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Influence of stochasticity on multiple four-wave-mixing processes in an optical fiber
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In this paper, we present the results of a computational study of the dynamical evolution of multiple
four-wave-mixing processes in a single mode optical fiber with spatially and tempd@kalyrelated phase
noise. A generalized nonlinear Schimger equationNLSE) with stochastic phase fluctuations along the
length of the fiber is solved using the split-step Fourier method. A good agreement is obtained with previous
experimental and computational results based on a truncated{®ibary differential equationmodel, in
which stochasticity was seen to play a key role in determining the nature of the dynamics. The full NLSE
allows for simulations with high frequency resoluti@0 MHz) and frequency spafi6 THz compared to the
truncated-ODE model300 GHz and 2.8 THz, respectivelythus enabling a more detailed comparison with
observations. A physical basis for this hitherto phenomenological phase noise is discussed and quantified.
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I. INTRODUCTION modified in order to incorporate the stochastic nature of the
propagation. In order to preserve the conservative properties

The understanding of nonlinear processes in optical fibersf the system, the stochastic terms in the NLSE must neces-
is crucial towards extending the capabilities of modern opti-sarily be multiplicative in nature as an additive term acts as a
cal communication systems based on wavelength divisiosource or a sink. An algorithm that achieves this with linear,
multiplexing, where each communication channel is repreGaussiang-correlated noise is outlined in Sec. Ill. This al-
sented by a unique wavelength. One of the nonlinear progorithm preserves the unconditional stability of the system.
cesses that limits the information carrying capacity of aAt the same time, care is taken to transform the stochastic
WDM system is four-wave mixingFWM), which causes NLSE from its original Ito representatidi3] to the compu-
cross talk between neighboring channels. This places a lowéationally feasible Stratanovich representatf@ij by com-
limit on the wavelength separation between adjacent charpensating for the spurious linear drift that results from inte-
nels and an upper limit on the input power in each channelgrating such stochastic differential equatiofs-8]. The
In this paper, we describe a process, by which the evolutioalominant sources of phase noise are discussed in Sec. IV.
of FWM processes in an optical fiber can be used to estimate Conclusions on the relevance of the experiments of Hart
the inhomogeneities in the fiber core material, in particularet al. [1] and the stochastic modeling presented here are
the fluctuations in the linear refractive of the fiber core. summarized in Sec. V.

Experiments measuring the evolution of FWM processes
along a length of fiber were carried out by Hattal.[1] and
are described in detail in Sec. Il. In this experiment, two
input pump waves at frequencies and w, interacted with
each other through the third-order nonlinearity of the fiber In this work, we focus on tracing the evolution of the
material to generate first-order sidebands at frequencies sidebands, generated through FWM, along a length of optical
=2w1— w,; and w,=2w,— wq. These waves further inter- fiber. The FWM spectral evolution along 50 m of fiber for
acted to produce second-order sidebandsst2w;—w,  two input pump power regime@.1 W and 5.5 Wwas in-
andwg=2w,— w3. Higher-order sidebands were also gener-vestigated. In the 2.1 W case, the sideband evolution fol-
ated. The normalized power in the sideband at frequengy lowed a damped sinusoid along the length of the fiber. The
was represented by,,. The evolution of the FWM pro- experiments also found that the two first-order sidebapds (
cesses was characterized by the evolutiopgfiz) as a func-  blueshifted ang, redshifted from the two pumpsad dif-
tion of fiber lengthz ferent evolutions along the fibéwith different spatial wave-

