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Statistical Properties of Stimulated Raman Crosstalk
iIn WDM Systems

Keang-Po HpMember, IEEE

Abstract—The crosstalk variance of stimulated Raman equally important adjacent bits of adjacent channels that have
crosstalk in wavelength-division-multiplexing (WDM) systems is appreciable SRS interaction over each fiber span is approx-

derived analytically in a closed-form formula for all systems with imatel iven N. = L. /Lw. where L. is th fectiv
different walkoff length. The probability density function (pdf) of atl.ey 9 Ie ?ﬁ’ - e/ s elke oy S tthe ,inﬁd ‘;
stimulated Raman crosstalk is found to be lognormal distribution on!inear iength and.y 1S the walkolt length. oug

(Gaussian distribution in decibel scale). Both power penalty and that assumption could provide useful result [9], due to fiber
power limit induced by Raman crosstalk are evaluated and can be attenuation, it is obvious that the first bit and the last bit

applied to single- and multispan WDM systems. within the effective nonlinear length contribute differently to
Index Terms—Fiber nonlinearities, noise statistics, stimulated the crosstalk variance. Furthermore, the formulae of [9] are
Raman scattering (SRS), wavelength-division multiplexing not able to generalize to system with long walkoff length
(WDM). becauselN, cannot equal to zero in practical systems. An
exact analytical expression is derived here to find the crosstalk
variance in either time or frequency domain. The expression
_ o ~can be applied for WDM systems with any walkoff length.
O PTICAL networks using wavelength-division-multi-gimple formulae are also derived as a good approximation
plexing (WDM) technology are going to revolutionizeoy the crosstalk variance for systems with either very short
broadband networks by fully utilizing the enormous bandwid igh dispersion) or long (low dispersion) walkoff length.
in an optical fiber. However, stimulated Raman scattering (SRS)Tq study the SRS induced performance degradation for
[1]-[10] may limit the performance of a WDM system. SR, wpM system, the probability density function (pdf) of
in WDM systems induces interchannel modulation betweefrs induced crosstalk is essential. The pdf was given in [6]
each WDM channel by either power depletion or amplificationyng [9], [10] for DSF and dispersive fiber, respectively. The pdf
The launched power into the system is limited because of thgggs found approximately Gaussian distribution in decibel scale
Raman crosstalk effects. o (lognormal distribution in linear scale, see Appendix A) for
The effects of SRS to WDM systems were first discussed sF [6], no method is provided to find the parameters of the pdf
[1] and [2] for maximum power depletion regardless of fibefnij| [9] by the same authors. The lognormal distribution was
dispersion, and [3] with fiber dispersion. The optical powejnproximated by Gaussian distribution in [9] for performance
limits were evaluated by the worst-case assumption that @ajuation. Being very accurate for dispersive fiber, without
WDM channels are synchronized and transmitted at ONE levg} anaytical expression, the pdf of [10] requires extensive
simultaneously [2], [S]. When random nature of signal modulgymerical calculation to evaluate. This paper verifies that the
tion was taking into account, the crosstalk variance is reducggf of SRS induced crosstalk is lognormal distribution, or
for dispersion-shifted fiber (DSF) without pulse walkoff [6],Gaussian distribution in decibel scale. The power penalties due
and for highly dispersive fiber with serious pulse walkoff [9]{g Raman crosstalk are also evaluated.
While most of the papers [1]-{7], [9], [10] assumed negligible The remaining parts of this paper wil first derive formulae

signal cross-coupling, negligible pump depletion and/or O crosstalk variance and then study the power penalty induced
stant Raman coupling coefficient for a weak signal power, thg, Raman crosstalk.

