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ISRS in Multi-band WDM Systems

Inter-channel Stimulated Raman Scattering

ITG 2023 - Copyright VPIphotonics



= GNLS describes propagation of DWDM signal

along a fiber*

= Numerical simulations

 Accurate

* Time-consuming

* A. Richter, G. Di Rosa and I. Koltchanov, "Challenges in Modeling Wideband Transmission Systems,” in 2022 European Conference on Optical Communication (ECOC), December 2022.
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“VF’Ipangnics

= Power transfer due to Raman effect

* Intra-band in DWDM signal
* Inter-band in multi-band DWDM signal

Raman gain (1/km/W)
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“VPIphO:ronics ISRS in Multi-band WDM Systems

DESIC AUTOMATION

= Simplified propagation equations describing inter- 08
channel power transfer® 3
g 0.5 i'
= Numerical calculations for a single 100 km span 3 PAN
« ~0.5 dB tilt in output power of DWDM signal in C-band = [}-2"__.""" R
« up to 10 dB tilt when S, C, and L-bands are in use T L

Frequency shilt (THz)

TILT VALUE FOR DIFFERENT SPECTRAL UTILIZATION
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= The effect is accumulated over several spans! .

A
v

* S. Cani et al., "An Analytical Approximated Solution for the Gain of Broadband Raman Amplifiers With Multiple Counter-Pumps,” Journal of Lightwave Technology, vol. 27, no. 7, pp. 944 - 951, October 2009.
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ISRS in multi-band WDM Systems

Accounting for ISRS at Network Planning
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“VPIp!jgjggjgg Accounting for ISRS at Network Planning

0.27

= Solve propagation equations® numerically

0.25

« Good to estimate quality of signal for a given
transmission line (TL)

« Time-consuming - not efficient at network planning

0.23

0.21

= Define effective attenuation coefficient

Attenuation Coefficient (dB/km)

0.19

1 | |
1,480 1,510 1,540 1,570 1,600

ag}i]?l — ln[P(O)/P(L)]L Wavelength (nm)
oy fiber attenuation coefficient at frequency f;
. p(()) — per channel power at the fiber input and aggy for different spectral utilization

. 0 dBm/channel @ fiber input, 100 k
« P(L) — per channel power at the fiber output (0 dBm/channel @ fiber inpu m span)

« L —fiber length

= Estimate quality of TL via agff" : | P(L) = P(0)e /7

* S. Cani et al., "An Analytical Approximated Solution for the Gain of Broadband Raman Amplifiers With Multiple Counter-Pumps,” Journal of Lightwave Technology, vol. 27, no. 7, pp. 944 - 951, October 2009.
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“VPIphojonics Effective Attenuation Coefficient

DESIC AUTOMATION

0.27
. UM

aqrr depends on many parameters

 DWDM signal parameters
o Per channel power
o Channel frequencies and spacing

0.23

0.21 |-

Attenuation Coefficient (dB/km)

| | | |
1,480 1,510 1,540 1,570 1,600
Wavelength (nm)

0.19

a;. fiber attenuation coefficient at frequency f;
and aggy for different spectral utilization

(0 dBm/channel @ fiber input, 100 km span)

ITG 2023 - Copyright VPIphotonics



“VPIphojonics Effective Attenuation Coefficient

DESIC AUTOMATION

0.27 —
= a,rs depends on many parameters g |- S
@ 0.25 g:'-.:"-,_. e S+L
 DWDM signal parameters z e
o Per channel power £ o
. . O .
o Channel frequencies and spacing o R, Bea,
] g Soostate,. | _g00eT
« Fiber type and length g e
< 019 o el
= Look-up table - clumsy approach T I
avelength (nm
= Can a,.f be calculated analytically? E ozl e a0
3 0 [ A P 80k
= 023 ::T‘:.::.‘ e 100 km
% 0o _ ;:E-ETi::,_-,f — s
5 019f R LTt
g 0.17 | | | | | -
1,535 1,555 1.575 1,595

Wavelength (nm)
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Analytical Approach to ISRS modeling

Propagation Equations
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“VPlphDj‘OﬂiCS Propagation Equations

DESIC AUTOMATION

= Equations accounting for stimulated and spontaneous Raman scattering®

dPE 4 CR.uw _
=Tl EP Yy —E - (B P
pH>=v
= Signal-to-Signal interaction only** TPEY E%Tﬁ (Pf+P;)
<v
* No spontaneous scattering N /
« No Signal-to-Noise interaction Lon. N YR pv | poy
==VEr 7 Cp T p )TN
H>v

** Justification is given later

* S. Cani et al., "An Analytical Approximated Solution for the Gain of Broadband Raman Amplifiers With Multiple Counter-Pumps,” Journal of Lightwave Technology, vol. 27, no. 7, pp. 944 - 951, October 2009.
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= Copropagating only

