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Abstract of the Disclosure

The present invention relates to higher order effects in Stimulated Raman

Scattering (SRS) error estimation in an optical fiber network, the network characterized

5 in that it comprises the infrastructure required to measure the power levels of all optical
channels using a pilot tone monitoring technique, the estimation comprising the steps of

determining the multi-channel SRS error value by applying small signal analysis to the
solution of the SRS system of differential equations, calculating the SRS errorin a single

fiber span for all channels by creating a Dither Transter Matrix (DTM) and estimating

10 SRS by observing higher order effects within the DTM.
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SRS Pilot Tone Interaction and Higher Order Effects in Optical Performance

Monitoring

Field of the Invention

Thepresent invention relates to optical performance monitoring of an optical fiber
network and more specifically to Stimulated Raman Scattering (SRS) error estimation

and 1ts etfect on estimating the average power for each optical wavelength using the pilot

tone method.

Background of the Invention

Today's optical fiber networks carry many channels along their optical fibers. A
significant challenge in maintaining these networks is the problem of power level
estimation within these channels at every point in the network or in other words optical
performance monitoring. A simple tool for optical performance monitoring and channel
identification in DWDM (Dense Wave Division Multiplexing) systems is to add small
signal sinusotdal dithers (pilot tones) to optical carriers. Consequently, each optical
carrier has a unique sinusoidal dither whose amplitude is proportional to the average
power of its carrier. These pilot tones are superimposed to the average power of the
optical channel and can be separated and analysed easily. The presence of a specific
dither at a particular point in the network therefore indicates the presence of its

corresponding wavelength and its amplitude will show the average optical power. -

This 1s true when each dither travels solely with its optical carrier. However, an
etfect known as Stimulated Raman Scattering (SRS) precipitates an inter-channel energy
transfer that interferes with the ability to accurately estimate power levels through pilot
tones. This inter-channel energy transfer occurs from smaller wavelengths to larger
wavelengths causing larger wavelength power levels to increase. SRS not only causes an

interaction between the average power of each channel but also brings about a transfer
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of dithers between different channels. Therefore, the dither amplitude will not be
proportional to the power ot its carrier any more. This causes inaccuracy in power level

estimation.

If the SRS becomes severe, for example by increasing the number of channels,
the dither induced in other channels can be transferred back oreven reverberates back and
forth between ditferent channels. We call this phenomenon higher order effects. Higher
order effects bring about new phenomena such as dither phase reversal or dither

cancellation explained in the following.

SRS causes 1naccuracy in the power measured by pilot tones. This inaccuracy
increases dramatically due to higher order effects for a system with a large number of
channels and specitically when conventional (C) and extended (L) band wavelengths are
present. Characterization of this inaccuracy as explained here will help us to predict and

alleviate the amount of error in pilot tones power estimation.

Theretore what 1s need 1s a method of characterizing the inaccuracy in power

measured by pilot tones due to SRS higher order effects.

Summary of the Invention

The present invention 1s directed to a method for Stimulated Raman Scattering
(SRS) error estimation incorporating higher order effects in an optical fiber network, the
network characterized in that it comprises the infrastructure required to measure the
power levels of all optical channels using a pilot tone monitoring technique, the
estimation method compnsingthe steps of determining the multi-channel SRS errorvalue

by applying small signal analysis to the solution of the SRS system of differential

equations as given below:

A o' AF
p,,(Z)WL(:Z_},)”(Z)+ g'Af
dz \ 2 A y

p.(2)S (m—n)p,(z) =0
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where p (z) 1s the power of the nth channel as a function of propagation distance z,
a 1s the fiber attenuation coetticient, o' — 4o / 47 represents the slope of the Raman gain
profile, Af 1s the inter-channel frequency spacing and A is the effective cross-sectional
area ot the (single-mode) fiber and calculating the SRS error in a single fiber span for all
channels by creating a Dither Transter Matrix (DTM) to estimate SRS error by using the

DTM to incorporate higher order effects, the equation substantially equal to

Ap, I T L d,
Ap, Jor S - Jan y

_Ap:\/ | le fNZ f;v,\,r__ a3

v

each f,. retlecting the amount of energy transfer from the dither of channel 7 to channel

k. q, denotes the dither power in channel /.