In the present work, we make a quantitative comparisodengthg. For the 5.5 W case, the evolution of both first- and
between these experimental results and our numerical resukégcond-order sidebands was measured. The damping in the
based on efficient algorithmf2] to solve the nonlinear first-order sidebandspg andp,) occured faster than in the
Schralinger equatiofNLSE) that governs the system. The 2.1 W case. Experiments probing the dependence of the side-
numerical model, its underlying assumptions and the resulteand power on the input powéranging from 2 W to 17 W/
are described in Sec. lll. A realistic description of a standardvere also performed at a fixed output length of 50 m of the
single mode optical fiber must take into account the randonfiber. At the same fiber length, the optical spectra for input
phase perturbations a light wave undergoes while propagapowers ranging from 2 W to 17 W were also recorded. The
ing through it, without disturbing the underlying conserva- spectral envelopes were observed to fit well to a hyperbolic
tive properties of the system. The NLSE needs to be suitablgecant function and the fit parameters were recorded. Mea-

II. EXPERIMENTAL AND COMPUTATIONAL
BACKGROUND
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surements with a high-resolution wavemeter showed that ongthms employed are described in detail in this section. We
of the two pumps consisted of two very closely spaced lonhave identified linear refractive index fluctuations along the
gitudinal modes 4 »~0.5 GHz), which were not resolved fiber length to be a strong candidate for a physical source of
by the spectrometer used to record the FWM spectra. Incluthe stochastic phase fluctuations. A comparison between the
sion of this multimode nature of the pump input in their various possible sources is given in Sec. IV.

model was found to alter the sideband dynamics dramatically Under the assumption that the electric field of the light in
and partly explained the asymmetry between the blue-shiftethe fiber has a slowly varying envelopéz, r), and that the

and redshifted sidebands though it did not account for théiber medium has an instantaneous nonlinear response, the
damping in the sidebands. This was accounted for by addingystem is well described by the NLSE with a linear multipli-
weak phase fluctuations to the waves as they propagatemhtive stochastic term,

along the fiber. The physical source of these phase fluctua-

tions was not known at that time. However, the inclusion of U iﬁ(z) AU aU ) 5

the phase fluctuations into the model gave excellent qualita- 7 * 12 E“L — Til(znuU-i yPolU[*U=0.

tive and quantitative agreement with experiment. Their 0 1)
model involved integration of a system of coupled ODEs

(ordinary differential equationsierived from the NLSH9]  Z is the distance along the length of the fib&r(z, )

by a process of truncation that retained only the leading fre=A(z,7)/\/P, is the complex electric field envelopgz, 7)
quency componentgthe pumps and the first- and second- normalized to the absolute amplitude of the figlfly, P, is
order sidebandsa process justified by the fact that the input the total power in the fibers is time normalized to a conve-

pump waves are well approximated by a combination Ofyjent time scaleTo(~1 ns) measured in a reference frame
monochromatic waves. Their final numerical results argnoying with the group velocity of the pulsér=(t

based on simulations using the truncated-ODE model with_ 2lv4)/To]. The simulations are carried out for exactly the

L_angevin noise terms representing phasg 'flu.ctuati'ons in t_h§‘ame physical parameters as the experiments and simulations
fiber. Another physical source of stochasticity in their eXperi-raported by Haret al.[1], i.e., 32 =55 p€/km is the group
ment was the inherent power fluctuation in the lasers used &R locity dispersion of the fiber at the operating wavelength
the input pumps. The level of fluctuation5-20% was No~632 Nm ko~10" m™1). a~6 dB/km=0.0014 m! is

measured and incorporated appropriately into their modehe |oss in the fiber at this wavelength. The nonlinearity co-
through stochastic initial conditions. This explained the evoggficient y=0.019 W 1 m~1 is given by

lution of the level of observed fluctuations in the sideband
trajectories although it was found to be inadequate by itself wavn'z
to account for the damping of the trajectories. They found Y= CAcrr’
that all the three physical characteristics mentioned above, ff
namely, the multimode nature of the pump input, the stochasgyhere A, is the effective core area of the fiben, is the

tic phase fluctuations along the length of the fiber, and thger coefficient for the intensity-dependent refractive index,
stochastic initial power fluctuations were crucial towards ex-q ., is the average angular frequency of the wave enve-
plaining the different features of the experimental measurepgne. FU(Z, 7) is a linear multiplicative phase noise field. In