evolution of SRS induced power variation was studied in [8]
for the general case, but with unmodulated channel.
While simple power depletion or amplification can be equal- Il. CROSSTALKVARIANCE

ized using optical filter [9], [11], the crosstalk variance degrades This section will derive the crosstalk variance first for the sim-

the system performance. Although the crosstalk variance co llgst case of a two-channel system and then faNachannel
be evaluated accurately for DSF [6], its evaluation for dis-

o . tem.
persive fiber depends on the assumption that the number X

I. INTRODUCTION

A. Two-Channel Pump and Stakes Waves
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given by [3], [10]
ol (19)

(12) o

F,(z,t) =PF,(0,7) exp [— az — K

. / Py(0,7 — dyp e d Q)
0

whereF, and F; are the power of the pump and Stokes waves,
respectivelyy is the fiber attenuation coefficient,= ¢t — z /v,,,
dsp, = 1/vs — 1/v, is the walkoff parameter wherg, andw,
are the group velocity of Stokes and pump waves, respectively,
K = ¢Afo/2A.8 Wwhereg’ = dg/df represents the slope
of the Raman gain profile) f,;, is the frequency separation of
the two channelsA g is the effective cross-sectional area of
the fiber. The Raman gain is also assumed to vary linearly with
frequency separation as long as the spectral separation below
certain limit [2], [5], [6], [8], [9], [12]. The Raman gain is di- Fig. 1. The ratio of crosstalk standard deviation to meafy:.. as a function
vided by 2 to account for polarization averaging. In dispersiwé walkoff length L+ . The fiber loss coefficient isx = 0.2 dB/km, the fiber
fiber, dsp ~ DA)\sp, whereD is the dispersion coefficient anddistance isL = 75 km, and the pump channel is rectangular nonreturn-to-zero
A, = A;— A, isthe wavelength separation. The expression 8¥RZ) pulse stream.

sp 8 P
(1) also assumes that fiber dispersion just induces pulse walkoff ] ]
but no pulse distortion [3], [4], [7], [9], [10], [12]-[14]. If a where F, is the average launched power and the nonlinear ef-

system is modulated by random binary data, the Stokes wdgétive lengthisL. = (1 — c¢™*")/av. _
is In some papers [1]-[5], [8], the mean:ofz,¢) in (9) may be

defined as the power penalty. In practice, the valug.gfis the
maximum peak-to-peak Raman crosstalk. With optical filters to
equalize the power of all WDM channels, only the variance of
x(z,t) is relevant to the performance of the WDM systems.
whereb,, = {0,1} are random binary data(t) is the pulse  Without making any physical assumption but simply fol-
shape, and is the bit interval. The walkoff distance is given bylowing some algebra, we have:

Ly = T/|dsp|- A3) Case 1: Walk-off IengthLW is very large.

For the example of DSF with large walkoff lengkhy

Crosstalk Standard Deviation/Mean
S,

10' 10°
Walk-off parameter (km)

10” 10° 10

oo
P(0,t)= > bip(t—kT) @

k=—oc

If we consider only whe,(0, ¢) is at ONE level, ignore all

constant factors, from (1)5,(0, ) = ¢=** where Iz _q (10)
+oo I’Lac
x(z,t) = Z brq <t 2 kT) (4) which is the same as [6], [9]. For (1@),. is evaluated by using
koo Up dsp = 01in (8).
and Case 2: Walk-off length Ly is very small.
= For a highly dispersive fiber with smally (or larged,;,) and
qt)= K / p(t — dep? e % d. (5) along distance fiber havingL larger than unity@(£2) in (8) is
0 a low-pass signal having 3-dB bandwidth approximately equal

If p(t) is rectangular pulse, see Appendix B, the mean af@l/ds,. Form Appendix B, for largels;,
variance ofz(z,¢) can be evaluated in either time or frequency

domain by 0, = KP, O‘L2W L. (11)
L[ Q(0)
g = =7 or
ne=gp | atde=G2 ©)
1 > 1 o0 o alw
2 = — 2 = — Q 2 Q -z ~ 12
GEgp WA= [ RO () ” 5 (12)