In an aspect of the invention, the method is further comprised of extending to
estimate the SRS error with both a conventional (C) band detector and an extended (L)
band detector of a C&L band system whereby the combined data of the two detectors is

inputted into the DTM to estimate the SRS error.

Characterizing the dither interaction and higher order effects can have various
applications 1n evaluating the performance of the optical monitoring and the accuracy of
the apparatus which uses pilot tones for its calculation. This is particularly important for

modern DWDM systems 1n which the density of channels are beyond 40. The invention

relates to unidirectional systems.

Other aspects and features of the present invention will become apparent to those
ordinarily skilled in the art upon review of the following description of specific

embodiments of the invention 1n conjunction with the accompanying figures.
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Brief Description of the Drawings:

These and other features, aspects, and advantages of the present invention will become

better understood with regard to the following description, appended claims, and

accompanying drawings where:
Figure 1 1s a flow chart showing method for Stimulated Raman Scattering (SRS)
error estimation incorporating higher order effects in an optical fiber network;
Figure 2 1s a flow chart showing method for Stimulated Raman Scattering (SRS)
error estimation incorporating higher order effects in an optical fiber network
further comprising extending to estimate the SRS error with both a conventional
(C) band detector and an extended (L) band detector of a C&L band system
whereby the combined data of the two detectors is inputted into the DTM to

estimate the SRS error;

Figure 3 1s a flow chart showing system for Stimulated Raman Scattering (SRS)
error estimation incorporating higher order effects in an optical fiber network;
Figure 4 1s a tlow chart showing system for Stimulated Raman Scattering (SRS)
error estimation incorporating higher order effects in an optical fiber network
further comprising a fourth network component having embedded computer
readable code for extending to estimate the SRS error with both a conventional
(C) band detector and an extended (L) band detector of a C&L band system
whereby the combined data of the two detectors is inputted into the DTM to
estimate the SRS error;

Figure 5 1s a graph displaying 4, B and 4-B for an 80-channel single span (80km)
NDSF system, with 6dBm launch power when channel 12 1s excited with a
sinusoidal dither;

Figure 6 1s a graph showing when a positive phase dither (1% modulation) is
given to channel 10, in a 20-channel single span system a positive phase dither
is induced in channel 12 but a negative phase dither in channel §;

Figure 7 1s a graph showing when a positive phase dither (1% modulation) is
given to channel 10, 1n a 20-channel single span system a positive phase dither

1s induced 1n channel 12 but a negative phase dither in channel 8;
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Figure 8 1s a graph showing that if SRS becomes more severe by increasing the
number of channels from 20 to 30 the induced dither at channel 12 will start

decreasing;
Figure 9 is a graph showing that if SRS becomes more severe by increasing the

number of channels from 20 to 30 the induced dither at channel 12 will start

decreasing;

Figure 10 1s a graph showing that for 60 channels the phase in channel 12 is

completely reversed;

Figure 11 1s a graph showing that for 60 channels the phase in channel 12 is

completely reversed;

Figure 12 1s a graph showing the SRS transfer function for the C detector

behaving like a notch filter; and

Figure 13 1s a graph showing the SRS error for average power in the same

system.

Detatled Description of the Presently Preferred Embodiment

As shown in figure 1, an embodiment of the method for Stimulated Raman
Scattering (SRS) error estimation incorporating higher order effects in an optical fiber
network, the network characterized in that it comprises the infrastructure required to
measure the power levels of all optical channels using a pilot tone monitoring technique,
the estimation method comprises the steps of determining the multi-channel SRS error

value by applying small signal analysis to the solution of the SRS system of differential

equations as given below

ap,(z) o
dz"" @+ S P2 n=mp, () =0

where , (z) 1sthe power of the nth channel as a function of propagation distance z,

a 1s the fiber attenuation coefficient, ¢’ = dg /dr represents the slope of the Raman

gain profile, Af 1s the inter-channel frequency spacing and A is the effective cross-
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sectional area of the (single-mode) fiber 12 and calculating the SRS error in a single fiber
span for all channels by creating a Dither Transfer Matrix (DTM) to estimate SRS error

by using the DTM to incorporate higher order effects, the equation substantially equal

to

-.ﬁ- —

Ap, Su fo o fiv @
Ap, fa Ju o fav || 4y

__le fwa o fNN__,ha?, .

each f, reflecting the amount of energy transfer from the dither of channel i to channel

k. a, denotes the dither power in channel 7 14.

