
Abstract. We demonstrate that, in the presence of noise,
propagation of narrow-band 100-ns pulses through a 6-km
long optical ébre sharply reduces their amplitude when a
threshold power (� 0:2 W) is exceeded. The effect is due to
the development of modulation instability and is sensitive to
the noise level in the spectral region � 100 GHz in width
around the central frequency.

Keywords: modulation instability, nanosecond pulse, narrow-band
ébre laser.

1. Introduction

Recent years have seen rapid progress in the development
of distributed optical ébre measuring systems that utilise
pulsed narrow-band probe radiation sources [1, 2], in
particular of Brillouin-based temperature sensors [3, 4],
time-division-multiplexed ébre Bragg grating temperature
sensor arrays [5] and phase-sensitive Rayleigh OTDR
intrusion sensor systems [6, 7].

The radiation source in such systems is typically a laser
with a wavelength within the transmission window of the
ébre (l � 1:55 mm) and a pulse duration t � 100 ns, which
ensures a spatial resolution of � 10 m.

When a single longitudinal mode of the laser is selected
(single-frequency regime), the width of its emission spectrum
is determined by the pulse duration (Dv ' 11:6 MHz at
� 100 ns). To achieve high pulse powers (at least 1 W), use
is commonly made of (semiconductor) master oscillator/
(erbium-doped ébre) power ampliéer conégurations. The

output spectrum then contains, in addition to pulses, a noise
continuum due to the ampliéed spontaneous emission of the
erbium ampliéer.

The purpose of this work is to study the nonlinear effects
that accompany the propagation of such pulses in a long
optical ébre, in particular, the power limitations resulting
from modulation instability (MI). Note that MI is well
studied for picosecond pulses [8], whereas in the case of
nanosecond pulses only MI-induced changes in the ampli-
tude of the Brillouin scattering signal have been described
[9]. The study of MI effects on the propagation of nano-
second pulses in the presence of noise is of current interest
for both understanding the physics of the process and
clarifying the limitations that the properties of the radiation
source impose on the parameters of distributed sensor
systems [1 ë 7, 9].

2. Experimental

The source used (Fig. 1) is similar to that described by
Gorshkov et al. [7]. The radiation from pulsed laser diode
( 1 ) frequency-stabilised by an external Bragg grating is sent
to two-stage erbium ampliéer ( 3 ) and then coupled into a
6-km-long section of single-mode ébre ( 5 ). The length of
the active ébre is L1 � 2 m in the érst ampliéer and
L2 � 6 m in the second ampliéer. The ampliéers are
pumped by 980-nm laser diodes ( 2 ). The pump power is
30 mW for the érst ampliéer and is varied from zero to
40 mW for the second. The Bragg gratings ( 4 ) ensure
spectral éltration of the signal around � 1550 nm. The light
pulses are bell-shaped, with a full width at half maximum
(FWHM) of � 100 ns and a repetition rate of � 0:5 kHz
(Fig. 2).
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Figure 1. Schematic of the experimental setup: ( 1 ) pulsed laser diode;
( 2 ) pump laser diodes; ( 3 ) active erbium ébres; ( 4 ) Bragg grating élters;
( 5 ) 6 km of passive single-mode ébre; ( 6 ) ébre circulators.



We measured the time-averaged spectrum and average
power of the input signal and those at the 6-km ébre output.
The pulse shape showed no signiécant changes after 6-km
transmission (Fig. 2).

Figure 3 shows the input spectra at different pump
powers and the corresponding emission spectra at the
output of the long ébre. The pulse consists of a narrow
peak with a width of � 0:01 nm (� 1 GHz), determined by
the resolution of the spectrum analyser, and a broad

(� 1 nm) noise band, determined by the spectral width
of the Bragg grating élter that cuts off the ampliéer
spontaneous emission noise. Relative to the spectral density
of the peak, the noise level is of the order of ÿ15 dB within
the band and about ÿ45 dB outside it. Note that the actual
width of the peak is two to three orders of magnitude
smaller than that measured by the spectrum analyser and,
accordingly, the relative noise level is about 25 dB lower.

Analysis of the emission spectra indicates that, at high
input powers, the output peak height decreases, the relative
amplitude of the noise pedestal rises, and its spectrum
broadens. The average output power is then a linear
function of the average input power, with the standard
relation P�L� � P�0�eÿaL, where a � 0:17 dB kmÿ1 is the
measured loss in the ébre.