XYV Piohatanics

= Equations accounting for stimulated Raman Scattering

Propagation Equations

dPF
dPy(z) dz
e = —ayPg(z) + Px(z Z ginPi(z) (1)
1#k
where
[ fiC
L 2k f; < fi.  Pr(z) — power of DWDM channel at frequency fy
Jik = 3 fk a, — fiber attenuation coefficient
L fi>f C;;, — Raman gain efficiency
. f [' — polarization factor
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v Cr v _
=Fa B Err Yy (B4R

pH>=v

— OR,uV +
T P Z,u 3 (P +Py)

p<v

 Numerical calculations

* Analytics ?
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Analytical Approach to ISRS modeling

Iterative Approximation to Analytical Solution
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i Iterative Approximation to Analytical Solution

AUTOMATION

= Signal-to-Signal interaction is negligible —— zero order approximation

TE) — B0 + P Egabiter (1) == POG) = R0 (2)

ik
= First order approximation, after substituting (2) into the right side of (1)

(1, \ oz o L e Correction due to
Pe(z) = Pp(0)e [GXP [thkﬂ((}) v ] interfering channels

itk t

= Effective attenuation coefficient in the 15t approximation

rf 1eff ik Yikli
O‘f.tjcfj(l) = ap + E Aig, fL , o (3)
ik L/ =1 —-e %) /a;
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VP|[J|'IDN1'0FIiCS Numerical Calculations vs. 15t order Approximation

DESIC AUTOMATION

= Zero order approximation

» Applicable to short fiber spans or to a few channels

= First order approximation
» Applicable for a single band or adjacent bands, short spans, or quite low input power

C+L S+C S+L S+C+L

I I Okm | e oOkm || e Nkm | L e 50 km
. 2L L . so0km | e ol 0 | s om0 |ias. 100 km
. —6 - 10 Coweo 100 km R A A R 60 km [ R T km — 0.75 140 km
x e e 80 km =) - 90 km @ 2 v
s R e N B L L S [ A S P = . = et
3 03 = 0 1 =2 —05)- = , . . ;
Se 7 i S S T —0.95)] A e e
A, .
ai llll '_.- - M —0.15F PR T PR T L it 3; ° [ a; . -"\-..-"'..’ K g %;:;" ",
::i: - . . :_; T eeseda :‘l —0.7 —;“ ...’I- ........................ ...'-.." .....q;_ :'l "- ‘..“. '.l'
£ " . ‘. & ol Lesesesesillinsisiaeet TN o 5 Teeeee” R PRT R oL P T ol I Y ~
—0.13 | - y “lese” T et Mraet” Moy o
St 09} e -
1 | 1 1 1
1,.—';:15 1;;55 1,575 1_.:;!)5 1,495 1,515 1,535 1,555 1.,-15)0 J';b 1,550 1.,.';95 1,flmu 1,525 1,560 1,595
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
* The higher the fiber length or spectral utilization,
the higher the discrepancy with numerical calculations!
15
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“VPlphDj‘OﬂiCS Improving Analytical Solution

DESIC AUTOMATION

= Second order approximation, after substituting (3) [ 1

0.14 .
into the right side of (1) 5 o
: ol el CTTVR oo cesteeens. |
2 - Y
’ — A _ J A i i
C}fk —_— ak; Z A%I{J L ] Ll - Z ;tlA]l (4) :3\ 0]4 "00“.000.... .
i#k J - e CHL
N e S+C
—0.28 S+L
S+C+L
2 _eff(2) : = . . ‘
Pk( )(L) = P, (0)e™ % L 1,480 1,510 1,540 1,570 1,600
Wavelength (nm)
Power difference vs. A @ fiber output
m Assumption- (0 dBm/channel @ fiber input)

° a; = qj, i.e., fiber attenuation coefficients for interfering channels are identical
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Investigated Use-cases

1 x 100 km Transmission Line
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“VP"JME onIcs Validation of Simplified Propagation Equations

= Propagation equations without signal-to-noise interaction, because

SRS tilt is high when wide spectral range is in use
dPy(z)

* Qutput DWDM signal needs equalizing e = —aPx(z) + Px(z Z 9ik Pi(z
» Extra loss due to equalization G
« Raman noise negligible, VS.
compared to preamplifier ASE
dP;t CR, v —
o= ;aijin;T”- (PF+P))
= Numerical solution extended to account for FPEY Cfli“*’ (PH+P))

pﬂ(v

Raman noise and its amplification gives

< 0.01 dB difference in OSNR values. Lavg, 3 Cr (PF+P) T
E.v T I pw) "LN

p>v

FEEY VOR’”’"4NE# T

r
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“VPIp!jgjggjgg Single span transmission line

= The difference in dB between per channel power @ fiber output

calculated numerically and via a,‘iff(z)

e <0.05dB when C and L bands are in use

« <0.3dBwhenS, C, and L bands are in use
o Underestimation of channel power at blue side of S-band (0.15 dB)
o Overestimation of channel power at red side of L-band (0.3 dB)

MAXIMAL ERROR FOR DIFFERENT SPECTRAL UTILIZATION

Approx. P.(L) - P (L) (@B)
No. C+L | S+C | S+L | S+C+ L ; ;
1 o1 o3 09 173 0 dBm / channel @ fiber input
2 0.05 | -0.15 | -03 03