As shown 1n figure 2, in an embodiment of the invention, the method is further
comprised of extending to estimate the SRS error with both a conventional (C) band
detector and an extended (L) band detector of a C&L band system whereby the combined

data of the two detectors 1s inputted into the DTM to estimate the SRS error 16.

Introduction

A detailed analysis of dither interaction and higher order effects on pilot tones due
to SRS 1s presented. By applying the small signal analysis to the analytic solution of the
SRS equation the concept of Dither Transter Matrix (DTM) is introduced. DTM provides
a rigorous tool for studying the SRS dither interaction and the estimation of error in pilot
tone optical performance monitoring of DWDM systems. By using the DTM it will be
shown that when SRS becomes severe, by increasing the number of channels or launch
power, new pittalls like phase reversal phenomenon or dither cancellation will appear.
This consideration 1s of particular importance when extended band (L-band) is in service

in addition to the conventional band (C-band) in a DWDM system.

SRS Dither Interaction and Dither Transfer Matrix
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Foraverage power SRS causes energy transfer from shorter wavelengths to longer
ones. In other words SRS for average power 1s a unidirectional phenomenon. In, dither
domain one would expect to see the same effect; a sinusoidal change in shorter
wavelengths should induce the same pattern in the longer wavelengths. However, the

5 energy transter in the dither domain 1s more complex. Recalling that in power estimation
using pilot tones the proportionality between the average power of the wavelength and

the amplitude of its dither 1s important.

To analyse the SRS energy transter in dither domain we should analyse the SRS
10 governing equation in a small signal manner as follows. The evolution of SRS power
exchange between channels 1s governed by the following set of ordinary differential

equations [1]:

FUNA
]5 dpn(z)+apn(z)+ gAf
dz \_ 2 A J

P.(2)2 (m=n)p,(2) =0 (1)

In(1)p (z) 1s the power of the nth channel as a function of propagation distance
z, a 1s the fiber attenuation coefficient, g’ = dg /df represents the slope of the Raman
gain profile, s 1s the inter-channel frequency spacing and 4 is the effective cross-
20 sectional area of the (single-mode) fiber. It has been shown that the nonlinear system of

equations (1), exhibits the following general solution [1]:

- m -1
p (2)=p J,e ™ exp|GJ,(n- DHZ, | Z p.,exp(GJ,(m-1)Z ) (2)
_ m=] -
25 where,
g'Af .
G o 2;1 ' (3)
N
Jo = ; P mo (4)
30
7 =17¢ (5)
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P »o 1nthe above equations denotes the nth channel input power. Itis important
to note that equation (2) 1s still applicable even under conditions of significant pump

depletion as well as in the case of unequal channel loading.

Since 1n pilot tone power estimation small sinusoidal dithers are superimposed
to the optical power of each channel we have to analyse the small signal behavior of

equation (2). If for the Ath channel we define

Je (P> Paos s Pro> s Pno) = P (2) (6)

then with the first order approximation we will have,

Ap,(z) :; 5p. i0 (7)

