114 Gbit/s soliton train generation through Raman self-scattering
of a dual frequency beat signal in dispersion decreasing optical fiber
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We report the generation of 114 Gbit/s trains of 250 fs fundamental solitons. The pulses are
generated due to the conversion of an intense optical beat signal (generated from two DFB laser
diodes and an erbium doped fiber amplifier combination) into a soliton train due to nonlinear
propagation in a 1.6 km fiber of steadily decreasing dispersion. The train repetition rate
corresponds to the beat frequency of the input signal and was readily tunable between 80 and
120 GHz. The results of a computer simulation of the system are found to be in good qualitative

agreement with the experimental observations.

Methods for high repetition-rate pulse train generation
based on nonlinear propagation of an optical signal along
an optical fiber can be considered as an alternative tech-
nique to the traditional sources of short optical pulses—
namely, actively or passively mode-locked lasers. Pulse
trains can be obtained using the effect of induced modula-
tion instability. In this instance, a powerful cw monomode
beam with a small amplitude modulation breaks up into a
train of short pulses as it propagates in an optical fiber.'?
However, in this case, the pulses generated have a large
frequency modulation and are far from transform limited.
In addition, they are accompanied by a significant pedestal.
It has recently been shown theoretically® that under the
combined effect of modulation instability and Raman self-
scattering (RSS)* a train of pure solitons with durations of
a few hundred femtoseconds can be obtained at repetition
rates in the 100 GBit/s regime. In this case, a train of short
femtosecond pulses is generated due to modulational insta-
bility, and subsequently Stokes-shifted solitons are formed
due to the RSS. Another promising technique for the gen-
eration of high-repetition rate cw trains of well-separated
solitons has recently been suggested® and experimentally
realized.®’ The technique is based upon the transformation
of a dual-frequency beat signal into a train of solitons as a
result of nonlinear propagation in an optical fiber provid-
ing either slow amplification, or steadily decreasing disper-
sion along its length.

In this letter we demonstrate the generation of a high
repetition-rate train of femtosecond solitons using a new
approach. The technique is based on the instability of a
dual-frequency beat signal propagating in a dispersion de-
creasing fiber (DDF) combined with the effect of RSS.
Using a DDF of 1.6 km length, we have obtained 80-120
Gbit/s trains of 250 fs fundamental solitions. The tech-
nique presented here utilizing RSS differs fundamentally
from the previously reported DDF techniques*’ based on
the adiabatic transformation of a beat signal and permitted
us to generate significantly shorter pulses.

The experimental configuration is illustrated in Fig. 1.
The outputs from two, pig-tailed, single frequency DFB
lasers (DFB1 and DFB2) were combined using a 3 dB
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coupler to create a beat signal. The lasers emitted at wave-
lengths around 1550 nm. The temperature of the laser di-
odes could be independently varied to a high accuracy en-
abling the laser wavelength separation to be tuned between
0 and 2 nm: The beat signal was then passed through a
polarization-sensitive isolator into an erbium-doped fiber
amplifier (EDFA) with a counter-propagating pump. Po-
larization controllers were included in both input leads to
the combining coupler in order to maximize and equalize
the relative intensities of the light from the DFB lasers
passing through the isolator. The EDFA fiber was based on
a silica-germano-alumina host, contained 160 ppm Er’*,
and had a length of 35 m. A Ti:sapphire laser operating at
978 nm was used for pumping of the EDFA. The pump
radiation was coupled into the EDFA via a WDM coupler,
and the input pump power was stabilized using a servo
circuit and Bragg cell placed in front of the launch optics.
The amplified beat signal was then passed through a sec-
ond isolator which prevented feedback into the EDFA
from the rest of the system. Up to 300 mW of amplified
power was available at the isolator output. However, in
order to increase the peak amplified power level, the beat
signal coupled into the EDFA was modulated to reduce
the amplifier saturation (square pulses modulation, 100 ns
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FIG. 1. Experimental setup.
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FIG. 2. Experimental spectrum (a) and autocorrelation trace (b) of 114
Gbit/s soliton train obtained at the end of the DDF fiber.

pulses at 300 kHz). The modulation was provided by di-
rect synchronous modulation of the laser diode drive cur-
rent and permitted an amplified peak power of up to ~ 800
mW within the 100 ns pulses. The level of the power be-
tween pulses was less than 60 mW and was due to the
amplified spontaneous emission, peaking at 1535 nm.

The amplified beat signal was coupled into a DDF
which was spliced to the isolator output. The DDF length
was 1.6 km. The fiber was fabricated using a recently de-
veloped technique.® The dispersion at 1550 nm varied
along the fiber length from D,,,=10 ps/nm/km to D,
=0.5 ps/nm/km. The dispersion length profile was de-
signed to be close to a hyperbolic form. A 90:10 coupler
was spliced to the DDF output to facilitate real-time mea-
surement of the spectrum and background-free intensity
autocorrelation function.

