All-fiber spectral compression of picosecond pulses
at telecommunication wavelength enhanced
by amplitude shaping
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We demonstrate efficient spectral compression of picosecond pulses in an all-fiber configuration at
telecommunication wavelengths. A spectral compression by a factor of 12 is achieved. Performing tem-
poral shaping with a parabolic pulse significantly improves the spectral compression with much lower
substructures and an enhanced Strehl ratio. © 2012 Optical Society of America
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1. Introduction

Optical fibers are an ideal medium to observe the con-
sequences of Kerr nonlinearity. Indeed, thanks to the
guided propagation and light confinement, the low
third-order nonlinear coefficient of silica is counterba-
lanced by a large available interaction distance. There-
fore, optical fibers have been widely used to observe
large self-phase modulation (SPM) of transform-
limited pulses, which usually leads to a spectral ex-
pansion of the pulse [1]. If this effect has ordinarily
a negative impact on long-haul telecommunications
or high-power fiber amplifiers, various specific applica-
tions may on the contrary benefit from this spectral
enhancement. For example, highly coherent multi-
wavelength continuum sources have been proposed
spanning the whole band of conventional optical tele-
communications [2]. Another widely used application
is nonlinear temporal pulse compression and relies on
the linear compensation of the nonlinear chirp induced
by SPM. Thanks to this technique, femtosecond few-
cycles pulses have been generated [3]. However, the
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quality of the results depends directly on the temporal
intensity profile of the initial pulses. Therefore, it has
been shown that initial pulse shaping may signifi-
cantly improve the performance of these devices
4-6] by taking advantage of the parabolic pulse
features [7].

A less-known potential application of SPM (even if
it was described as soon as 1978 [1]) relies on the
configuration where the initial pulse is negatively
linearly chirped (i.e., with a chirp corresponding to
an anomalous dispersive medium). In such a config-
uration, the SPM-induced chirp cancels the initial
frequency modulation and long and short wave-
lengths redistribute toward the center wavelength,
leading to a spectral narrowing of the pulse [8-11].
Concentrating the energy in the central part of the
spectrum has, for example, been found of practical
interest for the generation of high power picosecond
pulses from femtosecond oscillators [12], or for bio-
photonics applications with an enhanced spectral re-
solution [13]. However, once again, the performances
of the spectral compression process crucially depend
on the initial pulse shape, and routinely used hyper-
bolic secant or Gaussian temporal intensity profiles
lead to the presence of large spectral pedestals. To
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overcome this issue, the optimum pulse shape has
been found to be theoretically parabolic [14,15]. This
approach has been recently experimentally validated
at 1035 nm by using 160 fs pulses reshaped into
1.5 ps parabolic pulses by means of an acousto-optic
pulse shaper [16]. After propagation in a 1 m-long
passive photonic crystal fiber, the spectrum of the
nd pulses was efficiently compressed to within 20%
of the Fourier transform limit.

In this contribution, we provide a new illustration
of the benefits brought by an initial shaping of the
temporal intensity profile. Our experiments explore
a completely different range of input parameters
(initial wavelength, duration and peak power, as well
as typical fiber lengths) and a high-quality spectral
compression by a factor above 10 is demonstrated
in a passive fiber. We first recall the basis of spectral
narrowing and quantify the process by means of nu-
merical simulations. We then describe our all-fiber
experimental setup and discuss the experimental
results that have been obtained.

2. Principle of Operation and Numerical Simulations

Spectral narrowing occurs when a linearly chirped
pulse (with a chirp provided by an anomalous disper-
sion medium such as a pair of gratings [8,12], a prism
[10,11], or a hollow-core photonic bandgap fiber [17])
is affected by SPM in a highly nonlinear Kerr med-
ium. Basically, if the initial pulse has the temporal

complex field envelope y given by

w(T,0) = /P(T,0) exp (—iC;TZ), 1)

with P being the temporal intensity profile and Cy
the chirp parameter. Then the SPM induced after
a propagation length L is given by the following non-
linear term that adds to the initial phase, y being the
nonlinear coefficient of the fiber under test:

onL(T.L) = yP(T,0)L. ()

This results in the following pulse (here the impact of
other effects such as dispersion or attenuation has
been neglected):

w(T,L) = /P(T,0) exp (—i (% T2 - yP(T, O)L)).
3)

From this simple equation, it is clear that starting
from a linearly chirped pulse, one can obtain a trans-
form-limited pulse of the same duration (therefore
with a narrower spectrum) if this condition is
fulfilled:

% T2 - yP(T,0)L = K, @)

K being a constant. If this requirement is not
fulfilled, the input chirp compensation will only be
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partial with a time-dependent term, resulting in
the large spectral pedestals that are usually observed
[10,12,17].

Following Eq. (4), it is important to note that this
last condition is perfectly fulfilled for an input tem-

poral intensity profile having a parabolic shape:

C K
P(T,0) = ﬁﬂ I (5)

which can be written using the usual notation for a
parabolic bright pulse as (for |T| < Tp)

T2
P(T,0) = Pp(l - —2), (6)
TP

with Pp = —-K/yL being the peak power of the pulse
and Tp being the half-total width of the parabolic
pulse such that

(7)

We can make out that K should be negative and that
a negative input chirp coefficient Cy is needed. From
(7) it also appears that the peak power of the pulses is
directly proportional to the chirp coefficient and in-
versely proportional to the length of the fiber and
to the nonlinear coefficient. Note that using dips of
light on a continuous background could also be a pos-
sible solution and dark parabolic profiles [18] can
also fulfill Eq. (5) to spectrally compress positively
chirped pulse.