If Ap,, 1satunctionof, then,

Api(z,0) = ) flAp,o (1) (8)

f=1

Assuming Apio (t) = q, Sin( w.t + 9’) Yields,

Ap, (z,1) = i fua. sm(w.t+6.)
(9)

in which ¢ denotes the amplitude of the dither at the input of the fiber. Equation (9)
reveals that the dither power for channel 4 1s the summation of all sinusoids with the

scaling factor given by f,.a. . By applying derivative to equation (2) we can obtain
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) 10
v+ 1uy—ulv' o | (10)
; Pro€ 1%k (a)
Vv
Jo =5
Cul v+ 1'uv—uly’ A ,
— 7+ ; Pwo e, 1=k (b)
\V V' y
in which
o= J, (11)
[ =exp(G(k-1Z_ J,) (12)
I'=Gk-1)Z,exp(G(k-1)Z J,) (13)
c G(m-1)Z,J
V:meoe TR (14)
m=]
| N
v = eG(r—l)Z,JO + Z meG(m . l)ZeeG(mw—l)Z.Jo (15)
m=1
Equation (9) can be written as:
Ap | LA S S ltar (16)

Ap, Ja Sn o S |4,

APy _le Jnr o S 2%y

TheN x ¥ matrix in fact shows the dither interaction between different channels.
Each f,. retlects the amount of energy transfer from the dither of channel 7 to channel
k. Note that g, denotes the dither power in channel i. Let us call the  « » matrix the

Dither Transfer Matrix (DTM).

[f there 1s no SRS, by disregarding the fiber loss ( ,-«z), DTM will become an
tdentity matrix. In this case each dither will be proportional to its corresponding average
power. In the presence of SRS this proportionality will not be valid anymore.

Consequently, pilot tone optical performance monitoring will not be accurate in the

- TELE UG ORI CIN et L bR D D i W (T b A A L IR MG 71 AR 1950 ooty f1e mbiaiss S o s 5 novave s e et e e : et I s o AN ST S A AN I B T A A e e i
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presence of SRS. DTM as derived above will give us a tool to estimate the SRS impact

on dither amplitudes and thereby provides us amethod to compensate for this inaccuracy.

N .
[n general Z f.. =1 1n DTM because the total amount of dither over all
k=1
channels at every point.

Phase Reversal phenomenon

[t one channel 1s excited with a sinusoidal dither, longer wavelengths will display
the same dither with the same phase whereas shorter wavelengths illustrate the same
dither but with negative phase. Even more, depending on the severity of SRS some of'the
longer wavelengths might also show the induced dither but with a negative phase. This
phase reversal phenomenon on longer wavelengths is due to higher order effects and
appears at the adjacent longer wavelengths to the excited channel. DTM can now help

us to characterize the phase reversal phenomenon.

When SRS 1s not severe f,, >0 for ;< and f, <0for ;> % Inorderto
characterize the higher order effects and phase reversal phenomenon we should consider

the case where f, < ¢ for ; < ¢ . In other words, v + /'uv —ulv' < 0 for i <k .

k — _
+lu —ulvi<0 = v+ Gk -1) fuv —ulv'< 0 = 4 Gk -1) uv —uv' <0 (17)
& o
Since >0 and v> 0 wWe should compare vy - G(k_l) HVY against uv' .
94
If:
A _ —
A=v + Gk l)uv =V+ Gk -1) JoV
04 94 (18)
and
A [ N -1 . )
B=uv'= j, g Pl a Z P.o Gm 1leo(m-1),{,/a (19)
\ m=| o /
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we obtain:
(20)
A=veyZEZD g
94

N '

B = jOR N J.Oeni}(;-_l)jg/a Where Ri Z pmo G(m - l) eG(m-I)jO/a (21)
m=} 04

In order to observe the higher order effects we should have B > 4. Since R and
v are constants the balance between A and B will depend on the values of i and k. The
values of K and v on other hand depend on the number of channels and the launch power.
More number of channels and more input power will give more weight to ; g compared
to v causing the higher order effects to become more prominent. Figure 5 displays 4, B
and A-B tor an 80-channel single span (80km) NDSF system, with 6dBm launch power

when channel 12 1s excited with a sinusoidal dither. Phase reversal can be observed up

to channel 24 1n this case.

