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Context
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» Presentation on the GN model three years ago at OFC

» In the meantime:

» the GN model has enjoyed widespread adoption and
utilization in many different contexts

» on the other hand its shortcomings have been clearly
pointed out, and then studied and understood

» New models have since appeared that address or
avoid those shortcomings
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» Several peculiar and specific aspects of non-linearity generation have
also come to the forefront:

» long-correlated nonlinear phase and polarization noise
» the impact of co-propagating ASE

» symbol rate optimization

» format-dependence of non-linearity generation

» the depletion of signal power (“pump depletion”)

» impact of Raman

» others...

» All of these effects are being addressed and studied in depth, and
sophisticated models are being proposed to better account for them

» As a whole a wealth of modeling results have been published
over the last three years and the trend is continuing strong
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» Which effects are important in my system and which are not ?
» Do | really need to use more complex models?
» What is the accuracy that | may expect from the various models ?

» What model should | use/trust for my system ?



this version of the tutorial
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» The GN-model: an in-depth critical review

» The enhanced-GN model: pros and cons

» The specific effects:
» long-correlated phase/polarization noise
» impact of Raman amplification
» co-prop ASE noise and signal depletion

» The future: more advanced models and beyond



GN-model
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a bit of retrospection
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About 2007-2008 it finally became clear that the coherent
revolution would definitely take place

Surprisingly, the optimum scenario turned out
to be that of no dispersion compensation !

» that was new and uncharted territory

Of course split step simulations were possible, but
(especially then) with limited effectiveness

Some system modeling guidance was needed to make
sense of this new situation

» a practical and manageable tool was necessary
» accuracy should be good (though perfection not required)




what needs to be modeled ?
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the non-linear OSNR
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the non-linear OSNR
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» NLI: Non-Linear Interference, the disturbance created by non-linear effects



what is the fundamental quantity ?
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models must
provide
the NLI PSD
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the Gaussian “blob”
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Many other models exist
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» There are many (variously overlapping) families of models
» A non-exhaustive list is:

time domain

frequency domain

Volterra-based

first order perturbation

higher-order

regular perturbation (RP, with variants)

logarithmic perturbation (LP, with variants)

pulse-collision based

more classes sub-classes based on specific assumptions and approximations...

v VvV Vv VvV VvV VvV VvV v v

» The GN model is a frequency-domain RP first-order model

» with the distinctive assumption of the signal being dealt with as (colored)
Gaussian noise
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Comments

» Many of these models are similar and almost equivalent

» Manv are more sophisticated and more accurate than
the GN model

» Perhaps the GN model:
» strikes a balance between complexity and accuracy
» this might explain its good reception and wide use

» TBD in a few minutes
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list of symbols

» In the following:
» o loss coefficient
» B, dispersion coefficient
» v fiber non-linearity coefficient
» N, number of spans
» L span length
» R channel symbol rate
» P, power per channel

1- expl -&aL
» L., span effective length: L = o y

24
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The incoherent GNRF
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» It turns out that, through a
somewhat drastic (but justifiable) approximation:
in” (2N (f,- £)(f, -f) 4L)
Sin ﬁ(l_ )(2_)@‘3 ) N
S

sin’ (207 (f,- £)(f, -f) )

Poggiolini P, Bosco G, Carena A, Curri V, Jiang Y, Forghieri F. “The GN model of fiber non-linear propagation and its
applications.” J Lightwave Technol 2014;32(4):694-721

» This is equivalent to saying that the NLI noise created in each span
sums up in power (incoherently) at the receiver

» The incoherent GN model is born...




A strange paradox...
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About 2007-2008 it finally became clear that the coherent
revolution would definitely take place

Surprisingly, the optimum scenario turned out
to be that of no dispersion compensation !

» that was new and uncharted territory

Of course split step simulations were possible, but
(especially then) with limited effectiveness

Some system modeling guidance was needed to make
sense of this new situation

@mctical and manageable toobwas necessary

accuracy should be good (though perfection not required)



http://www.computerhowtoguide.com/2011/11/google-adsense-alternatives-that-work.html

performance...
SOPTCOM

OFC 2016 www.optcom.polito.it 40



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | ' L e e I L L L
submarine
10000 - B
5000 - terrestrial _
£ - long-haul
=
&
© 2000 - =
Y
§ 1000 - T
g i terrestrial
2 500 medium-short
i haul
200
100 L L | 1 I L L | L I L PN R TR T N Lo L L1

3 £ 5
Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
maximum reach at optimum launch power for various formats and fibers
20000 ' ' | L L L
10000 |- -
5000 : . \ |
£ raised-cosine spectra :
< roll -off 0.05
® - i
g = EDFA NF 5 dB
§ 1000 - ASE added at the RX |
.(% i b
=

