Vo Y bolitecnico
MEETING SERIES

\,ﬁﬂﬁﬁmﬁﬁf# di Torino
W 1859 ‘”

e SO e

Applications and Design of Arbitrary
Gain-Profile Raman Amplifiers

A. CARENA?, A.M. ROSA BRUSIN?, UIARA C. DE MOURA?, F. DA ROS!, D. ZIBAR?
1. OPTCOM Optical Communications Group — Politecnico di Torino, Torino — ITALY

2. DTU Fotonik — Technical University of Denmark, Lyngby — DENMARK

BOPTCOM



V4 'E ~
s jv 4

BACKGROUND: TRAFFIC INCREASE MEETING SERIES Bl Frltecnic
o |nte rnet data traffIC always |ncreases Data volume of global consumerlPt:rafﬁcfrom201h7;to 2022, by connection type (in
exabytes per mont
= More devices connected

= New bandwidth hungry services and applications

300

= |ntroduction of 5G will exacerbate the situation

= To face this continuous growth a promising solution
to increase optical system capacity is to extend
transmission band 0

100

2017 2018 2019* 2020* 2021* 2022"

" From C-band towards L-band and beyond

= Optical amplification beyond C-band is a challenge e
= Doped fiber amplifiers
= SOA

= Raman amplifier
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RAMAN AMPLIFICATION MEETING SERIES (B} Polerico

A

= Raman amplification can complete this challenge

[ r— ' r ‘ e S

= Availability of amplification in any bands //:QC:SLJJ 2
* Broadband amplification in multi-pump m =T
configuration — 1 E E

= Flexible and programmable gain by properly e L[ Z=F
adjusting pump powers and frequencies AR l*:z:a:;; o

= Arbitrary gain profiles compensating for tilts and \ _j N j

ripples in hybrid solution Froqseney 1k
= |t allows to avoid Gain-Flattening Filters

" Lower noise figure than other amplification
solutions because it is a distributed gain
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= Reconfigurable optical networks allow and to
dynamically adapt to traffic demand

= Network control plane must implement efficient
resource allocation

= Physical layer awareness is fundamental for the
evaluation of Quality of Transmission

=" Network elements, as the optical amplifier, must
be abstracted to allow fast reconfiguration

= Real-time models of Raman amplifiers are needed
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Raman amplifiers and Machine Learning

Previous works

| .oad Aware Raman amplifier analysis

L.oad Aware Raman amplifier design

SRR S

. Conclusions
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THE RAMAN AMPLIFIER MEETING SERIES

RAMAN AMPLIFIER
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Efficient design of gain-flattened multi-pump
Raman fiber amplifiers using least squares
support vector regression

Jing Chen

, Xiaojie Qiu, Cunyi Yin and Hao Jiang

College of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350116, People’s Republic

of China

E-mail: jiangh@fzu.edu.cn
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The Raman Amplifier Case I
B g
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D. Zibar, A. Ferrari, V. Curri and A. Carena, “Machine Learning-based Raman amplifier design”, 2019 Optical Fiber
Communications Conference and Exhibition (OFC), 2019.

D. Zibar, A. M. Rosa Brusin, U. C. de Moura, F. Da Ros, V. Curri, and A. Carena “Inverse System Design Using Machine
Learning: The Raman Amplifier Case," in Journal of Lightwave Technology, doi:10.1109/JLT.2019.2952179
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ML-based RA+EDFA design over C+L-band M Fliss
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Machine Learning for Ultrawide Bandwidth Amplifier
Configuration @
=
Maria Ionescu*® g
Nokia Bell Labs Paris-Saclay, Nozav, 91620, France :]:J
*e-mail: maria.ionescu(@nokia-bell-labs.com o
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M. lonescu, "Machine Learning for Ultrawide Bandwidth Amplifier Configuration,” 2019 21st International -50 .
Conference on Transparent Optical Networks (ICTON), 2019, doi: 10.1109/ICTON.2019.8840453. P980 P1427 P1495
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= All these works presented in previous slide have a
COMMON FACTOR: they assume at the input of the
Raman Amplifier FULL LOAD condition

" In dynamically reconfigurable networks, optical links
operate with PARTIAL LOADS

" Does this have an impact on the behaviour of the
Raman amplifier?
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EFFECT OF PARTIAL LOADS ON RA ) Tt

Full-load vs 1 subband ON Full-load vs 4 subbands ON Full-load vs 7 subbands ON Full-load vs 10 subbands ON

186 188 190 192 194 196
Frequency [THz]

186 188 190 192 194 196
Frequency [THz]

Fixed pump powers and frequencies:
. fp=[210.51 207.28 204.15 201.11 198.16] THz
. Pp=[246.7,237.7,194.2,192.7,168.8] mW

BOPTCOM
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Load Unaware NN (LU-NN) Load Aware NN (LA-NN)

Pump
Raman powers Raman
gain oain
profile orofile
Spectral

load
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SIMPLIFYING THE PROBLEM MEETING SERIES {3 R