Higher order effects appear when the system encounters severe SRS effect. To
observe the higher order effects we gradually increase the severity of SRS by adding
more wavelengths into the system. Figures 6 (dither in channel 10, DC power has been
removed for better presentation) and 7 (the induced dither in channels 8 and 12 (W), DC
power has been removed tor better presentation) show when a positive phase dither (1%
modulation) 1s given to channel 10, in a 20-channel single span system a positive phase
dither 1s induced in channel 12 but a negative phase dither in channel 8. If SRS becomes
more severe by increasing the number of channels from 20 to 30 the induced dither at
channel 12 will start decreasing as shown in figures 8 and 9. For 60 channels the phase
in channel 12 1s completely reversed as shown in figures 10 and 11. Phase reversal

becomes more obvious when the system 1s under heavy SRS effect.

Dither Cancellation

Phase reversal 1s not the only outcome of severe SRS influence in dither domain.

When positive phase dithers are induced in some channels but negative phase dithers in

A I A g IR N A S B PR R AN A DR A i HS e S L . B T R e O
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others 1t will be very likely to have a zero resultant when a certain number of channels
are considered. This case for example can happen in C+L bands where different detectors

are allocated to different bands. In this situation the resultant dither, detected by the

C-band detector, might become (almost) zero.

As a typical example let’s assume an 80-channel C+L band system when (only)
channel M (tor stmplicity) in the C band is excited with a dither at a certain frequency:.
Now 1f the system is under a heavy SRS effect some of the channels with larger
wavelengths than M (say (M+1) to (M+10)) show the dither with negative phase (phase

reversal phenomenon) instead of positive.

The detector 1n the apparatus which monitors the optical power normally looks
at the C band only and picks up the first 40 channels. All channels 1 to M-1 and (M+1)
to (M+10) have dither with negative phase while channels (M+11) to 40 and also M have

dither with positive phase. Summation of all these dithers by the detector at the first 40
channels might cause cancellation of negative and positive dithers at this band. In other
words although the total summation of dithers over C and L bands together is still one
(conservation of energy), for the C detector only the summation would be zero. This

causes a severe error 1n pilot tone power estimation (in reality the resultant dither may

not be exactly zero but very close to zero).

In fact in this case the SRS transfer function for the C detector behaves like a
notch filter. This phenomenon 1s pictured 1n figure 12 for a 6-span 80 channels C+L
(C=40, L=40, C-L gap=10 channels) NDSF system with 2dBm launch power. As it can
be seen channels 11-13 1llustrate dither cancellation. For this simulation equation (2) was
employed and 1% sinusoidal dither was added to each channel separately. Then the total
dither for each individual channel over the C band (first 40 channel) or L band (second
40 channel) ‘;Nas calculated. For example 1f the channel was located in the C band it was
first excited with a sinusoidal dither. Then at the last span all induced dithers in the C

band were added together. If the channel was located in the L band then summation was

‘ performed only over the L band channels.

TET s A el fe T e N AR AT B M O OGN SR i - e T S AR (A LI s e - et eI e 1y LI U1 R A M e e -
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Figure 9 displays the SRS error for average power in the same system. Since

energy transter for average power is unidirectional the familiar SRS tilt shows up.

Comparing figures 12 with 13 reveals that the SRS energy transfer for pilot tones

5 1s completely different with average optical power. Since the dithers should convey the
information of the average power the results produced by pilot tones will be inaccurate.

Using the D'TM and estimating the dither amplitude now provides a means to compensate

for this inaccuracy. To do so it 1s suffictent to subtract the SRS impact on average power

from the SRS 1impact on pilot tones and compensate in the opposite direction.

[0
0
In order to formulate the dither cancellation we should consider D f, =0 in
| k=]
the DTM matrix where Q 1s detector wavelength range (40 in our case). If,
A S v+ 1l'uy —uly’ e &(ul v+ Tuy —uly’ o _
C:kaz' =Z ; P o€ Z * 3 pkoje B
k=] =] |4 k=1 \ |4 4
15 Q>i O>i 0>i
K#i k=1
ZQ: (lv+1Tuv —ulvyp, ., +ulvs (k —1) = (
- v (93
g>lz' (23)
20 where 5 (% — ) 1s the unit sample function.
Theretore, phase cancellation happens when C1=0 and
b & o G- . ) . .
”s Cl-—-.kz:z1 IKV+ - ]o“VjO/pkO+JOVZ§(k_I) (24)
O>1
Conclusion
Pilottones provide asimple yet reliable method for measuring the average optical
30 power for each wavelength in a DWDM system. The accuracy of pilot tone power

