Beam 
Expander

3.5 m

0% = 2
()%

*
3%( +

…..

Photonic Processor

10 Gb/s , OOK
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Heaters signals

• VH spectrum follows spectrum of 
phase oscillations

He

Ho
PD

Control
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Establishing free space channel

• Output power increases linearly with number of OPA elements

• Fading reduces with number of OPA elements

• Residual fading probably induced by wander (not compensated)

• Errors occur in bursts

• Notches duration: 10’s of ms

• Heaters controlled up to 4p to reduce resets

Output Power

Control on Control on

Control off
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Eye with control off à on
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Scaling….

I/O bottleneck !?

F. Zanetto et al, Zero-Change Monolithic Integration of CMOS 
Electronics in Silicon Photonics, Research Square 
https://orcid.org/0000-0002-0242-5016 
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Mode1 Mode2

9:&
9:'

9:&
9:'

• Two orthogonal channels are established automatically, running power min. process

• Mutual rejection between two modes > 30 dB

The Optimum modes of an FSO channel

26

FSO
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After controlInitial Beam Shapes

M
od

e 1
M
od

e 2

Inserting an obstacle in far field: a
pattern of obstructing spots

Beam shapes not 
belonging to any standard 

family of modes, yet 
mutually orthogonal

Mask is moved…

The Optimum modes of the perturbed FSO channel

27
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- Programmable Analog Processor

- Automatic tuning without any calculation and 

calibration

- Optical Phased Array Antenna

- Easy scalable, CMOS ASIC assisted

- Silicon Photonic integrated technology

- Beam tracking and optical turbulence equalization

- Mode multiplexing

- Detection of direction of arrival

- Beam steering

- Phase conjugated communications links

- …..

Conclusions

Prof. Marco Sampietro Group

Photonic Devices Group