ments. this study the noise field is assumed to deorrelated in
both space and time. The evolution of the FWM dynamics is
IIl. STOCHASTIC-NLSE MODEL found to be sensitive to the strength of this noise field. It can
be physically interpreted as phase noise arising due to fluc-
In the present work, we have developed and implementetlations in the linear refractive index of the fiber medium. A
an unconditionally stable scheme for integrating the NLSEdetailed discussion of its physical origin is given in Sec. IV.
that successfully incorporates phase noise into the split-step The system was simulated using the SSE¥I An algo-
Fourier method SSFM. Thus, we are now in a position to rithm for appropriately incorporating stochastic phase fluc-
harness, the high frequency/time resolution of the SSFMiuations along the length of the fiber in the SSFM was de-
together with its efficient convergence properties. Due toveloped and is summarized below.
these advances, we are now able to do simulations with The NLSE is composed of linear and nonlinear terms, and
much higher frequency resolutidd0 MHz as compared to can be written in the operator form as
300 GHz in the ODE modgl This high resolution, coupled

@

with an appropriate convolution scheme enables us to com- E_ B+8+R)U
pare these simulated spectra with the composite spectra ob- 9z =( '
served by the spectrometers which had a resolution of
~60 GHz. This was not possible with the truncated- ODE —ig®@ g2
) ! A ~ iB J o
model as the resolution of the simulated spectra in that case D= F ﬁ_ >
r

was ~ 300 GHz. For exactly the same levels of phase fluc-
tuations and initial condition fluctuations as used in R&fF,

comparisons for the present NLSE model with the experi- S=iT(z,7),
mental sideband evolution functionsg(z) show excellent .
quantitative agreement. These results, along with the algo- N=iyPo|U|?, (3)
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The Box-Muller algorithn10] was used to generate Gauss-
ian random deviates from computer-generated uniform ran-

-
T

Zosl dom deviates ;; andr,; at each spatial step and for each
5 frequency componeny; . The fluctuations are given by

£ 0.6

o4 5p(z,0) =\ —20%AzIn(ry))cod2mr ). (§)

=1

0.2t A
This is followed by the execution of ekfpzD] which is
also carried out in Fourier space followed by the inverse

transform:

U(z+Az,1)=F YexdAzD(iw)]Bs(z,0)].  (9)

-
T

(b) 1

D(iw) is obtained by replacingd(dr) by iw.

zos
Eoe / | The basic form of the initial complex wave envelope
& 05 function is
= 0
302 6 62 64 | (0= 2 iQr N iQr
| | | | | | | (0,7)=ex 2—7'2) exp ——|Fexg —— |-
—%0 -60 -40 -20 0 20 40 60 80 (10)

m(cm'1)

7p i the pulse widthl,=5 ns FWHM(full width at half
maximur), normalized to the time scall,, (1=366 GHz is
the frequency detuning between the two laser sources nor-

L oa N . _ _ _ malized to a frequency scal@,=62.5 MHz. Figure (a)
whereD, S, andN are linear(dispersive, nonlinear, and ghows a plot of this pulsfU(0,7)|2 The overall Gaussian

stochastic operators, respectively. It has an exact solution fQé’nveIope has an FWHM of 5 ns, the closely spaced dark
infinitesimal Az given by lines are due to the 366 GHz-(3 ps) beating between the
PPN two input pump frequencies. The 2-ns modulations on the
U(z+Az,7)=exdAz(D+S+N)JU(z,7), (4)  pulse are due to the 0.5-GHz mode structure in the blue-
shifted pump wave. Figure(fi) shows the input spectrum of
this pulse, which consists of two highly monochromatic
- a 2 A pump waves with a detuning 6I=366 GHz. The spectrum
Uzt Az 7)~ex AzDlex AzSlexf AzNJU(z,7). 5) of the blue-shifted pump, upon magnification, is seen to be
composed of two very closely spaced peaks, with a separa-