where(£2) is the Fourier transform 0f(t). With some cal- nich is approximately equal to that of [9] except a factor of
culation similar to that in [7], [13], [14], at the end of a flber\/i
distance of: = L, we get Fig. 1 shows the ratio of crosstalk standard deviatioper
|Q()]? channel to crosstalk mean, as a function of walkoff length
a ol ds, 2L Lw . In addition to the exact values of (7), Fig. 1 also shows the
K?|P(Q)|? [(1 — e )%+ dem sin” <IT>} approximated values given by (10) and (12). The approximation
= o + (dep2)? of (12) for short wa'lkoff.distance is_ accqrate bty less than
@8) 10 km. The approximation of (11) is valid fdry- larger than
_ _ 200 km. Therefore, we may conclude that the model of [6] is
whereP(2) is the Fourier transform gf(#). From (6) precise forLyy larger than 200 km and that of [9] for dispersive
e = KPRy L, (9) fiber, after small modification, is good fdry, less than 10 km.
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Fig. 3. Probability density of SRS induced crosstalk.
Fig. 2. The ratio of crosstalk standard deviation to meari ;. » as a function
of number of channels of a WDM system. Case 2: Walk-off length Ly is very small.
For smallLy, from Appendix B, we get
The model of [9] for dispersive fiber may not provide a pre-
cise estimation for crosstalk variance in some practical systems. op aLyy
For example, the approximation of (12) may not accurate for a D = 7N(N —1) (16)

2.5-Gb/s system in standard single-mode fiber (SMFPof

16 ps/kkm/nm havingAA < 2.5 nm, or in nonzero dis- \hich is approximately equal to that of [9] in which a factor of
persion-shifted fiber (NZDSF) oD = 4 ps/km/nm having 2 was taken into account without detail explanation.

AX < 10.0 nm. However, the approximation of (12) can be Fig. 2 showsr, /1up as a function of number of channels of a
used as a worst-case estimation of crosstalk variance. The exggim system, using the exact model and the approximation of
model of (7) is valid for various systems, from highly dispersivei 6). The fiber link is the same as that in Fig. 1. The walkoff

to zero-dispersion fiber. lengths in Fig. 2 are 250, 125, 62.5, 31.3, 15.6, and 7.8 km.
Those walkoff lengths correspond to typical 2.5- and 10-Gb/s
B. N-Channel WDM Systems WDM systems using SMF or NZDSF, with frequency spacing

In an N -channel WDM system, the channel with the shortesf Af = 50 GHz, 100 GHz, 200 GHz, etc. For examples, the
wavelength has the largest power depletion and also the highastkoff length of 250 km is for a 2.5-Gb/s WDM system, using
crosstalk variance. The overall crosstalk variance, denotesN&SF with D = 4 ps/km/nm and channel separation of 0.4
o7, can be evaluated by the summation of the crosstalk variany® (frequency separation of 50 GHz for 1.pB system); the
induced by allV — 1 WDM channels. The walkoff parameter inwalkoff length of 7.8 km corresponds to a 10-Gb/s system, using
(8) for thekth adjacent channel i, = kDA, whereA)isthe standard fiber withD = 16 ps/km/nm and channel separation
wavelength separation between adjacent WDM channels. Fa@f#.8 nm (frequency separation of 100 GHz).
multichannel WDM system, without changing the symbol, the From Fig. 2, the expression of (16) has no significant differ-

walkoff length is defined as ence with the exact model for highly dispersive fiber or when the
number of WDM channels increases. The expression of (15) for
Ly = r (13) DSF fiber is a good approximation of fiber with small dispersion
|[DAM]| and small number of channels, for examglg; = 250 km and
N < 5.
for the channel separation between adjacent channels. The accuracy of (16) improves with the increase of dispersion
The overall mean power depletion is given by [1], [2], [Slang number of channels. The increase of dispersion and the de-
[61, 9] creaseLy, improves the accuracy of (12) as shown in Fig. 1.
N(N-1) _, When the number of channels increases, the wavelength sepa-
pD = 5 K'RyLe. (14) ration of the farther channels increases. The Raman crosstalk

of those farther channels can be predicted by (12) more accu-
where K’ = ¢’Af/2A.q andAf is the frequency separationrately because of smaller walkoff length. Those farther chan-

of adjacent WDM channels. nels also induce larger Raman crosstalk variance than the closer
For the extreme cases, we have: channels because Raman gain is approximately linearly increase
Case 1: Walk-off length Lyy is very large. with wavelength separation.
For the example of DSF with large walkoff lengthy-, sim-
ilar to [9], from Appendix B, we get C. Dispersion Compensated Multispan WDM Link
A long-distance fiber communication system usually has
op _ [(22N-1) (15) Many fiber spans. Erbium-doped fiber amplifiers (EDFA) are

