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We present the first experimental demonstration (to our knowledge) of long-distance unperturbed funda-
mental optical soliton transmission in conventional single-mode optical fiber. The virtual transparency in
the fiber required for soliton transmission, over 15 complete periods, was achieved by using an ultralong
Raman fiber laser amplification scheme. Optical soliton pulse duration, pulse bandwidth, and peak intensity
are shown to remain constant along the transmission length. Frequency-resolved optical gating spectro-
grams and numerical simulations confirm the observed optical soliton dynamics. © 2009 Optical Society of

America
OCIS codes: 140.0140, 190.0190.

It is well known that optical solitons exist as theoret-
ical solutions of the classic nonlinear Schrodinger
equation [1] traditionally used to describe propaga-
tion through an optical fiber waveguide. Although ex-
act optical soliton solutions have many potential ap-
plications in optical communications [2], laser
sources [3] or all-optical signal processing, and signal
regeneration [4], they exist only under nondissipative
conditions. Unfortunately, in practical optical trans-
mission systems, the intrinsic fiber loss makes unper-
turbed soliton transmission over long distances im-
possible even for low-loss media, as the integrity of
the soliton pulse relies on the balance between the
power-dependent self-phase modulation (SPM) in the
transmission fiber and the constant anomalous chro-
matic dispersion of the fiber.

To overcome this problem, a number of techniques
have been used to obtain approximations to the exact
fundamental soliton solution. Average solitons find a
balance between nonlinearity and dispersion on aver-
age over fiber spans where the loss is periodically
compensated by lumped amplifiers [2,5]. Dispersion-
managed soliton experiments use periodically alter-
nating dispersion values within the transmission
path to obtain periodically stable pulses [6]. Solitons
can also be supported in decreasing-dispersion fiber
engineered to match the decrease in nonlinearity due
to loss [7]. These approaches do produce solitonlike
pulses with interesting properties and potential ap-
plications but rely on either custom fiber or the exact
replication of a loss-cycle—dispersion unit cell be-
tween amplification stages to be successful.

An alternative option is to reduce signal power ex-
cursion along the fiber by using distributed Raman
amplification. This has been shown to support soliton
transmission over long distances in recirculating loop
experiments [8]. However, to date such demonstra-
tions have been restricted to the case where the fiber
spans are shorter than the soliton period owing to
there still being considerable power variation along
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the span length. The experimental results we present
here are the first demonstration (to our knowledge) of
transmission of fundamental solitons over multiple
soliton periods in conventional optical fiber with neg-
ligible amplitude or phase distortion. To achieve this
we use an ultralong Raman fiber laser transmission
scheme that allows signal propagation over long dis-
tances in optical fiber with extremely low power level
excursions [9,10].

Our initial transmission span consisted of 22 km of
conventional single-mode large effective area silica
fiber with a second-order dispersion parameter, 3,, of
-5.8ps?/km and a nonlinear coefficient, 7y, of
1.2 W lkm™! at a 1552 nm operating wavelength.
High-reflectivity (99%) fiber Bragg gratings with a
FWHM bandwidth of 0.6 nm were used to form the
cavity. The system was bidirectionally pumped by us-
ing two 1365 nm Raman laser sources. The gratings
were designed to give maximum reflectivity at
1455 nm (the wavelength of the first Raman Stokes
shift of our pumps), hence creating a cavity for radia-
tion at that wavelength. The pump and the pulsed
signal at 1552 nm were coupled into the transmission
system through 1365/1550 nm wavelength division
multiplexers (WDMs). Using optical time-domain re-
flectometry it is possible to monitor power excursion
at 1550 nm and manually adjust pump power to fully
compensate for fiber attenuation [10].

The sech profile signal pulses, with FWHM of ap-
proximately 4 ps and a soliton period of ~1.4 km,
were generated by a mode-locked fiber laser (MLFL)
operating at 1552 nm. The 10 GHz output pulse train
of the fiber laser was modulated down to a repetition
rate of 1.25 GHz, so that relatively high peak power
could be achieved at low average power levels with-
out introducing nonlinear distortion effects from the
erbium-doped fiber amplifier (EDFA). Note that the
focus of this experiment was to prove the transmis-
sion of individual fundamental soliton pulses, and no
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Fig. 1. Experimental setup for observing the soliton trans-
mission at different positions along the fiber.

form of data encoding was applied. The output signal
pulses were characterized by wusing a second-
harmonic-generation frequency-resolved optical gat-
ing (SHG FROG) [11], which generated complete
spectrograms with simultaneous time (horizontal)
and wavelength (vertical) information. The average
launch power required for fundamental solitons in
the ideal case was calculated to be 6.8 dBm. How-
ever, in practice the required power was slightly
higher, 7.8 dBm (pulse energy 4.6 pJ and 1120 mW of
peak power), because of the additional losses within
the experimental system (mainly fiber connections).
The output of the mode-locked fiber laser was care-
fully adjusted to obtain a launched pulse intensity
profile as close as possible to the typical sech? of the
fundamental soliton.