FIG. 1. Multimode pulse input to the NLSHEa) input pulse in
time domain andb) input spectrum.

which can be approximated by

. R - - : tion of Av=0.5 GHz. Hartet al.[1] did not use pulsed wave
The execution of e{\zN] is carried out inT space: . . ) - . )
N 7 SP functions in their NLSE simulations as the size of the FFT
B(z,7) =ex{ AzN]U(z, 7). 6) required to do so made it computationally prohibitive at that

time. The size of théFFT) was chosen such that it would
The execution of eXjAzg and expAzD] is carried out inw accommodate a time span of 16 ns in order to go sufficiently
space far into the wings on the Gaussian pulse; and a frequency
In particular, the stochastic phase fluctuations are introSPan of 16 THz in order to accommodate all the sidebands

ifving the phasé: of hf _ generated and_preve_nt spgri_ous effects due to_the reflection
22?1?3)?2)/]( E%dggﬂ%lexefﬁalgzﬁc]c%rgii; torequency compo boundary conditions implicit in the SSFM algorithm. These
i

considerations dictated the size of the FFT to=»&6 THz

B,(z,0)=F[By(z, 7], X 16 ns=256 000. The nearest power of 2 82262 144,
which has been used throughout the present work. The incor-
Bs(z,0j) =exdi 8¢(z,0))]Bx(z,0)), (7) poration of the pulsed nature of the light was found to be
necessary in explaining the dynamics. From the perspective
where F represents the Fourier transform operation. of the coupled amplitude equations used by Haral. [1],

This process only modifies the phase of each complexhe present model is equivalent to a coupled-ODE model
frequency component leaving its absolute value unchangedavith 2* coupled ODEs.

Thus, the algorithm conserves the total power and the uncon- Upon incorporation of the multimode nature of the blue
ditional stability of the system. input pump-laser source and the stochastic fluctuations in the
The stochastic phase fluctuatiodg(z, ;) are taken to initial power in the lasers, the initial wave function takes the

be § correlated in frequency as well as along the fiber lengthform
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o 7 ( \/Tapl[ p(i(QJrAv) T> I O o
T)=exp —— ex
27',23 2 [ 2 0.01 { oot 7 fh
o | & I
i(Q—Av)T iQr [[I
EXL( ( ) ) +mem{_ 5 )] 0.005 0.005 I I}
(11 % 10 20 20 40 50 % 10 20 30 40 80
Av=0.5 GHz is the frequency separation between the o1 610
two longitudinal modes in the blue-shifted pumfp; and ocos) . © 5 @
dp, are Gaussian random deviatggnerated using the Box- sl 4
Muller algorithm[10]) that represent the initial power fluc- » oy B & 3
tuations in each of the pump laser sources. Their standart /N : ol
deviations were taken to bepl=0.2, 0'p2=0.11 for simula- it

tions from 0 m to 20 m,(rpl=0.12,0'p2=0.05 for simula- T R S5 %0

tions from 20 m to 50 m along the length of the fiber. This is 2(meter) Z(meter)

exactly the same prescription used by Hatrtal. [1] in their . _

simulations and is dictated by their experimental measure- FIG. 2. Comparison between the 'expenmental measurements

ments of the fluctuations in the pump-laser intensities. -1l @nd the stochastic-NLSE modeolid line) of the first-order
Use of the FFT algorithm makes evaluation relatively l‘asts'd_Eb"jlnd eHvolztuo_n as aHfunchn if f\'/\brelr Ie_rlgth B@zz.l \(/\2/)’

compared to other finite-difference schemes. The computa;f366 GHz,4»=0.5 GHz, y=0.019 m. ~and A8

. | iSO(A72) th h uti th d =55 pg/km: dynamical evolution of théa) power in the blue-
tiona _error 'S_ (A%, t, us the solution converges with de- shifted sidebandb) power in the redshifted sideban@@,) fluctua-
creasing spatial step sizez.

