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e WHAT IS RESERVOIR COMPUTING?
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WHAT 1S RESERVOIR COMPUTING? RESERVOIR COMPUTING

From field of machine learning (2002) ﬂ!’]& - e Ll Don't train the neural network, only train the linear readout
Addressing training issues in recurrent networks - ﬁ Z&n88

4 1 ﬂl? . quaq iasneval readout
Quite successful: L LEY LI L L]

— Time series prediction

inpLts
- Speech recognition L 2=
— Robot control L2
= ;

Originally mainly in software L4 ]
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BOUNDARIES WITH MANY DEGREES OF FREEDOM ARE PRONE TO OVERFITTING WHY DOES RC WORK?

d=2 d = 6 (over-fit)

To higher
order space

house size house size
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A HARDWARE IMPLEMENTATION. ..

pebbles nothing pebbles gnt

@ é" reservoir siate

readout

reservolr

iy LMEC

ADVANTAGES
+  Scalability:
— we spent a lot of effort to slow down the signal!
— easily scalable to higher speeds by shortening the delays
+  No active power consumption on chip
+  Same generic chip can be used for:
— digital tasks (Boolean logic, header recognition, ...)
~ analog tasks (speech recognition, dispersion compensation)

So, generalizes to different applications
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SENDING SIGNALS THROUGH AN OPTICAL LINK SUFFERS FROM DISTORTION

Teensrrinar,
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Fixing these problems requires expensive
digital processing.

Can we do it in the optical domain at high
speeds?
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PASSIVE SILICON RESERVOIR
+ Silicon photonics: mature technology
+  Giant multipath interferometer

+ Nodes are simple splitters/combiners

+ Non-linearity in readout suffices
+ No active power consumption inside chip

* No longer limited by timescale of non-linearity

Vandoorne et al, Nature Comms, 5, 3541, 2014
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NON-LINEAR DISPERSION
COMPENSATION AT 32 GBPS
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REFERENCE MEASUREMENT WITHOUT RESERVOIR

25km - 13.2dBm and 20.5dBm to fiber

Always at
20dBm output
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MEASUREMENT WITH RESERVOIR CHIP

SIMULATIONS: "BAD” NON-LINEAR DETECTOR EVEN BETTER

compensated stream with

extra non-linearity from TIA

BER: 3 orders of magnitude BER: 7 orders of magnitude
better better

Distorted stream Compensated stream using
RC
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MOTIVATION

Coherent transmission is the optimal choice L
for medium-long range communications iy

Specraty etcient bansmission

Coherent detection costs are too high for
short links

Erperisive coherent detect )
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EXPERIMENTS: RC IS BETTER AT EQUALISING THIS NL DISTORTED SIGNAL

Reservoir

Distorted signal 0 errors in 131072 bits

Linear equalizer

a) BER = 2.3e-0} (d) BER = 2,1e-02

25 62 3125 6
Time [ps] Time {ps]

gt i
Same number of copies as the

¢ “mec reservoir has nodes

RC EQUALISATION FOR KK RECEIVERS
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KRAMERS-KRONIG RX

Kramers-Kronig (KK) Receiver is an alternative scheme for coherent receivers which uses
direct detection {i.e., amplitude of the signal} to extract the phase information. Certain
conditions must be respected for accurate reconstruction:

1. Single sideband signal: the spectrum of the signal must be located to one side of a subcarrier

Frequency Spectrum of SSB Sigral
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KRAMERS-KRONIG RX HIGH-POWER CARRIER LEADS TO NL FIBRE EFFECTS

2. Large CSPR: the carrier-to-signal power ratio (CSPR) must be high

sy
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Subcarrier can be added... ' D
— At the detector {popular, but need for extra local oscillator}
— At the source {leads to extra NL effects in fibre)
‘imec umec
COMPENSATING NONLINEAR FIBER EFFECTS USING RC RC QUTPERFORMS LINEAR EQUALISATION
+  We backpropagate through entire NL KK receiver during training Distorted signal after 40 km fiber equalized using 16-tap optical tapped delay line (left) and
+ Can use the 4 QAM signal as target signal (as opposed to target signal before the 16-node reservoir (right).
receiver). Testing on 26,700 symbols, training on 6,000 symbols.
i :
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4 OM; v Linear equalization: BER 4e-2 Reservoir equalization: BER 8e-5
s mec a LMEC
GoAL

Can we use a single reservoir with a single set of weights to process
the same task in parallel on muitiple wavelengths?