= The accuracy is lower at higher spectral utilization due to the assumption
about equal attenuation of interfering channels.
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“VPIpnqmi;g

Single span transmission line

= Different power levels at fiber input with S, C, and L bands in use

« Same per channel power

o Per channel power varies in range [-3;3] dBm

o Maximal error

MAXIMAL ERROR WITH S, C, AND L BANDS IN USE

Input per Channel Power (dBm)

-3

0

1

Pe(L) - P* (L) (dB)

-0.15

-0.3

-0.6

* Non-flat input signal

o Lower powers at lower frequencies and higher powers at higher frequencies, i.e.,
“inverse” ISRS tilt

o Power range at lower frequencies is [-10;-3] dBm
o Power range at higher frequencies is [-3;3] dBm
o Maximal error is below 0.5 dB
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“VPlphOfOﬂiCS Simulation Results

DDDDDDDDDDDDDDDD

6 x 100 km Transmission line

N P W h
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“VHD!]Q]‘QQE% Six Span Transmission Line

= Propagation of multi-band DWDM signal along 600 km transmission line

» Different combinations of fully loaded frequency bands

» Accumulated tilt is higher after several spans

* Power equalization

» Exact compensation of fiber and equalization losses after each span

o 0 dBm channel power at the input of each span
o 5 dB amplifier noise figure

ITG 2023 - Copyright VPIphotonics
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NVP|D!‘JQ]‘QQ]§§ Six Span Transmission Line

= Propagation of multi-band DWDM signal along 600 km transmission line

» Different combinations of fully loaded frequency bands
» Accumulated tilt is higher after several spans
* Power equalization

» Exact compensation of fiber and equalization losses after each span
o 0 dBm channel power at the input of each span

o 5 dB amplifier noise figure OSNR DIFFERENCE

OSNRWO) . OSNR™) (dB)

= Significant difference between Distance (k) [CFL [SCTS+LTS+CL
zero approx. and numerical calculations 2x100 9 [ 21 | 309 57
6x100 1.9 2.1 3.9 5.6

= Reduced cumulative error (OSNR™ — 0SNR®)

e 0.1dB - C and L bands are in use
« 0.6dB - S,C, and L bands are in use
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“VPlphOfOﬂiCS Simulation Results

DDDDDDDDDDDDDDDD

9 span Transmission Line from 17 node network
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“VPlphojonics 9 Span Transmission Line

DESIC AUTOMATION

= Transmission line from Nobel Germany Network® with 17 add/drop nodes

= Traffic matrix corresponds to 2030 year : . i i
pl ann.i n g p er.i O d %% i it i i e i
= The shortest route between Berlin & Cologne
* Four add/drop nodes
* 6 repeater huts
9 fiber spans of different lengths L- band L +C- band L+C+$-band
|

Exact loss compensation at add/drop nodes and repeater huts
= Equalization at add/drop nodes only

* Zuse Institute Berlin, “SNDLIib”. [Online]. Available: sndlib.zib.de. Accessed: 2023-05-05.
** D.Khomchenko; S.K. Patri; A. Autenrieth; C. Mas-Machuca; A. Richter, "Transmission-Aware Bandwidth Variable Transceiver

Allocation in DWDM Optical Networks,” in 2021 International conference on Optical Network Design and Modeling (ONDM), July 2021.
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“VHD!]Q]‘Q@E% 9 Span Transmission Line

= Transmission line from Nobel Germany Network® with 17 add/drop nodes

294.9 km . 211.6 km ye 94.6km

= OSNR overestimation (if ISRS is ignored)

e < 1dB for actual traffic matrix
« < 2 dB for full loading

<=m - without ISES

]
- R vy @ | 28 - e with 18RS N -
S pon gp PSS IR with SRS H
E+r-alREE s SR i /
il i j 26 |- N L- band L +C - band L+C+S-band
26 | g e i
o gis R i m /
i% 2 : - - 3 =) / /
£ 5 . s || Wavelength (nm)
= }W.i! T g 241 C— R .
L 24 . PRI 2 N
7] o v : < -
o ’/ c,-: o p - .
- 22 o a
-

L IE wil.huu} I.*ERS _ 20 N
------ with ISRS - | | |
1,505 1,530 1,555 1,580 1.605 1.480 1,510 1,540 1.570 1,600
Wavelength (nm) Wavelength (nm)

* Zuse Institute Berlin, “SNDLib”. [Online]. Available: sndlib.zib.de. Accessed: 2023-05-05.
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“VPIpnqmigg

= Analytic approach to ISRS modeling has been presented

* Quick assessment of cross-channel interference when planning
ultra-wideband DWDM optical networks

» Applicable to different configurations, including
o Fiber spans of different lengths
o Different bitrates, modulation formats and power levels at each lightpath

« Analytical approach provides sufficiently accurate results for reasonable
channel input powers

ITG 2023 - Copyright VPIphotonics

Summary
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