Similarly, the ultralong Raman fiber laser span
was pumped to provide distributed gain as close as
possible to ideal transparency. By underpumping or
overpumping with respect to this optimal value, it is
possible to move from a dispersion-dominated regime
to a nonlinearity-dominated regime. In the case of
underpumping [Fig. 2(b), curve iii] the pulse displays
temporal broadening due to chromatic dispersion.
The resulting output pulse [Fig. 2(c), curve iii] will be
temporally broadened with respect to the input pulse
[Fig. 2(a)]. On the other hand, if the Raman pump
power is higher than optimal [Fig. 2(b), i], the pulse
experiences a net gain across the span, and SPM
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dominates, leading to temporal compression. The re-
sulting output pulse [Fig. 2(c), i] is clearly temporally
shorter than the launch pulse [Fig. 2(a)l. Optimal
pumping [Fig. 2(b), ii] turns the cavity into a virtu-
ally nondissipative link with minimum power excur-
sion, in which the balance between the dispersion
and the nonlinearity can be maintained. The output
[Fig. 2(c), ii] and launched [Fig. 2(a)] pulse spectro-
grams are similar; therefore its spectral and tempo-
ral characteristics are also the same.

The spectrograms, which display the characteristic
sech? shape of a soliton, together with the effectively
null intensity variation across the fiber length ob-
served via optical time-domain reflectometry, give a
good indication of the dynamics of the fundamental
optical soliton, but are not full proof of unperturbed
evolution within the fiber span. To experimentally
demonstrate that the soliton remains undistorted
across the whole length of the fiber, the initial fiber
span of 22 km (~16 soliton periods) was divided into
four different lengths (3, 2, 5, and 12 km) as sche-
matically depicted in Fig. 1, and spectrograms were
taken after each interval. A single 1% monitoring
coupler, with an insertion loss of 0.4 dBm, was moved
across the range of available positions in the span to
measure spectra at different points in the fiber. This
set of spectrograms is shown in Fig. 3(a), top row. As
expected, the experimental traces closely resemble
one another regardless of their position along the fi-
ber. Therefore it can be said that pulse characteris-
tics remain the same for the whole transmission
span. Note that the small variations in pulse dura-
tion on the experimental trace are caused by the
equally small loss variations due to the repositioning
of the output coupler.

Otherwise the experimental results are consistent
for the whole span, achieving excellent agreement
with the numerical simulation results for a funda-
mental soliton evolution shown on the bottom row of
Fig. 3(a). The pulse duration, recovered from the
spectrograms, is represented versus distance in Fig.
3(b).

Further experimental work was carried out with
span lengths of 50 and 72 km. The experimental
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(a) Spectrogram and temporal intensity profile of the launched pulse. (b) Power variation profile along a 22 km

fiber span for the (i) nonlinear regime (SPM dominates), 0.83 W Raman power; (ii) soliton regime (virtually nondissipative),
0.56 W Raman power; and (iii) dispersive regime (dispersion dominates), 0.29 W Raman power. (c) Spectrogram and tem-
poral intensity profile of the output pulse (i) when SPM dominates, (ii) for the soliton regime, and (iii) when dispersion

dominates.
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Fig. 3. (a) Set of experimental (top row) and numerical simulation (bottom row) frequency-resolved optical gating spec-

trograms at different locations along the fiber span and (b) experimental results for pulse width versus propagation

distance.

spectrograms for the launch and output pulses are
represented in Fig. 4. Given that a pulse with ad-
equate energy and duration can be expected to evolve
naturally into a fundamental soliton while propagat-
ing through our virtually nondissipative fiber link,
we did not perform an initial optimization of the
pulse shape in this case, using instead a 4 ps pseudo-
Gaussian pulse. As expected, the optical pulse
evolved toward the typical soliton shape after some
initial stabilization. Note that the increasing power
excursion of longer fiber spans [10] makes pulse mea-
surements difficult within the fiber span because of
the introduction of losses. Therefore, pumping opti-
mization in the transmission span becomes particu-
larly important. In spite of the added difficulties, the
spectrograms for the output pulses for the case of
72 km are still consistent with a soliton profile, indi-
cating that intensity variations within the span are
still small enough not to have introduced a signifi-
cant perturbation to the pulse dynamics.

In conclusion, long-distance transmission of funda-
mental optical solitons over multiple soliton period
without amplitude, temporal, or phase variation has
been demonstrated. An ultralong Raman fiber laser
amplification scheme was used to provide a virtually
nondissipative medium that allowed the signal to
propagate at a constant power level as required for
soliton stability. Pulse dynamics were monitored
and verified by using second-harmonic-generation
frequency-resolved optical gating measurements,
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Fig. 4. Measured spectrograms from launch pulses at (a)
50 km and (b) 72 km, and output pulses at (¢) 50 km and
(d) 72 km.

which produce spectrograms that are entirely consis-
tent with those predicted through numerical simula-
tions of fundamental soliton transmission. Our initial
experiment shows stability of a 4 ps soliton over a
22 km span of large effective area fiber (LEAF) a dis-
tance equivalent to more than 15 soliton periods.
This distance was then extended to more than 50
soliton periods for a 72 km span. These results, ob-
tained by using conventional fiber, represent an im-
portant step toward the possible implementation of
practical soliton transmission and optical processing
systems.
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