= C+L bands: 220 frequency slots of 50 GHz
= Partial load: each frequency slot can

be ON or OFF ‘
" |n partial load scenario: 2220 possible
combinations + pump powers = 10 adjacent frequency slots grouped
arbitrariness together to form a sub-band
= Each sub-band is 500 GHz wide and
can assume two states: ON or OFF
' = Total of 22 sub-bands over the entire
11 THz C+L-band
TOO LARGE! * 12 sub-bands in the L-band
: e 10 sub-bands in the C-band

=0PTCOM 19
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DATASET GENERATION {3 LGS

" General data
= Five pumps
= Fixed pump frequencies fp=[210.51 207.28 204.15 201.11 198.16] THz
= C+L band: f € [185,196] THz
= 22 sub-bands: 500 GHz each

= We generate 11000 different partial loads configurations

" To emulate all load conditions, we consider different classes (C, L and C+L) and
sub-classes (number of sub-band ON) of elements with randomly selected sub-
band positions

= Using the numerical Raman solver included in GNpy we generate the
corresponding gain and noise profiles

=0PTCOM 20
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Load Unaware NN (LU-NN)

O G(fy)
Pump
O G(f,)  Raman powers Raman
gain gain
profile profile
Spectral
QO G(fyep) load SO

y
= Training method: Random projection

= 1 hidden layers, 1980 neurons per layer, activation function: tanh

= Same approach can also be used to predict ASE noise profile generated by
Raman amplifier

BOPTCOM
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NUMERICAL
RAMAN SOLVER

Target profile
Gtarget

Gain ¢

BOPTCOM

TRAINED NEURAL
NETWORK

COMPARISON
Maximum error:
Errory ax = ier{rB\)I(SbJGpred'i(f) - Gtarget,i(f)'

Root-mean-square-error (RMSE):

Nsp
1 2
RMSE = \/N_bE(Gpred'i(f) - Gtarget,i(f))
V=1

Predicted profile

Gpred
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TESTING RESULTS: LU-NN vs LA-NN

LU-NN

LA-NN
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TESTING RESULTS: LU-NN vs LA-NN MEETING SERIES
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Median ~ 0 dB

Box size < 0.14 dB Raman gain prediction

Box: 50% of cases
Whiskers: 90% of cases

m Lo ) . | | | | | | | | | | |
= 1L | Whisker size <0.39 dB ‘ . : : |
r REERE
S o + + + 4+ % -+ -
.5_02?%%%%%%:%%% T T
45 ° 1 H H 7 —
'g 1 < C-band > <€ L-band >
& sl | | | | | 1 | | | | | | | 1 | | | | | | |
1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Sub-band index (from lower to higher wavelength)
ASE noise prediction
m Lo | | | | | | I I
= 1k S e e R
5 051 S A T e I A S j—
KRR EERREE RN EEE R
3 : ! ~ - : i i : !
AR ro— R £ Sy | S S S G
5_1.5 1 | 1 C-band [ | | ~ | | | Lrband[— | | | L
1

2 3 4 ) 6 7 8 9 10 11 12 13 14 15 16 17 18
Sub-band index (from lower to higher wavelength)

A. M. Rosa Brusin, U. C. de Moura, V. Curri, D. Zibar and A. Carena, "Introducing Load Aware Neural Networks for
Accurate Predictions of Raman Amplifiers," in Journal of Lightwave Technology, vol. 38, no. 23, pp. 6481-6491,
Dec. 1, 2020, doi: 10.1109/JLT.2020.3014810.
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Load Aware NN (LA-NN)

" Training method: Levenberg-Marquardt

= 2 hidden layers, 40 neurons per layer, activation function: tanh
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|Gy, Gy, ..., Gy ) S1,S2, - Shr, |

Gtarget
TRAINED
LA-NN
Predicted pumps power NUMERICAL
S RAMAN SOLVER
COMPARISON
Maximum error:
Erroryax = iera%VXsb}lered'i(f) - Gtarget,i(f)l A Gain
. G red
Predicted Root-mean-square-error (RMSE): Mamet
profile Nep
1 >
Gpred RMSE = \/N ) Z(Gpred,i(f) - Gtarget,i(f))z f
0=
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TESTING RESULTS: ARBITARY PROFILES ) e

].5 T T 100 —e T ——=70
P 99.9%
—RMSE |
————— Erroryax 75 / '
].O r T ? I'/ :
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/ I
, . / R Erroryrax
() ' 'vv,""_l_ e | 0 7 | I | ! L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Gon-orr prediction error [dB] Prediction error |dB]
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TESTING RESULTS: FLAT PROFILES DT pApe
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= 1000 different partial loads

184 186 188 190 192 194 196
Frequency [THZz]
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TESTING RESULTS: FLAT PROFILES
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= 1000 different partial loads
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= For ultra-wide band transmission, Raman amplification is an
enabler to deliver arbitrary gain profiles at any wavelengths

= Machine Learning based methods allow for fast and accurate
Raman amplifier analysis and design

" Load awareness is fundamental for applications in dynamically
reconfigurable networks

= Direct NN predicts gain and noise profile to be effectively used in
network controller

" Inverse NN predicts pump powers to design the required gain profile
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Thank you for your attention!

andrea.carena@polito.it

Slides available at: https://www.optcom.polito.it/talks
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