D 3N(N —1) used in each fiber span to compensate for fiber loss. Usually,
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(<)

. : : perfect dispersion compensation is the worst case for crosstalk
Exact Model i accumulation. From (7), the crosstalk variance aftespans is
i Middle Threshold H
4 i 1
1 Gaussian Oz, M < Mo,. (21)
& i' Appr.
ia- / ; Generalized the expressions (17)—(21) to a multichannel
s .,~" WDM system, we may conclude that the crosstalk variance is
e i Exact Model accumulated span after span in a multispan WDM link with
g7 A Optimal Threshold ] perfect dispersion compensation representing the worst case.
« i With perfect dispersion compensation, the crosstalk variance
1 from an M -span WDM link with launched power aF, per
span per channel is identical to the crosstalk variance from
o . . . . . a single WDM system having launched power &fF, per
(v} 0.2 04 0.6 0.8 1 12 hannel
Raman Crosstalk (dB) ¢ :

Fig. 4. Raman crosstalk induced power penalty as a function of crosstalk
standard deviation.

I1l. SYSTEM PERFORMANCE

The crosstalk variance in previous section is only one of the

each fiber span has the same configuration. The optical pov{%\r amete_r s for Raman crosstalk. The exact pdf of the R"’Fma”
gosstalk is required to evaluate the performance degradation.

difference due to SRS can be equalized by using optical filtef
[9], [11]. A muItis:pan fi_ber !ink requires dispersign compensay Probability Density Function

tion to combat dispersion induced pulse distortion. Dispersion ) ) _
compensator with proper design can induce no fiber nonlinear-From Appendix A, for many random variables multiple to-
ities to the system, for example, by using low launched pow8fther, the pdf of Raman crosstalk can be well approximated by
to the dispersion compensation fiber (DCF). While we md9gnormal distribution, especially in highly dlspers“{e f.|ber. or
extend our model to include SRS in DCF, without loss thfé“th large number of WDM channels. Lognormal distribution

insight to the problem, we assume that dispersion compensafblinear scale is the same as Gaussian distribution in decibel
induces no SRS. scale. Usually, the summation or multiplication of more than

Like Section II-A, a two-channel pump and Stoke wavten independent random variables render the validity of central
system can be considered first. For Afrspan fiber system, limit theorem. A simulation is performed to find the required
following the deviation from (1) to (4), at the output of théth ~ condition to validate the lognormal pdf

fiber span, the corresponding expression of (4) is Fig. 3 shows the pdf for three walkoff lengthsiofi: = 4, 16,
and 64 km withV = 2,6, 11, and 21 WDM channels. The fiber

link is identical to that in Fig. 1. The pdf is shown for the worst

) (17)  channel having the smallest wavelength. The average optical
power and wavelength separation is chosen such that the mean
crosstalk is 0.1 dB, i.eyp = 0.1 dB. The solid curves are the

+oo
ML
(MLt = > buqu <t — = kT

k=—o0 r

where lognormal pdf with parameters given by (14) and Fig. 2. In the
ML region of short walkoff length, for exampléy; = 4 km, the
au(t) = > qlt — kdgpAz) (18) pdfis very close to lognormal distribution even fr = 2. For
k=0 all walkoff lengths, the pdf is well approximated by lognormal
whereqy, (t) is the same as that defined in (5), aigAz = distribution as the increase of the number of WDM channels.

dspL + d.L. is uncompensated pulse walkoff per fiber spar{he crosstalk variance decreases as the increase of number of
whered, and L. are the walkoff parameter and length of th&hannels. _ _
dispersion compensator, respectively. The signd,pfandd. Using the concept of [9], we may define the number of adja-
are opposite for dispersion compensation. For perfect dispersféit bits of adjacent channels that have appreciable SRS interac-

compensationAz = 0.

