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* Mode-division multiplexing FSO communications
— Why MDM MIMO?
— Practical considerations in hardware setup
— The structure of the algorithm
— Benefits on transmission data rate
— Benefits on turbulence resiliency

« Whatis next
— Visions of the future
— Benefits of life
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1) Polarization diversity
2) Frequency diversity
Wavelength-division multiplexing (WDM)
3) Spatial diversity
Mode-division multiplexing (MDM)
Better than raw MIMO because of orthogonal eigenmodes

wavelength-division multiplexing (WDM)
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Why MDM MIMO

Corrupted

IPT

Aston Institute of
Photonic Technologies

N x Overlapped Mode
(Laguerre- Laser Receive De‘m/ultiplexing
Gaussian)  ————
Spatial Modes | o % Apjrture
L
- . '
- ...
Transmit T
Aperture \
ﬁ/ \-k\\
\ g Receive
Mode . Atmospheric Data
Multiplexing Turbulence

9

P

Multi-Mode

Fibre

Transmit
Data

4

Multi-Mode
Fibre



Mode basis (incomplete vs complete) KI PT
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OAM modes Laguerre-Gaussian modes  Hermite-Gaussian modes
(circular) (circular) (rectangular)
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1) OAM is widely used but incomplete mode basis set.
2) Laguerre-Gaussian modes have good compatibility with the circular lens
3) Hermite-Gaussian modes can be transferred to Laguerre-Gaussian modes
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Mode basis (FSO vs FMF) Ki PT
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1) Boundary condition exists in FMF (Linear-polarized modes)
2) Good overlap between LG and LP modes
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Brining, Robert, et al. "Overlap relation between free-space Laguerre Gaussian modes and step-index fiber
modes." JOSA A 32.9 (2015): 1678-1682. DOI: 10.1364/JOSAA.32.001678



https://doi.org/10.1364/JOSAA.32.001678

Practical considerations Ki PT

Aston Institute of
Photonic Technologies

SLM-based bulk optics Lantern-based fibre optics

Lower inter-mode interference Higher inter-mode interference
Complex optical setup Easy optical setup
Higher optical attenuation Lower optical attenuation
1 received channel each time Simultaneous reception
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Practical considerations
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Digital domain vs optical domain compensation

High-resolution
Camera

Optical domain (the adaptive optics (AO) approach):
1. AO can direct the undesired higher-order modes back to the desired modes in turbulence
2. significantly improving the received signal power
3. recovering the orthogonality among the desired modes
4. the residual error is limited by the number of actuators and the control bandwidth
5. Hardware cost

Digital domain (the DSP approach):
1. Ultrafast executing speed
2. Advanced coding and decoding techniques can be used to mitigate inter-mode interference
3. Unable to change the beam profile.
4. DSP cost (MIMO DSP is always necessary, but advanced coding and decoding are optional)
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Lack of transceivers -> Hardware solution

1. Acousto-optic modulator (AOM) + Rx Fibre delay lines (FDLs) for time-
division multiplexing receiver.

2. Tx FDLs for signal decorrelation
3. Variable optical attenuators to compensate for the mode-dependent loss
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Li, Yiming, et al. "Enhanced Atmospheric Turbulence Resiliency With Successive Interference

Cancellation DSP in Mode Division Multiplexing Free-Space Optical Links." Journal of Lightwave
Technology 40.24 (2022): 7769-7778.DOI: 10.1109/JLT.2022.3209092
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Turbulence emulation Ki PT
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Li, Yiming, et al. "Enhanced Atmospheric Turbulence Resiliency With Successive Interference
Cancellation DSP in Mode Division Multiplexing Free-Space Optical Links." Journal of Lightwave
Technology 40.24 (2022): 7769-7778.DOI: 10.1109/JLT.2022.3209092
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New DSP for TDM receiver KI PT
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Decorrelate phase estimation, channel estimation, LMS-based ISI equalization,
and MIMO detection to enable a better degree of freedom.

Transmitter Receiver
N . channels N, channels

IQ 1imbalance compensation
Matched filter
CD compensation for FDLs
Timing recovery
Frame synchronization
Frequency estimation
Phase estimation
Channel estimation <
LMS equalization 2
SIC MIMO detection Rl
E
o

—A-DAEin[I1]
—HE—WLLS-Oneshot
—E-CRLB-OneShot
——WLLS-Wiener |7
-©-CRLB-Wiener

Offline DSP

Constellation demapping

DOI: 10.48550/arXiv.2112.02583

0 10 20 30 40 50 60
SNR (dB)

12


https://doi.org/10.48550/arXiv.2112.02583

Benefits on transmission data rate Ki PT
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Adaptive bit and power loading
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Hu, Zhouyi, et al. "Single-wavelength transmission at 1.1-Tbit/s net data rate over a multi-modal free-
space optical link using commercial devices." Optics Letters 47.14 (2022): 3495-3498.
DOI: 10.1364/0L.463941
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Benefits on turbulence resiliency Ki PT
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1. Successive interference cancellation.
2. Redundant receive channels
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Li, Yiming, et al. "Enhanced Atmospheric Turbulence Resiliency With Successive Interference
Cancellation DSP in Mode Division Multiplexing Free-Space Optical Links." Journal of Lightwave
Technology 40.24 (2022): 7769-7778.DOI: 10.1109/JLT.2022.3209092
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Successive interference cancellation.

1
2. Redundant receive channels
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Benefits on turbulence resiliency

1. Successive interference cancellation.
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The BER performance of the 5 x 6 MIMO system under
120 stronger turbulence realizations.
Average BER: 8.02e-3 to 4.76e-4. 689 Gbit/s
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The probability distribution of the BER performance in the
5 x 6 system under 120 stronger turbulence realizations.

Li, Yiming, et al. "Enhanced Atmospheric Turbulence Resiliency With Successive Interference
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The BER performance of the 3 x 6 MIMO system under
120 stronger turbulence realizations.
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Redundant receive channels
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1. Technical vision of the future

a. Ultrafast FSO connection for Ground-to-Ground, Ground-to-
Satellite, and Satellite-to-Satellite communication

b. Robust wireless connection

2. Benefits of life
a. Fixing the digital divide

b. Provide fast Internet solutions for users in rural areas and
developing countries.

7O>1Tbit's @ 100~1000 Gbit/'s @ 1~10 Gbit/s
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Thank you!

Discussions and collaborations are more than welcome!
Dr Yiming Li: liy/0@aston.ac.uk

© Yiming Li 2023

AIPT

Aston Institute of Photonic Technologies



mailto:liy70@aston.ac.uk

	Photonic Lantern-Based High Capacity MIMO FSO Communications
	Outline
	Why MDM MIMO?
	Why MDM MIMO
	Mode basis (incomplete vs complete)
	Lagueree-Gaussian modes
	Mode basis (FSO vs FMF)
	Practical considerations
	Practical considerations
	Practical considerations
	Turbulence emulation
	New DSP for TDM receiver
	Benefits on transmission data rate
	Benefits on turbulence resiliency
	Benefits on turbulence resiliency
	Benefits on turbulence resiliency
	Redundant receive channels
	Redundant receive channels
	Last words
	Thank you! 