5oo:— BER=4 d-..DS —
| g J |

200 - —

100 Cb e e e e e e e e
3 4 5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

BOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
10000 - red: SMF i
5000 - .
c I 1
X
=
&
S 2000 - -
n'd
g 1000 |- B
£ : -
>
© - ]
S 500+t .
32 GBaud |
15 channels
200 - 100 km spans |
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by

3 £ 5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
| ' ' | e L L L L
50 GHz 33.6 GHz
10000 - \l/ \l/ red: SMF :
c 5000 - ¥ : PM8QAM il
< I PMQPSK { A \
£ [ e PM16QAM
8 2000 [ A \ i
2 T
c PM32QAM
g 1000 - [ A \ 7]
E e
© I |
S 500+ —
B 32 GBaUd ...................................... :
15 channels ‘ v ’
200 - 100 km spans PM-64QAM
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by
3 4 5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
10000 - red: SMF i
c 5000 - Y ’ -
I PMQPSK I
X e
S S 50 GHz 33.6 GHz
&)
S 2000 l, l :
2 T
c PM32QAM
g 1000 [ A \ B
E e
© I ]
S 500 -
B 32 GBaUd ...................................... :
15 channels ‘ v ’
200 - 100 km spans PM-64QAM
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by
3 4 5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
blue: PSCF
10000 - red: SMF i
5000 | .
= I 1
X
-C" ......................................
&
S 2000 - -
2 T
g 1000 B
£ e et S N i
S b
© I ]
S 500 -
B 32 GBaUd ...................................... |
15 channels
200 - 100 km spans |
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by

3 £ 5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



The big picture

BOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
...................................... blue: PSCF
10000 - red: SMF i
O ]
= - 1
X e
-C" .......................................
&
o 20007 |
2 T S L TR
g 1000 7]
E L, -
S L
© I |
S 500+ —
B 32 GBaUd ...................................... i
15 channels
200 - 100 km spans 7
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by
3 4 5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
...................................... blue PSCF
10000 - red: SMF _
i green: NZDSF |
soon | ]
= I
e O o (e S
s
&
§ 2000~ _
it
g ool l
-g T N
S b e
x i |
S 500+ ‘
L 32 GBaud ............................................................................ i
15 channels
200 - 100 km Spans .................................. |
LINES: incoherent GN model '
100 L L | ! I L L | L I L e e e e b e b b by

3 £ 5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



OFC 2016

PSCF
SMF

NZDSF
(E-LEAF)

dispersion
D
ps/(nm km)
20.1 0.17
16.7 0.2
3.8 0.22

www.optcom.polito.it

Fiber data

non-linearity

g
1/(W km)

0.8
1.3

1.5

49



The big picture

BOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
...................................... blue PSCF
10000 |- red: SMF i
i green: NZDSF |
soon | )
= I
X | e e—,—
s
&
(] 2000 e e ., |
m .........................................................................
g ook —— l
E L e |
S e b i
X I |
S 500+ 7
- 32 GBaud ............................................................................ i
15 channels
200 L 100 km SpanS ................................... |
LINES: incoherent GN model '
100 L L | ! I L L | L I L e e e e b e b b by

3 £ 5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | e L L L L
...................................... blue: PSCF
10000 |- red: SMF i
I green: NZDSF |
O ]
& - ]
e O T D AT S
-Cn ...................................................
&
o 20007 |
OC | T,
g 1000 7 7]
£ O L i
< L e LTI |
S 500 MARKERS: simulations .
i 32 GBaUd ............................................................................ i
15 channels
200 L 100 km SpanS ................................... |
LINES: incoherent GN model '
100 L L | ! I L L | L I L e e e e b e b b by

3 £ 5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
' ' | L I L L B L LU I
LU TP T K blue: PSCF
10000 - red: SMF i
I reen: NZDSF |
R Ko e, S0CHz  375GHz g3eGHz ]
c 5000 - l \ l 5% error bar T
X % - |
N *.. R Heeen
E . S L IO *
8 2000 - 7
g . Kerrerreneessi, R
o — Ko
g 1000 * ¥ % B
i * .......... * .......................................................... T
.(% L e LT R B K ]
S 500 MARKERS: simulations » % .
- meBad K K g 6
15 channels %
200 L 100 km SpanS .......................... ?|.6' ...... * |
LINES: incoherent GN model
100 L L | ! I L L | L I L e e e e b e b b by
3 4 5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maximum reach at optimum launch power for various formats and fibers
L L L UL L L L L L L L e
blue: PSCF
red: SMF
10000 - PM16QAM green: NZDSF |
{ : |
£ 5000 - PM32QAM |
= ’ \
S T e N A
8 ......................
€ 2000 - | | , PM64QAM |
E ...................................... IR L LR LT EEET aana
T T e S
£
s 100- E
2 C e, R L LT T T T PP S )
- 32 GBaud
500 __ 15 Channels ......................................................... |
60 kmspans
LINES: incoherent GN model
200 P I T T T O S S S T S T S S S S ST S S S T T T T [T ST ST S T S N A A A S A R A A B S A AN S A A A A A
5 6 7 8 9 10 11 12