The Fourier transform ofy, (¢) is

tion is approximately given by, = max(1, L./Lw ). When
the total number of bits from all channels to interact with the
channel having the smallest wavelength is larger than 10, the

M-1 pdf in Fig. 3 can be well approximated by lognormal distribu-
Qu() = Q(Q) Y exp(—jkQdyAz).  (19) tion.
k=0

. . B. System Penalt
The crosstalk variance can be evaluated by substitute (19) to 4 y

(7). For a bound of the crosstalk variance of (7), we get Depending on whether the system uses optical filters to
equalize the power level, system penalty can be defined differ-

(20) ently [9]. In this paper, we always assume that optical filters
are used for power equalization.
The equality of (20) can be achieved with perfect dispersion Raman crosstalk induces waveform distortion when a signal
compensation oAz = 0. We may conclude from (20) that of ONE level is transmitted. Using the lognormal distribution,

|Qum ()7 < M?|Q(Q).
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fy (y), from Appendix A, the bit-error-rate (BER) of a systeniThere is no fundamental limit for the exact model with optimal

with Raman crosstalk is decision level.
1 d 1 [t
pe=7 erfc< ) v / (W) C. System Bounds

\/Qf(fi 0 0 Without power equalization, Chraplyvy [5] provides a system
¥ - bound of

- erfc d 22

(%7) @ @2
N(N —1)P)Af < 500 GHz-W. (24)

whered is the decision levelg, is the standard deviation of

Gaussian noise, and eff denotes the complementary error Using our symbol, the bound of (24) is for the requirement of
function. The firstterm of (22) is for BER at ZERO leveland the, < 1 dB.

second termis for BER at ONE level. Without Raman crosstalk, For system with power equalization, with the requirement of
with decision level atl = p, /2, the system require§y, = op < 0.4 dB, Fig. 2 can be used to find the power bound of
1y /(200) = 6 to achieve a BER 202, wherep, is the mean the system. Assuming the following parametéfs= 400 ps
optical level at ONE level. With Raman crosstalk, the systefor a 2.5-Gb/s systeni) = 4 ps/km/nm for NZDSFAM = 0.8
requires a larger value 63, for BER =10~° andy/6 canbe nmorAf = 100 GHz, N = 64 as the channel number, the

defined as power penalty. calculation is following:
Depending on the decision circuit, the decision level of (22) 1) evaluateLy = 125 km, select the corresponding curve
can be set atthe middle of the eye diagram,d.ex, 1, /2, or op- in Fig. 2;

timized for minimum BER, i.e.d = dp¢. Setting the decision  2) from V = 64, find from Fig. 2 thatrp /pup = 0.037;
level to zero for an ac-coupled receiver can function as setting3) foro, < 0.4dB,up < 10.8 dB;

the decision level at the middle of the eye diagram. To find the 4) using the relationship W(N-1)PAf < 500x10.8,

decision level to optimize for minimum BER is more compli- P, < 11.3dBm.
cated, especially for a time-varying channel requiring adapta-Note that the requirement becom&sP, < 11.3 dBm for
tion. M -span fiber system as from Section 1I-C. The WDM systems

Fig. 4 shows the Raman crosstalk induced power penalty @ have no more than 14 fiber spans if the system has a power

a function of crosstalk standard deviatiop. From Appendix of 0 dBm per channel, corresponding to a total power of 18 dBm
A, the crosstalk standard deviation of lognormal distribution iser span.

the only relevant parameter for system performance. Fig. 4 alsq=or the extreme cases, we have
shows the power penalty provided by approximating the log- Case 1: Walk-off length Lyy- is very large.
normal distribution by Gaussian distribution [9], givertby For the examp|e of DSF with |arge walkoff |engﬂ‘,‘,, from

(15), after some algebra,
—10-log;o(1 — 360%) (dB). (23)

VN(N - 1)(N —1/2)P)Af < 173GHz-W.  (25)
Fig. 4 shows that, at the same level of crosstalk, setting the
decision level at the middle of the eye diagram provides theCase 2: Walk-off length Ly is very small.
largest power penalty. Because the power penalty of (23) also as=or smallLy;, after some algebra using (16),
sumes optimal decision level, from Fig. 4, Gaussian approxima-

2
tion overestimates the power penalty comparing with the exact VNN —1)PBAf < (f GHz-W. (26)
model of (22) with optimal decision level. v atw