To assess the behaviour of the peak power, the measured
input spectra were decomposed into narrow (peak) and
broad (pedestal) components. In the input spectra, the
narrow component corresponds to the light pulse, and
the broad component, to a noise continuum. The integrals
of these components over the spectrum and time correspond
to their average powers.

At the ébre output, we observe a narrow peak and a
pedestal, the latter consisting of a continuous component
and an impulsive component (which is assumed to result
from power transfer to the pedestal because of the MI
effect).

To énd the actual peak and pedestal powers, we solved a
set of linear equations, assuming that the continuous
component of noise experiences only absorption in the
ébre. The output power versus input power, Pout(Pin),
data thus obtained for the narrow and broad components
(Fig. 4) show clearly that pulse propagation in the ébre is
accompanied by power transfer from the narrow peak to the
broad noise pedestal.

3. Analytical model

The propagation of a long pulse in an optical ébre can be
described by the nonlinear Schr�odinger equation (NSE)
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Figure 2. Observed pulse shapes of the input signal (solid line) and at the
6-km ébre output (dashed line).
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Figure 3. (a) Input and (b) output spectra at average input powers
P � 0:13 ( 1 ), 12 ( 2 ) and 204 mW ( 3 ).
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Figure 4. Output power vs. input pulse power for the narrow and broad
components of the pulse.
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where A(t; z) is the amplitude of the electromagnetic éeld at
the carrier frequency o0 � 2pn0=l0, normalised to the
power P � jAj 2; c is the speed of light in the ébre with
a refractive index n0; b2 � ÿ10 kmÿ1 nmÿ2 is the (anoma-
lous) dispersion at a wavelength of 1550 nm; g �
3 Wÿ1 kmÿ1 is the nonlinearity coefécient; and a �
0:17 dB kmÿ1 is the optical loss coefécient. The boundary
condition at the ébre input, z � 0, is expressed as the sum
of a Gaussian pulse shape with a FWHM T0 � 100 ns and
the noise amplitude An(t):
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Here, P0 � e0=T0 is the average power of a pulse of energy
e0. The random noise has a power spectral density
Pn�o� � jAn(o)j 2 that differs from zero (Pn�o� � en=D)
in the spectral range D � 1 nm around the carrier frequency
o0, en is the noise energy averaged over the pulse period,
t � 2 ms. The measured pulse-to-noise energy ratio is
e0=en � 0:71.

In a ébre with an anomalous group velocity dispersion, a
pulse breaks up because of MI. To describe this effect, we
divide the time axis into segments of length dT5T0 such
that P(ti) can be considered constant within each segment.
Neglecting the inêuence of the noise component, we obtain
for the pulse amplitude in each segment

A�i�p �z� � Ap�ti; 0� exp�igPizÿ az�; (3)

where Pi � jA�i�p j.
Consider the case aL5 1, where losses can be neglected.

We obtain the following equations for the noise component
in the ith segment in the spectral representation:
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Seeking the solution to this linear equation in the form
A
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The solutions with n� rise exponentially starting at the
noise level Pi

n�o� � endT=DT :

P �i�n �o; z� � P �i�n �o� exp�2n��o�z�. (8)

The components that grow most rapidly are those with
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and with n� i�� � gPi, propor-

tional to the pulse power in the ith segment.
The noise grows exponentially until its energy,�
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ith segment, after which the reverse inêuence of the noise on
the pulse must be taken into account:
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For 4gPiz4 1, this integral can be estimated by Laplace's
method. The major contribution comes from the two
maxima at oMI � �

�����������������
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Note that, outside the pulse at jtj5T0, the noise
amplitude does not grow because there is no coupling
with the pulse. For this reason, the noise energy over the
pulse period comprises two contributions:
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The integral above can also be estimated by Laplace's
method to give the noise energy in the pulse position, e pn (L).
The average noise power at the ébre output comprises a
continuous component, �Pn � en=t, and an impulsive com-
ponent,
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These solutions are valid as long as the regular pulse
energy, e0 � P0T0, far exceeds the energy of the noise
component, e pn (L):
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The dashed and dotted lines in Fig. 4 illustrate the
behaviour of the noise power calculated by Eqn (12) and
that of the power of the narrow component, Pp(L),
evaluated from the conservation-of-energy principle:

Pp�L� � P0 ÿ Pp
n �L�t=T0: (14)

4. Numerical simulation

Since the analytical solution is valid only near the MI
threshold, numerical simulation is needed at higher powers.