) 7 . tions in the blue-shifted sidebandl) fluctuations in the redshifted
The simulations were tested for the conservation of totakgepand.

power along the fiber lengttby setting the lossy to zerg
and for the conservation of asymmefty,9] given by

OO
-
o

The observed dynamical evolution of the sidebands is
found to depend sensitively on the strength of the stochastic
phase fluctuations. Yet, best agreement with the experimental
results of Hartet al. [1] is achieved with exactly the same
noise strengthcré as used in their truncated-ODE model,

A clear picture of the evolution of the sidebands is ob-
tained by plotting the power in the sidebands as a function of o.04
length along the fiber. Figure¢& and 2b) show a compari- ~ _ 003
son between simulation and experiment of the evolution of* 02
the first-order blue 45) and red p,) sidebands, respectively, o.01
for an input power of 2.1 W. The solid line in the figure is % 20 40 0
generated by numerical solution of the stochastic NLSE. The o2
measured sideband power, normalized to the total power ir coisf 2" =
the fiber, is periodic in length, but appears to be damping toe oo}/ = ./%
a constant value. The measured data also show a clear di' o.00s}’
ference between the spatial wavelengths of oscillation of the ¢

C<Z>=§1(2i—1>[p2i,1(2>—p2i<2>]. (12)

0.04

blue and red sidebands trajectories, respectively. Both thes 2310-3 % “°
features are captured well by the simulations. Figures 2 S @
and Zd) compare experimental and simulated measures of , 15 !
the evolution of the standard deviation in the sideband powel” 1 il tHy
along the fiber length. 05
The apparent damping of the periodic sideband trajectory % 20 40
is seen more dramatically in Figs(@ and 3b), which show 2(meter) z(meter)

the evolution of the first-order sideband power along the fi-

ber for.an Input power Of. 5.5 W. Here again, the two first- 1] and the stochastic-NLSE modé&dolid line) of the first- and
order sidebands evolve differently. They also appear to ‘,’am econd-order sideband evolution as a function of fiber length for
to a constant value at a faster rate than for the case with 3 =55W, =366GHz,Av=05 GHz,y=0.019 W m 1,
input pump power of 2.1 W. All of these features are acCu-ypq g(2)= 55 pg/km: dynamical evolution of the(a) power in the
rately captured by the stochastic-NLSE model. Figur@$ 3 first-order blue-shifted sidebandy) power in the first-order red-
and 3d) show a comparison between the simulated and meashifted sideband(c) fluctuations in the first-order blue-shifted side-
sured standard deviations. Comparisons for the second-ordgénd, (d) fluctuations in the first-order redshifted sidebare),
blue (ps) and red pg) sidebands, respectively, are shown in power in the second-order blue-shifted sidebaifidpower in the
Figs. 3e) and 3f). second-order redshifted sideband.

FIG. 3. Comparison between the experimental measurements
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0.02¢ N l FIG. 5. Evolution of the FWM spectrum along the fib@)y P
0.01} s ° ) =2.1 W, experiment(b) P=5.5 W, experiment(c) P=2.1 W,
8 stochastic-NLSE modeld) P=5.5 W, stochastic-NLSE model.
% 2 4 6 8 10 12 14 16

(without phase noigeand by circlegwith phase noise The
Folw) simulations are seen to follow the general trend seen in the
xperiments. As the pump power is increased, the triangles

(starg and the stochastic-NLSE mod@pen symbolsof the first- without phasg nois)estart to disagree with experiment,
order sideband power versus pump input powelfer50.39 m and whereas the circlegwith phase noiseare much closer to