A typical spectrum and autocorrelation trace of the
soliton train as generated by the technique at the output of
the DDF are shown in Figs. 2(a) and 2(b), respectively.
The launched 978 nm pump power was estimated to be 700
mW. The spectrum of the amplified beat signal at the DDF
input consisted of two single frequencies around 1551 nm
separated by ~0.9 nm. The autocorrelation trace at the
DDF input had a sinusoidal form with a period of 8.6 ps.
The ratio of the SHG intensity minimum to maximum was
Jto 1.

The output spectrum consisted of many equally spaced
spectral lines as expected for a high frequency, periodic
signal. The spectrum consists of two separated parts. The
first is shifted in frequency toward the longer wavelength
and has a pulse-shape envelope with a maximum at 1565 nm
and half-maximum of ~ 10 nm. This spectral component
corresponds to a train of spectrally shifted solitons, gener-
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ated through the RSS. The other spectral component is a
remnant signal centered around the initial wavelength
1551 nm. The autocorrelation function [Fig. 2(b)] clearly
demonstrates the generation of a 114 Gbit/s train of well
separated pulses. The Stokes-shifted soliton train contains
more than 80% of the full signal energy. There is no in-
trapulse background, however, one can see the appearance
of additional peaks in the autocorrelation trace. These
peaks appear to be related to residual radiation at the ini-
tial wavelength. The duration of the central autocorrela-
tion peak is 360 fs corresponding to a soliton width of 230
fs. The bandwidth of a 230 fs soliton is 10 nm, in agree-
ment with that determined from the half-width of the
Stokes-shifted spectral envelope.

The technique permits us to tune the repetition rate of
the soliton train simply by adjusting the frequency and
intensity of the input beat signal. These parameters are
readily controlled by adjusting the frequency and intensity
of the DFB lasers, respectively. The repetition rate could
be tuned between 80 and 120 GHz with this single config-
uration, the pulse duration remaining in the range 230-300
fs. Although the Stokes frequency shift of the generated
soliton train depends on the input power and beat fre-
quency, the output frequency was reasonably stable (the
instability was considerably less than the repetition fre-
quency).

For a theoretical interpretation of the results obtained,
we carried out a numerical simulation of the system. The
simulation was based on the nonlinear propagation equa-
tion for the dimensionless field envelope Y (1,£) which
takes into account the effects of decreasing fiber chromatic
dispersion, third-order dispersion, and the fiber nonlinear-
ity [the self-phase modulation (SPM) and Raman ef-

fects]:> !
OV(1,E) dy(§) PV (1,€) .ﬂa3‘l’(f,€)
‘T T2 a7 ‘e of

,

+¥(7,€) |W(r—7",E) |*F(r—1")d7" =0,
where the dispersion length profile d,(£) =1/(1+ 12¢) for
0<E<L(L=1) is close to that used in the experiments,
and the nonlinear response function F(r—7') =(1—a)8(r
—7')+aR(7—71') where a=0.18 and which takes into ac-
count both the instantaneous and delayed Raman response
R(r—7").510 The input beat signal was ¥ (¢,0) =b sin(7t/
T). In Fig. 3 we present a typical pulse train and corre-
sponding optical spectrum and in Fig. 4 we plot the peak
power and pulse duration evolution against propagation
length as calculated from the simulation.

The mechanism of soliton pulse generation from the
beat signal half-periods in this case was found to be similar
to the effect of Raman self-scattering of multisoliton
pulses'"!? as well as to that of the combined effect of the
modulational instability and RSS.® Briefly, at the initial
stage of propagation SPM dominates the signal evolution.
This leads to frequency modulation at the beat signal half-
period and results in compression. As the dispersion de-
creases along the fiber the compressive effect is enhanced
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FIG. 3. (a) Spectrum and (b) intensity profile of the generated soliton
train as obtained from numerical simulations of the experimental system.
The dimensionless parameters used in the simulation are b=2.8, T=2,
and t=4.3 ps.

and results in further broadening of the spectra and ulti-
mately in the generation of a short pulse train and an
accompanying pedestal. Since the pulse duration at the
minimum (£=0.4) is as short as 350 fs (Fig. 4), the RSS
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FIG. 4. Dynamical behavior of the pulse width and the peak power of the

pulse train during propagation along the DDF as obtained from the nu-
merical simulation of the system.
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effect becomes significant and results in a red shift of the
short pulse spectral component. As the soliton pulses and
residual radiation have different mean wavelengths and
consequently different group velocities, the soliton train
moves through the pedestal and is amplified by it through
Raman amplification. The decreasing dispersion leads to
further soliton compression. As a result, a periodic train of
soliton pulses is generated containing most of the energy of
the initial beat signal (Fig. 3). The residual energy is con-
centrated in a secondary train of longer duration pulses
centered around the initial beat-signal wavelength. Only a
negligibly small part is contained in a cw background. One
can see that the theoretical results are in good qualitative
agreement with the experimental measurements. The sec-
ondary pulses are responsible for the small additional
peaks observed in the autocorrelation trace (see Fig. 2).
Note, that if required, the generated soliton train can easily
be spectrally filtered.

In conclusion, we have demonstrated a new technique
for the generation of 100 Gbit/s soliton trains. The trains
consist of well separated soliton pulses without pedestal.
To our knowledge, this is the first source capable of gen-
erating pulses as short as 250 fs at such high repetition
rates.
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