The limitation of the crosstalk standard deviation may be The expression of (25) may be valid just for DSF. Depending
defined as that for a power penalty of less than 1 dB. The corh number of channels, the validity of (26) may be verified from
sponding crosstalk standard deviationris = 0.25, 0.33, and Fig. 2. In general, the expression of (26) is valid for system using
0.40 dB for the exact modé#l = 4, /2), Gaussian approxima- standard fiber withD = 16 ps/km/nm and can be used as a
tion, and exact modét = d,,,;). Using more complex decision worst-case system bound. From the discussion of Section II-C,
circuit, optimal decision level can tolerate 60% higher crosstajke bounds of (25) and (26) can also apply;Mbspan WDM

level than a middle decision level. systems by rep|acinﬂ’0 with M F,.
The Gaussian approximation has a fundamental limit of
op = 0.72 dB (1/6 in linear scale) which can be derived IV. CONCLUSION

obviously from (23) for a power penalty approaching infinity.

From Appendix A, the fundamental limit of setting the decision The_ _probablllty density fu_nctlon of SRS mduceq c_ross_talk
level at the middle of the eye diagram ds, — 0.50 dB Is verified to be well approximated by lognormal distribution.
' " When constant gain or loss is equalized, crosstalk ratio,

IThis power penalty expression is different with that in [9]. Using Gaussignower penalty, and power limit depend only on the crosstalk
approximation for lognormal distribution, the systéJrfactor is variance. An exact analytical expression is derived to evaluate

iy the crosstalk variance, valid from highly dispersive to DSF.

oo + \/‘TSTUi Using Iogr_wormal distribution, power penalty provideq py SRS
crosstalk is evaluated. The crosstalk standard deviation must

and the power penalty f@p = 6 can be derived accordingly using (A6) fo;.  be less than 0.4 dB for a power penalty less than 1 dB. With

Q=
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the requirement ofp, < 0.4 dB, power bounds for various is Py < pu,/2}. After some algebra, for BER less thabr?,
system can be found and applied to single- and multispdre requirement is

WDM systems. In 2 - 02/2

> 6 (A7)
APPENDIX A ) Ta
LOGNORMAL DISTRIBUTION corresponding to
The lognormal distributed random variablg,is generated o, < 0.50 dB. (A8)
from a Gaussian random variablg,by the following transfor- ,
mation [15]; le,by g From (A5) and (A8), both crosstalk ratio and fundamental
' system limits depend only on the shape parametewhile the
y=c". (A1) pdfis well approximated by lognormal distribution, methods to
evaluater, are essential to use the pdf for system performance
The pdf of lognormal random variable is given by evaluation.
1 (hl Yy — Nw)2
Fry) = —=— exp [—‘7 . 20 (A2) APPENDIX B
2oLy 203 DEVIATION OF CROSSTALK VARIANCE

where 1., o, are the mean and standard deviation of the Here we provide the deviation of some expressions in Sec-
Gaussian random variable respectively. The parametet, tion Il

is called theshapeparameter of lognormal distribution [15] 1) Deviation of (6): Ignore the constant time-difference of
and o2 is defined as the crosstalk variance in this paper. #/v,, the crosstalk term of (4) becomes

is obvious that a lognormal random variahjeis Gaussian Loo

distributed in decibel scale. Fig. 3 shows that the simulated pdf z(t) = Z brq(t — kT) (B1)
approaches lognormal distribution as the increase of channel

number or fiber dispersion. hat is ind d £ di d | . d
When many independent random variables are added tto‘r—ﬂ IS Ihdepen e_nt of distance and a cyc ostafuon_ary random
process with period of’. The crosstalk of (B1) is similar to

gether, the random variable for the summation is Gaussian,. . ) . . !
distributed from the central limit theorem [16]. If many inde- digital pulse-amplitude modulation (PAM) signal [17]. The

k=—o0

pendent random variables multiple together, gay I1; "' 2. mean value ok(¢) is

It is obvious thatr = log y = EQ‘:_OI log 7 is Gaussian 1 T )

random variable because it is the summation of many indepen- Pz =75 0 Z Eibi}q(t — KT) dt
k=—o0

dent random variables. From (A%),is lognormal distribution.