(=366 GHz: power in théa) blue-shifted sideband anf) red- ~ €XPeriment. The phase noise strength used in these simula-
shifted sideband. tions was exactly the same as that used in the simulations

depicted in Figs. 2 and 3. The agreement between the phase

noise simulations and the experimental data (eage agaip
namely,o¢—0 0067 m*. They report that including phase highly sensitive to the noise strength. Since this experiment
noise in their FWM calculat|ons resulted in a spurious linear(unlike those shown in Figs. 2 andli3 nondestructive, it can
drift in the trajectories for the sideband power with length.pe used to deduce the strength of phase noise processes in a
To remove this artifact of the computations, they added ajiven optical fiber. It will be shown in Sec. IV that a likely
linear loss to their Coupled ODEs. They set the loss coefficause of the phase noise is fluctuation in the linear refractive
cienta=0.0046 m'* by finding the value that removed this index of the fiber. The noise strength deduced from the
increasing slope. We have observed exactly the same seculafesent computational study corresponds to a refractive in-
growth phenomenon for a wide range of the noise strengtidex inhomogeneity o{An2>~10*16.
0(215 and have arrived at an empirical prescription fer Till now, the comparisons between our simulations of the
namely, a~a’¢, where% is the variance of the added phase full-NLSE and the truncated-ODE model give basically the
noise. This indicates the general nature of dynamics resultingame results, although in a much better agreement with ex-
from the addition of stochastiaj correlated phase fluctua- periment. However, the full NLSE can also provide a de-
tions to systems governed by nonlinear partial differentiattailed comparison with the experimental spectra. This was
equationg5]. not available from the truncated-ODE model. The simula-

It is remarkable that the strength of the phase noise retions reported in this work were carried out with a very high

quired is the same in both the 2.1 W and the 5.5 W casedtequency and time resolution in order to incorporate the fact
Further, it is worth noting that exactly the same noisethat the input light was not cw, but was composed-d@&-ns
strength was used by Haet al.[1], the difference being that long pulses; and that the number of sidebands generated re-
they introduced phase noise only in the pump frequenciegquired the frequency spread of the FFT to b€l6 THz,
whereas we have introduced it in all the Fourier modesvhile resolving a longitudinal mode structure afv
(~28). As a confirmation of this result, they also performed ~0.5 GHz. The spectral resolution used wa®.05 GHz,
experiments and numerical simulations examining the sidewhereas the spectrometer used to observe the spectra had a
band power dependence on the input power at a fixed lengttesolution 1000 times larger{50 GHz) To account for this
of 50.4 m of the same fiber. We have repeated these simulalifference, the simulated spectra were first convolved with a
tions with the stochastic-NLSE model and the results arésaussian of unit peak and 62-GHz FWHM, before they were
shown in Figs. &) (blue-shifted sidebandand 4b) (red- compared with the observed spectra.
shifted sideband The experimental measurements of the Figures %a) and 8b) show three-dimensional plots of the
sideband powers are represented by filled squares and tlwerage experimental FWM output spectrum along the
results of numerical simulations are represented by trianglelength of the fiber for input pump powers of 2.1 W and 5.5

FIG. 4. Comparison between the experimental measuremen
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IV. DISCUSSION

Hart et al. [1] postulated that strong candidates for the
possible physical sources of the phase fluctuations are stimu-
lated Brillouin scattering, stimulated Raman scattering and
fiber medium inhomogeneities. Brillouin scattering was
eliminated as a source, since a backward propagating wave,
which is a signature of Brillouin scattering in optical fibers,
was not observed in the experiments. We have modeled
stimulated Raman scatterifig,11] for our system and have
found no evidence to support the hypothesis that it could be
a possible source of the stochastic phase fluctuations. Apart
from these, quantum phase fluctuations are another well
known, though extremely weak, source of phase noise in
optical fibers[2,13].