Raw Spectral Efficiency, bit/(s Hz)



The big picture

BOPTCOM
20000 maX|mum reach at optlmum Iaunch power for various formats and fibers
I T L L L L L L L L L L IR L L
I\/IARKERS S|mulat|ons blue: PSCE
red: SMF
10000 - green: NZDSF |
E ggol T ————— _
X
<
O L s ———ae oo
e OO
Q
@ 2000F .
E ...................................... Bt Ll LT T T TEET T o,
T
£
S 100 E
2 L e nnnaaeeerennans 7
- 32 GBaud
500 __ 15 Channels ......................................................... |
60 kmspans
LINES: incoherent GN model
200 P I T T T O S S S T S T S S S S ST S S S T T T T [T ST ST S T S N A A A S A R A A B S A AN S A A A A A

5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



The big picture

SOPTCOM
20000 maX|mum reach at optlmum Iaunch power for various formats and fibers
I T L L L L L L L L L L IR L L
I\/IARKERS S|mulat|ons blue: PSCE
red: SMF
10000 - green: NZDSF |
-------------------------------------------------------------- i 5% error bar I :
£ 5000 ¥ % * i}
X
=
B L LT LT P . O O
§ ¥ i L JLTTTTT Py e, .*
DEC 2000 )
............................... *-faM-.-.r.-f*.-,p.-.-_._._._._...............
S Rttt e irmre—— 1 v e s e D TP .
£ -
X 1000 | E
) i e LT . |
2 I b2 Bt TLLTFRTP PP PCCLELPITTT D T ok b
- 32 GBaud
500 __ 15 Channels * .............................................. ?'-e. ....... * —_
60 km spans
LINES: incoherent GN model
200 P I T T T O S S S T S T S S S S ST S S S T T T T [T ST ST S T S N A A A S A R A A B S A AN S A A A A A

5 6 7 8 9 10 11 12
Raw Spectral Efficiency, bit/(s Hz)



Caveats
BOPTCOM

» 15 channels is a limited number

» Going to a higher number, max
reach estimation becomes more
pessimistic

» You may expect a 5%-10%
underestimation of max reach for
fully-loaded systems



The incoherent GNREF...

SOPTCOM

Gy () = N1—6n Giow () Guon () G (£ +8- 1)

1 22t g4h a1

1- j2u° @a

@2 Liff dfldf 2

_f)

iff Sppaam 108 1S gheatesthidard 0 0-12 dB
tins termrcaarbbanegleetectd




The simplest incoherent GNRF...

SOPTCOM

Gy ()= Nl—ﬁn Giow (Do (DG (£ +E- 1)

e Il did,
1+4p*bia®(f- f)°(f,- f)

<

4 it can be integrated analytically !
(with some approximations)
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The simplest incoherent GNRF...

16 g'L,P; 2
= N, 2771 €’| Iazasmhaezf\ |R* NG, fgo

P. Poggiolini o0THhé nGMrMFPdelpagfat Nom
J. of Lightwave Technol. , vol. 30, no. 24, pp. 3857 -3879, Dec. 15 2012.

O

i n Unccnnpensate::),o

4 Other versions address nontuniform spans and all-different

SOPTCOM

\

channels:
4 R Poggiolini, G. Bosco, A. Ca rTeerGAmodd of filemnonr-linear Y. J i
propagati on and Jiot ldghta.peghnal.,cval.t32, nonds pp694 -721, Feb. 2014.
4 PR Johannissonand M. Karl sson, 0 P eanlinearplopagation i a atroragly disparssve o f

optical communication system , @. Lightw. Technol. , vol. 31, no. 8, pp. 1273 81282, Apr. 15, 2013.
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The big picture
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The simplest incoherent GNRF...

SOPTCOM

\

16 g’ P2 .  ap”° Ly =
P..=N eff_ch_a9nh b|R°eN? B
NLI 52710‘ Q @2 a?ég ‘57[‘ S ch [gg

< J

Various restrictions apply, do not use:
* below 20 GBaud
* below D=3 ps/(nm km)

\~ with span loss less than 10-12 dB




a bit of retrospection

— 20PTCOM

4

About 2007-2008 it finally became clear that the coherent
revolution would definitely take place

Surprisingly, the optimum scenario turned out
to be that of no dispersion compensation !

» that was new and uncharted territory

Of course split step simulations were possible, but
(especially then) with limited effectiveness

Some system modeling guidance was needed to make
sense of this new situation

@mctical and manageable toobwas necessary

accuracy should be good (though perfection not required)
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