Because Raman crosstalk to a channel from many other WDM 1 TR

channels is the multiplication of the SRS from all bits that o, k; q(t — KT) dt (B2)
interact with the specific channel, the pdf of Raman crosstalk -
is lognormal distribution. where E{b;} = 1/2. Exchanging the integration and summa-

When a WDM channel is affected by SRS crosstalk, the afjon, we get
erage optical power is the mean valueRXfy } given by [15]

1 +oo T
= — t—kT) dt
p 2Tk_;m/0 ot — kT)

0_2
Iy = €Xp |:Nw + 7’”} . (A3)
T —(k—1)T
= t) dt
The variance of a lognormal distributed random variable 2T k; /—kT ()
E{(y — ny)?} is [15] | oo
05 = 2ty [¢7= — 1]. (A4) 2T J o

. . ) Using properties of Fourier transform, the full expression of
The crosstalk ratio can be defined as the ratio of crosstaly can be derived.

standard deviation to the average optical power: 2) Deviation of (7): As a cyclostationary process, the vari-
ance ofz(t) is

XT = [ — 1]V2. (A5) T
1
2 _ 2 2
For small crosstalk of, < 1.3dB, X7 = o,. The approx- e =T /0 B (O df =~ s &9
imation of The power spectrum of(t), from [17], is
Oy R Oty (A6)

0'1? 2
52(2) = 2 1Q(S)]
was used in [9]. 5  +oo )
If the detection threshold is always at the middle of the eye + 27”;% Z ‘Q <2k_7r>
diagram, i.e.p, /2, the probability of error without other noises T T

2 2kw
6 <Q — T) (B5)

k=—oc0
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whereQ(£2) is the Fourier transform of(¢), o7 = E{bi} —

we get
L /T B2} dt = - /+Oo S.(Q) dO
T ), “W T )"
1 +oo )
=T ()" d
oo 2
1 2k
+m Z ‘Q <T) - (B6)
k=—oc
Using (B4) and (6), we get
T 1 I 2km \ |2
2_ 1 2 L v
Tl BCCIUAE DY 2(*F)

(B7)

The expression of (B7) is simplified becauf@(?)| is
an even function. Ifp(¢) is nonreturn-to-zero (NRZ) rectan-

gular pulse with| P(Q)]? = PZsin®(TQ/2)/Q?, from (8),
|Q(2kn/T)| = 0,k = 1,2,..., and the expression of (7) can
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Note that both (B9) and (B10) assume that Raman gain lin-
(E({tx})? = 1/4, andm, = E{b;} = 1/2. Using the rela- early increases with channel separation.
tionship of power spectrum and autocorrelation function [17],

(1]

(3]

(4]
(5]

(6]

be derived. The second term of (B7) is usually very small for

other nonrectangular pulse shape becad&@) is a low-pass
response.

3) Deviation of (11): If p(¢) is a rectangular pulse from 0 to
T, at low frequency P(£?)| = 2F,T. From (7), the crosstalk
variance is

1 T AKZPIT?(1 — e k)2

2
- Q
O = 8nT oo a? + (dep2)? d
K2P3T*(1—c¢ )2
= . B8
27T aedgp (B8)
Using the relationship of (3) anf, = (1 — e~ %) /q, the

simplification of (B8) gives (11).
4) Deviation of (15) and (16):For long walkoff length of
Ly, using (10), we get

N-1 N-1
B> Al A
k=1 k=1
N(N -1)(2N -1
= oz, MV ZDENZY (89)

6

wherecf%’k is the variance from théth adjacent channels and
0z1 = pg1 = K'FPyL.. Usingop from (B9) and (13), the
expression of (15) can be derived.

For short walkoff length ofLy;- per channel separation, the
walkoff length of kth adjacent channel iy /k. Using (11),
we get

N-1 N-1

Lw
O'2D = Z O’ik = (K/P()Le)Q Z I{JQ _062]:
k=1 k=1
LwN(N -1
_(K'RyL )2 M NI = D) (B10)
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