Fiber medium inhomogeneities were identified as the ma-
jor cause of the stochastic phase fluctuations. These inhomo-

o (em™) ® (em™) geneities can manifest themselves through spatial and/or

FIG. 6. Experimental FWM output spectrufsolid fine), con temporal fluctuations in the fiber parameters, namely, the lin-

volved spectra from simulations of the stochastic-NLSE modelear refractive indexy, the group velocityug, the group

(dashed ling and hyperbolic secant envelope (iitotted ling for velocity dISperSIO.nﬂ L and. the non“n?anwy [12]. Of
pUMp input power®, of () 2.1 W, (b) 5.5 W, (<) 6.7 W, (d) 8.3 W, these, the fluctuation in the linear refractive index was found

(© 12.7 W, (f) 17.4 W, fiber lengthL=50.39 m, Q=366 GHz to be the only source of phase fluctuation that had a signifi-
Av=05 GHz 720_015'; Wim L, andg®=55 bs?/km. ' cant effect on the dynamics. A relationship between the level
’ ’ of refractive index fluctuations and the corresponding level

W respectively(courtesy Hartet al. [1]). The vertical axis of pha;e ]‘Iuctuatlons has been arrived at._l1t7|s _fcl)und that
represents the intensity, normalized to the peak power in ongfractive index fluctuations as small a§~10 _m-can

of the input pumps, plotted on a logarithmic scale. The pumFause the d.esw.ed phase flulctuatlons.' Possible sources of
frequencies are centered en/— Q/2 and the fiber length is these re_fractlve mdex_f_luctuatlons are d_l'sc_:ussed beIO\_N.
increasing into the page. Figure&and §d) show the cor- Con5|de_r the modified nonllr_wear S(_:Uroger equation
responding comparisons based on simulations using th@\l!_SE) which is stated pelow, with the I_mear multiplicative
stochastic-NLSE model. The basic features of the spectrdl0iS€ term represented in terms of spatial and temporal fluc-
evolution are captured by the simulations. tuations in the refractive index of the fiber:

Hart et al. [1] also documented the experimentally ob- L (2) 2
served FWM output spectra for a fixed fiber length of 50.39 ﬂjL ﬂ ﬂ+ ﬂ%—ik sn(z,7)U—iyPy|UJ2U=0
m for six different input pump powers. They state the coef- 9z =~ 2T2 972 2 0T ° '
ficients A andB of the hyperbolic secant envelopes that best (14
fit the output spectra which are given by

Iog1 0(no rmalized power)

on(z, ) is the spatial and temporal variation of the refractive
Flw)=A B 13 index along the fiber. It can be caused by temperature and
(0)=AsecliBw), (13 density fluctuations in the fibgd 4].

whereA andB are the experimental fit parameters. The thermodynamic estimate fam is given[14] by
The hyperbolic secant parameté&andB that best fit the g2 kT2 [an\2

simulated spectra are exactly the same as those that best fit (An?)= (_> + _(_) . (195

the experimental spectrd] for all the six cases of input v? \9p); pVC,\dT o

power considered. Figure 6 shows an overlap of the simu- =~ _ o

lated spectradashed ling with the experimental spectra This gives the mean-square index fluctugtlon in terms of the

(solid line) and the experimental hyperbolic secant envelopdroperties of the material. It can be rewritten as

(dotted ling for six different pump powers, namelig) 2.1 V4V

W, (b) 5.5 W, (c) 6.7 W, (d) 8.3 W, (e) 12.7 W, (f) 17.4 W. AN =—""T_/An?) +(An3)-. 16

. (An%) (An%),+(An%)y (16)
The hyperbolic secant parameters for each of these pump \

A=3.85 andB=0.36, (bh) A=2.26 andB ) .
;io(\)/vg;s ?Cr)e(?: 1.81 aﬁdnB=0 25 (é))A= 1.56 :r?d B For a fiber of lengttz=1 m and radius =2.82 um (vol-
~0.23, (e A=0.98, andB=0.20 a’md(f) A—081 andg  UmeV=2.5x10"*m?), these have been calculated to be