To numerically solve Eqn (1), we used the process
splitting method, in which the solution to Eqn (1) at a
step Dz of an evolution variable can be represented in the
form

A�z� Dz; t� � exp�12Dz eN � exp�Dz eD� exp�12Dz eN �A�z; t�; (15)
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where eN is a nonlinear operator and eD is a linear operator
that takes into account the dispersion broadening and
attenuation of the pulse. In our simulations, the time
window was T � 1 ms, and the number of time steps was
N � 220. The step of the evolution variable was Dz � 5 m.
The initial distribution had the form of a Gaussian pulse
with a FWHM of 100 ns and a varied peak power Pp. Thus,
the éeld distribution at the ébre input was

A�t; 0� � ������
Pp
p

exp�ÿt 2=2T 2
0 �

with white Gaussian noise in a 1-nm spectral band. The
simulation results are represented in Fig. 4 by solid lines.
Figure 5 shows the intensity as a function of time at the
ébre input and after 6-km propagation for a peak pulse
power Pp � 1:3 W. The development of MI leads to strong
modulation of the pulse amplitude at the ébre output, with
a characteristic period TMI � 10 ps (with spikes an order of
magnitude above the average level).

5. Discussion

Our experimental data indicate that, in the presence of
broadband noise, the power of the transmitted narrow-
band radiation érst rises linearly with input power, then
saturates at some threshold value and falls off at higher
input powers (Fig. 4). Because of the MI effect, the power
of the narrow peak is transferred to the noise pedestal,
whose intensity rises linearly at high powers.

As seen in Fig. 4, our analytical model provides a
suféciently accurate prediction of the threshold input pulse
power, P p

th, above which the transmitted power of the peak

decreases. The threshold power can be found by putting an
equal sign in (13):

P p
th �

p
8gL ln 2
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�64jbjD 2L 2gP0�ln 2� 2=p��1=2

�
: (16)

The actual loss in a 6-km ébre at the threshold pulse
power is eÿaL � 0:8. Since the above analytical model
assumes that aL5 1, the threshold power for MI is slightly
underestimated, but by no more than 20%.

In the above expression, P p
th is inversely proportional to

the ébre length and is a logarithmic function of noise
spectral density en in the frequency range oMI �
� �����������������

2gPi=jbj
p

. Therefore, the threshold for MI can be raised
by reducing the noise level in the oMI range. At the pulse
powers used in our experiments (� 1 W), the width of the
spectral range corresponding to oMI is Dl ' 1 nm. Thus,
the continuous noise spectrum falls in this range, leading to
strong energy transfer from the narrow peak to the broad
pedestal.

One way to suppress MI is to reduce the noise level. In
particular, in a study reported by Alahbabi et al. [9] the
noise level measured by a spectrum analyser was 25 dB
lower than that in this study, and no reduction in the
amplitude of the narrow peak was detected. At an input
power of � 0:4 W, small sidebands emerged in the spectrum
because of the MI effect, affecting the characteristics of the
frequency-shifted SBS signal. Alahbabi et al. [9] showed
that, in a dispersion-shifted ébre (normal-dispersion regime
at 1550 nm), no MI developed. The same would be expected
in our case.

The curve obtained by numerical simulation agrees both
qualitatively and quantitatively with the experimental data,
even in details such as peak power oscillations in the falloff
region.

The numerical simulation also suggests that the pulse
envelope remains undistorted, but the pulse at the output
end of the long ébre is heavily modulated (Fig. 5) at a
frequency of � 100 GHz. Indeed, the pulse shape remains
unchanged in our experiments, but no spikes can be detected
because of the time averaging in the measuring channel
(� 100-MHz frequency band).

6. Conclusions

The present results demonstrate that, when a certain power
level is exceeded, propagation through a long (� 6km)
optical ébre sharply reduces the amplitude of narrow-band
100-ns pulses because of the development of MI, which
leads to energy transfer to spectral sidebands.

The MI threshold is inversely proportional to the ébre
length (Pp

th � 0:2 W at L � 6 km) and falls off logarithmi-
cally with noise power spectral density in the frequency
range � 1 nm in width around the carrier frequency.

MI may have a signiécant effect on the performance of
phase-sensitive Rayleigh sensor systems that utilise Rayleigh
scattering [7]. Its role can be reduced by decreasing the noise
component of the input signal or passing to the normal-
dispersion regime of the ébre.
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Figure 5. (a) Initial pulse shape in the simulation and (b) simulated pulse
shape at the 6-km ébre output. The white dashed line shows the pulse
envelope.
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