estimation however depends on the severity of SRS 1n the system. The dither transfer
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matrix as derived here gives us a perfect means to analyze the effect of SRS on pilot
tones and the way they interact which other. Consequently, compensation for the error
1n pilot tone power measurement would be possible by using the DTM. Particularly,

DTM can predict the phenomena like higher order effects and dither cancellation.

Characterizing the higher order effects can have various applications in evaluating
the performance ot optical monitoring features, particularly when the number of channels

rises above 40.

Although the present invention has been described in considerable detail with
reference to certain preterred versions thereof, other versions are possible. Therefore, the
spirit and scope of the appended claims should not be limited to the description of the

preferred versions contained herein.

All the features disclosed 1n this specification (including any accompanying
claims, abstract, and drawings) may be replaced by altemative features serving the same,
equivalent or similar purpose, unless expressly stated otherwise. Thus, unless expressly
stated otherwise, each feature disclosed 1s one example only of a generic series of

equivalent or similar features.
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What is claimed is:

1. A method for Stimulated Raman Scattering (SRS) error estimation incorporating
higher order effects in an optical fiber network, the network characterized in that it
comprises infrastructure required to measure the power levels of all optical channels
using a pilot tone monitoring technique, the error estimation method comprising the
steps of:

(i) determining a multi-channel SRS error value by applyihg small signal

analysis to a solution of an SRS system of differential equations given as:

dp,(2)
dz

+a.p, (2) + [%ii)p ()Y (m=m)p, ()= 0

where p,(z) is the power of the nth channel as a function of propagation
distance z, o is the fiber attenuation coefficient, g =dg/df represents the
slope of the Raman gain profile, Af is inter-channel frequency spacing and 4
is the effective cross-sectional area of the (single-mode) fiber; and

(ii) calculating the SRS error in a single fiber span for all channels by creating
a Dither Transfer Matrix (DTM) to estimate SRS error by using the DTM to
incorporate higher order effects, the matrix substantially equal to:

[’Apl | Sa S o Siw -"_al

Ap, _ f21 fzz sz i a,

I_Ale fm sz fNN_I a,

each /. reflecting the amount of energy transfer from the dither of channel i
to channel &, a; denoting the dither power in channel ¢, and
each f, calculated by applying small signal analysis to an analytic solution of

the SRS differential equation, the analytic solution given by the analytic

equation:

p,(z2)=p,J.e" exp[GJo (n—-1)Z, ][i Pmo Xp(GJ (M — 1)Ze):'h
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where applying small signal analysis to this analytic equation yields:

v+ 1wy —ulV’ e .
— : DPio€ s ik (a)

V

Ju =

ul Wv+1'uv—ulV’ s A
[—;—+ i~ —pko}e , 1=k (b)

where u=J,, l=exp(Gk-1)Z,J,)  [I'=Gk-DZ exp(Gk-1)Z.J,) |

N

N r_ LG-1D)ZJp - G(m-1)Z,J,
v=3" p, e and v'=e + Z:; p..G(m—-1Z e

=]

each f;representing actual amount of pilot tone amplitude, whereas each £,
k =i shows amount of error amplitude imposed by channels on each other,
so that by using fiber parameters, number of channels and channel powers
each Ju can be calculated, and therefore the amount of SRS pilot tone error
for each channel can be determined.

2. The estimation method according to claim 1, further including the step of
extending to estimate the SRS error with both a conventional (C) band detector and
an extended (L) band detector of a C&L band system whereby the combined data of
the two detectors is inputted into the DTM to estimate the SRS error.