—KkTp?(aV
IVARYE

=0.20. The exact shapes of the simulated spectra match very kP

well with the experimental spectra for low input pump pow- (An?) ~10"2=(Ap2)~10" 14£,

ers(2.1 W and 5.5 W but tend to lack the “filled-in” char- g m®

acter of the experimental spectra at higher powérg W,

8.3W, 12.7 W, and 17.4 W (An?);~10"2=(AT?)~10 2°C2 (17)
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It should be noted thatAn?)«1/z= én=1/\z. The cor-  sidebands, generated through FWM, along a length of optical
responding phase fluctuation that this would lead to in thdiber. Detailed comparisons were made with the experimental
NLSE is given byd¢=ky6nzx=\/z, which is equivalent to results of Hartet al. [1] and the agreement was excellent.
the prescription for incorporating phase fluctuations into thelThe present work uses numerical techniques that have much
stochastic NLSE model described in Sec. lll, namely,higher resolution and better efficiency, and it presents a the-
(A¢?)=6.7X10"3z. Hartet al.[1] used the same prescrip- oretical basis for the role of the stochasticity in the dynamics.
tion and the same noise strength in their truncated-ODH he system is known to be governed by (h&.SE) to a very
model. From this, we can estimate the level of refractivegood approximatiof2].
index fluctuation that corresponds to the noise strength used A powerful technique that can be used for simulations of

in the simulations described in Sec. Il the stochastic NLSE is the split-step Fourier Meti8&FM)
[2]. An algorithm for the direct implementation of stochastic
6.7X10°3 processes along the length of the fiber in the SSFM has been
(An?)= Tz6.78>< 10 1'=(AT?)~10"%°C? developed. The advantages of this approach with respect to
0 the coupled-ODE approach are that we can carry out simu-
=AT~10"3°C. (18 lations with much higher frequency and time resolution with-

out sacrificing computational efficiency.

The temperature coefficient of the refractive index of The physical sources of these stochastic phase fluctua-
silica [14], (9n/dT),~10"2°C~ L. Thus even small spatio- tions are investigated quantitatively and are identified to be
temporal temperature fluctuations ©f10 3°C are enough due to fluctuations in the linear refractive index of the fiber.
to cause the inferred level of refractive index fluctuations. Strong candidates for the causes of these refractive index

The refractive index fluctuations could also be due to in-fluctuations are temperature fluctuations in the fiber medium
homogeneities in the density of the fiber material, frozen incaused by the fluctuating temperature of the fiber environ-
at the time of manufacture of the fiber. The simulations werement, density fluctuations in the fiber medium frozen into the
averaged over- 600 iterations to get a good estimate of thefiber during manufacture, and intrinsic thermodynamic fluc-
power fluctuations in the sidebands. Initially, simulationstuations in the temperature and density of the fiber.
were performed with a different phase noise distribution for The experiments performed by Hat al.[1] can be used
each iteration. Later, a particuléarbitrary phase noise dis- to determine the level of these refractive index fluctuations in
tribution was selected and frozen for all the iterations. Thiscommercial fibers. Results described in Figs. 2 and 3 repre-
did not reduce the level of damping observed in the sidebandent a destructive experiment that measures the sideband
trajectories provided that the strength of the phase noise wagvolution with fiber length for fixed input pump power, nec-
kept the same, thus indicating that density fluctuations inessarily requiring the fiber to be cut repeatedly. The level of
duced during fiber manufacture could be a possible sourceefractive index fluctuations can be used as a parameter in
The phase noise was modeled &sorrelated in both space the simulations to best fit the experimental results. Alterna-
and time. A more realistic approach would be to use corretively, Fig. 4 represents a nondestructive experiment that
lated noise. Numerical methods to incorporate linear multiimeasures the sideband evolution with input pump power for
plicative correlated noise into the NLSE have been devela fixed fiber length. These experiments are found to be ef-

oped by Werneet al. [6]. fective for estimating the refractive index fluctuations as the
dynamics is observed to be sensitively dependent on the
V. CONCLUSIONS strength of the phase fluctuations.
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