- Higher throughput

->Save chip area

EXPLOITING WDM IN RC
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STRATEGY 1: ENGINEERED INTERCONNECTION LENGTHS

BER

B T\

Period - 2 7 phase shift Wavelength

Challenges: roughness, length variations
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STRATEGY 2: MULTIPLE-WAVELENGTH TRAINING

BER

arbitrary
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Wavelength
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JNCREASING ROBUSTNESS AGAINST ENVIRONMENTAL VARIATIONS

BER

Wavelength

Challenge: maintaining good performance over entire range
— appropriate # and spacing of training wavelengths required
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XOR task

frequency {THz)
193.14 193.13 193,12 193.11 193.10 193.09 193.08 193.07 193.06

bit error rate

5227 1552.3771552.4 15525 1852.6 15527 15528

1073
15,
wavelength [nm}
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(GOOD PERFORMANCE UP TO 2 WAVELENGTH CHANNELS

GOOD PERFORMANCE FOR HIGH NUMBER OF WAVELENGTH CHANNELS WITH
FIXED SPACING

XOR task Header recognition task

trequzney [THz2] frequency [Tzt

193115 193110 193105 193100 193035 193115 193110 193105
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OPERATING RANGE INCREASES BY FACTOR >2

XOR task 2 different reservoirs XOR task

frequenzy THz] frequency {THI)
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single wavelength training
multiple wavelength training
argetted performance range

Average: 24.5 pm > 633 pm /5 GHz -> 7.6 GHz
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Performance degrades for >2 target wavelengths
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COMBINING LENGTH ENGINEERING WITH ROBUSTNESS AGAINST

g e b — GOOD PERFORMANCE ALONG BROAD WAVELENGTH RANGE FOR HIGH

NUMBER OF WAVELENGTH CHANNELS AT FIXED SPACING
XOR task

BER trequency [THz]
(9316 19314 19312 10300 19308 19306 19304
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bit error rate
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JAMMING DETECTION
Successful identification in real time of in-band and out-of-band jamming
e
OTHER TELECOM TASKS I . I d Aldsathtl §
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MODULATION FORMAT IDENTIFICATION: BPSK vs QPSK
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BIOLOGICAL CELL SORTING
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FLOW CYTOMETRY
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A SPATIAL ANALOG OF RESERVOIR COMPUTING
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Phase-to-intensity transfer funclion  ==p Power-independent nonlinearity
is sinusoidal avallable for computation

by EC

EXPERIMENTS ON BEADS WITH DIFFERENT SIZES

" class separation
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DIGITAL HOLOGRAPHY
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Goal: 1000 microfluidic channels in parallel == -~ 1000 dassifications
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SCATTERERS INCREASE HOLOGRAM COMPLEXITY

No scatterers 4 ordered scalterer layers
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MUCH FASTER THAN OTHER WORKS IN LITERATURE
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NEXT STEPS: EXPERIMENTS WITH AN EVENT CAMERA CONCLUSIONS

Pagtictes A {335 jun}

Reservoir computing

is interesting new paradigm

Particles B117.5 unt) for all-optical information processing
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No need for background subtraction!
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X Be Workshop Schedule

photonics research group - Sea X | [} Publications

othens ugent - Search Athera

plasmaniac.eu wori

Tuesday, 7th December 2021 (CET)

9:10-9:20AM Get connected

Session 4: Reservoir Computing

Chairman: Prof. P. Bienstman

$:20-10:00 AM

—

10:00 - 10:40 AM

Lomou

Download presentation = pdf: [ video: @t

10:40-11:20AM
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