3. A system for Stimulated Raman Scattering (SRS) error estimation incorporating
higher order effects in an optical fiber network, the network characterized in that it
comprises infrastructure required to measure the power levels of all optical channels
using a pilot tone monitoriﬁg technique, the system comprising:

a module for determining a multi-channel SRS error value by applying small

signal analysis to a solution of an SRS system of differential equations given
as:

dp,(z)
dz

+a.p,(z)+ [%ii]pn (2)),(m—n)p, (2) =0

where p, (z) is the power of the nth channel as a function of propagation

distance z, o is the fiber attenuation coefficient, g’'=dg/df represents the
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slope of the Raman gain profile, Af is inter-channel frequency spacing and 4
Is the effective cross-sectional area of the (single-mode) fiber; and

a module for calculating the SRS error in a single fiber span for all channels
by creating a Dither Transfer Matrix (DTM) to estimate SRS error by using the
DTM to incorporate higher order effects, the matrix substantially equal to:

Ap, Sa S o fin —| a -l
Ap2 _ le fzz sz

a,

Ap Sni Saz o fNN_I aa_]

each /. reflecting the amount of energy transfer from the dither of channel :
to channel %, a; denoting the dither power in channel ¢, and

each f, calculated by applying small signal analysis to an analytic solution of
the SRS differential equation, the analytic solution given by the analytic
equation:

p,(z)=p,Je exp[GJO (n-1)Z, ]':i P o €Xp(GJ o (m — 1)23)]

where applying small signal analysis to this analytic equation yields:

{lv + l'uv —uly’

e Pro€ > izk (a)
fo =1
|(”—l+-’1’il'“‘;“‘-‘i"—'pkoje“m, i=k (b)
| % A %
where u=J, I=exp(Gk-1)Z,J,) [I'=G(k —h-{l)Ze exp(G(k-1)Z,J,) .

b = g p bz and V' =% 4 ; P,.G(m— I)Zeec(m“')zej°
each f; representing actual amount of pilot tone amplitude, whereas each f,,
k # i shows amount of error amplitude imposed by channels on each other,
so that by using fiber parameters, number of channels and channel powers
each f,; can be calculated, and therefore the amount of SRS pilot tone error

for each channel can be determined.
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4. The system according to claim 3, further including a module for extending to
estimate the SRS error with both a conventional (C) band detector and an extended

(L) band detector of a C&L band system whereby the combined data of the two
detectors is inputted into the DTM to estimate the SRS error.

5. A computer program product for implementing a method of Stimulated Raman
Scattering (SRS) error estimation incorporating higher order effects in an optical
fiber network, the network characterized in that it comprises infrastructure required

to measure the power levels of all optical channels using a pilot tone monitoring

technique, the computer program product comprising:
a computer readable medium for storing machine-executable instructions for

use in the execution in a computer of the error estimation method, the method

including the steps of:
(i) determining a multi-channel SRS error value by applying small

signal analysis to a solution of an SRS system of differential equations

given as:

Lo\ op, ()4 (%—?}]p @) (m=n)p(2) =0
where p,(z) is the power of the nth channel as a function of
propagation distance z, a is the fiber attenuation coefficient, g’ = dg / df
represents the slope of the Raman gain profile, Af is inter-channel
frequency spacing and A4 is the effective cross-sectional area of the
(single-mode) fiber; and

(ii) calculating the SRS error in a single fiber span for all channels by
creating a Dither Transfer Matrix (DTM) to estimate SRS error by using
the DTM to incorporate higher order effects, the matrix substantially

equal to:

1 Ap, fu Sz o Siw a
Ap, _[ /2 S o fan a,

Ap Lfm Fna o S a3_|
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each Ju reflecting the amount of energy transfer from the dither of
channel i to channel &, a, denoting the dither power in channel ; , and
each f,; calculated by applying small signal analysis to an analytic
solution of the SRS differential equation, the analytic solution given by

the analytic equation:

P, (2) = p,oJoe™™ exp|GJ,(n-1)Z, 1[5: Pmo €Xp(GJ o (m — I)Ze)]_

m=1

where applying small signal analysis to this analytic equation yields:

Iv+1'uv—uly' o .
‘-'——‘;2—— "Pro€ > I # Kk (a)

Ju =

ul W+1luv—ulV' o .
[—+—-—-—2———-—-Pko]e , i=k (b)

Vv V

where u=J,, I=exp(G(k-1)Z,J,), I'=Gk-1)Z,exp(G(k-1)Z,J,),
and v = i Do Ty = @O i p,.G(m—=1)Z e®m %

m=1 m=1
each f; representing actual amount of pilot tone amplitude, whereas
eéch fu k=i shows amount of error amplitude imposed by channels
on each other, so that by using fiber parameters, number of channels
and channel powers each f, can be calculated, and therefore the
amount of SRS pilot tone error for each channel can be determined.

6. The product according to claim 5, further including the step of extending to
estimate the SRS error with both a conventional (C) band detector and an extended
(L) band detector of a C&L band system whereby the combined data of the two
detectors is inputted into the DTM to estimate the SRS error.
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error value by applying smail signal channels by creating a
analysis to the solution of the SRS (%’%‘ﬁ)fomiﬁfﬁxs
system of differential equations as etror by using the DTM to
given below incorporate higher order
effects, the equation
» substantially equal to
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-Api | /;1 f;z ./;N “01 )
‘Apz —_ fZI j;‘.! o fw a,
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dz 24 st ,APN 4 __f.v: fm fm_h_aj
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Figure 1
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error value by applying small signal channels by creating a
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-3 substantially equalto ] band detector of a C&L band
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dp (2) g Af N : - ] combined data of the two
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. 2 second ndwqd:
a first network component having component having
embedded computer readable code Mm :gg‘“ .
comprising an equation substantially '”d‘bm ' er Tranefer M@“Ps
equal to (DTM) substantially equal
to a third network component
having embedded computer
r 1 r Ta ] y y
dp, (z) Af N — 1 A S S Sn {a ]~ readable code foy estimating
Pd: +a.P,(:)+(32A Jp (:):T\m—n).v,.(:)zo :Apz S S fon ial SRSbyobsm.hggha
B E S E order effects within the
. :LAPNJ _fm S - f,w}_a, ) DIM.
whereby a multi-channel SRS error
value is determined by applying small
signal analysis to the solution of the to calculate the SRS aror in f
SRS system of differential equations as a single fiber Scr-;:n for all 59
given above chano
18 20
Figure 3
- =~ ) am:d;-wod;
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p"(")m,p (z)+| 8 x | - oo I -3 readable code for estimating '—ﬁ oxtend d"“’a_""""‘)b Y
dz » Y ,(z)g(m—n)p, (2)=0 " |8py |_|fa Ju = fan | & SRS by observing higher ofaE&Lba::l 'ymclcchu
N : E : : : order aﬁmdun the whereby the combined flata
. Apy | | S Sam o S oy _ of the two detoctors is
whereby » mnlu-chba;nd SRS eror m;unttcd mtt: the DTM to
value iz determined by applying small imate the error
signal analysis to the solution of the mcdaﬂnt;thcmmin f ?
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80-channel NDSF System, 6dBm Launch power
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x 107° N=30, Launch power=3dBm

Figure 9

N=30, Launch power=3dBm
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« 10° N=60, Launch power=3dBm
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Figure 11

SRS Error for Pilot Tones, C&L bands
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SRS Errorin Average Power, C&L bands
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determining the multi-channel SRS
error value by applying small signal
analysis to the solution of the SRS
gystem of differential equations as
given below

B2 1 ., +[%}.(:)§cm~ mp.(z)=0

A

calculating the SRS aror in

14

a single fiber span for all
channels by creating a
Dither Transfer Matnx " ‘—_——l
(DTM) to estimate SRS extending to estimate the
errof by usiog the DTM to SRS error with both a
| mm :13*‘“ F::“ conventional {C) band
I5S S | » detector and an extended (1)
——>»  substantially equal to band detector of a C&L band
system whereby the
oo ] combined data of the two
;AP: j Ji fu} S % dete,cmmismputted into the
Apr | _| S S S | &, DTM to estimate the SRS
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