In order to get more precise insights into the
nonlinear dynamics of the spectral compression,
we numerically integrate the standard nonlinear
Schrodinger equation that takes into account also
the second order dispersion of the fiber f,:
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In the following, we base our discussion on the ex-
perimental parameters that will be further detailed
in Section 3. We will compare hyperbolic secant
and parabolic pulses having a full width at half-
maximum (FWHM) temporal duration of 70 ps and
a linear chirp coefficient Cr of —1.93 GHz/ps. Both
pulses have a similar FWHM spectral width of
130 GHz. The spectral compression will take place
in an optical fiber having the following properties:
o =9.6x10"* ps¥’m, y=10Wkm and a fixed
length L of 1 km.

Figure 1 describes the evolution of the output spec-
tral profiles as a function of the input pulse peak-
power for the two pulse shapes under investigation
(hyperbolic secant and parabolic pulses). This figure
outlines the significant influence of the initial shape
on the compression behavior. If the spectral width
and the power required for optimum compression
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(Color online) Simulation: Evolution of the output spectral profile according to the input peak power for an initial sech? intensity

profile (a) and for a parabolic intensity profile (b). Spectra are normalized so that the energy of the spectra equals 1.

seem comparable in both cases, the presence of side-
lobes and oscillations is clearly accentuated in the case
of a sech? profile. One can also make out that the spec-
tral brightness is enhanced using a parabolic input
pulse. The spectral expansion following the point of
optimum compression also differs significantly.
Figure 2 describes more quantitatively the differ-
ences between the two initial pulse shapes. More pre-
cisely, we have plotted the evolution of two quantities
as a function of the input peak-power: the FWHM of
the optical spectrum [Fig. 2(a)] and the Strehl ratio
[Fig. 2(b)] that we use in order to assess the quality of
the spectral compression. This Strehl ratio, often
used to assess the spatial performance of an imaging
system, can also be used to quantify the quality of a
temporal compression [19]. In our case, we define the
Strehl ratio as the ratio between the actual spectral
peak power and the spectral peak power obtained as-
suming a flat temporal phase of the pulse. Therefore,
the Strehl ratio is comprised between 0 and 1, 1
defining an ideal spectral compression. From the

results of these two figures, we can make out several
important conclusions. First, we note that the opti-
mum compression (both in terms of spectral width
and Strehl ratio) is obtained for an input peak power
of 1.55 W for sech and parabolic pulse shapes. This
value corresponds to input pulse energies of 105 and
125 pd, respectively and is in agreement with the pre-
diction of Eq. (8). In both cases, a compression factor
close to 13 is achieved and one can note that between
1.2 and 1.8 W of input peak-power, the FWHM spec-
tral width does not exhibit major differences. There-
fore, the main parameter to definitively assess the
best configuration and power will be the Strehl ratio.
A significantly higher Strehl ratio is indeed obtained
in the case of parabolic pulses, with values as high
as 0.99, synonym of transform-limited pulses. It has
to be compared to the performances achieved with a
picosecond sech pulse with a poor resulting Strehl
ratio of 0.24.

Interestingly, in the case of a parabolic pulse, the
root-mean-square (rms) width of the pulse spectrum
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Fig. 2. Simulation: Evolution of the output spectral parameters according to the initial peak-power for the parabolic pulse shape (solid
black line) and sech pulse (gray line). (a) FWHM spectral width, (b) Strehl ratio, (c) evolution of the rms spectral width as a function of input
peak power for a parabolic pulse: numerical results (solid black line) are compared to a parabolic fit (dots).
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Fig. 3. Simulation: (a) Temporal intensity and chirp profiles obtained for the optimum point of compression for hyperbolic secant
and parabolic profiles (gray and black line, respectively). The input temporal intensity profiles are plotted with full circles. (b) Spectral
intensity profiles at the point of optimum compression for hyperbolic secant and parabolic profiles (gray and black solid lines, respectively).
The results are compared to the initial spectral plotted in dashed lines.

according to the input peak power follows a simple
parabolic law. This result fully agrees with the evo-
lution of the temporal rms width in a dispersive med-
ium: in [20], it has indeed been shown that the
temporal rms of any pulse propagating in a disper-
sive medium (i.e., a medium that imposes a spectral
parabolic phase) scales following a nontrivial para-
bolic law. In the case of a parabolic pulse, we can
clearly draw a parallel between the impact of the
temporal parabolic SPM-induced phase and the ac-
tion of second order dispersion acting as a parabolic
phase in the spectral domain [15].

Details of the output temporal and spectral inten-
sity and chirp profiles generated at the optimum com-
pression point are shown in Fig. 3. The temporal
features of the spectrally compressed pulse confirm
that for an initial parabolic shape, a null temporal
chirp is obtained, synonym of the expected flat phase.
On the contrary, a non-negligible residual chirp is visi-
ble for the hyperbolic secant pulse. Comparing the in-
itial and compressed pulses, we can note that there is
no change in the temporal intensity profile, thus con-
firming that the impact of chromatic dispersion is here
negligible. Regarding the details of the compressed
spectral profile [Fig. 3(c)], as already described in
[15], the parabolic shape leads to significantly lower
sidelobes, with a very low ratio of energy contained
in the wings of the spectrum. The recompressed spec-
tral profile can be theoretically described by a Bessel
function of the first kind [15]. In the case of the hyper-
bolic pulse, some noticeable sidelobes are visible con-
taining a non-negligible part of the pulse energy.
Consequently, the spectral peak intensity is twofold
under the one achieved with a parabolic pulse.

3. Experiments

A. Experimental Setup

The experimental setup is sketched in Fig. 4. An initi-
al picosecond pulse train is delivered by a modelocked
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erbium doped fiber laser running at a repetition rate
of 10 GHz at a central wavelength of 1552.5 nm. The
initial pulses are transform-limited with a hyperbolic
secant intensity profile typical of soliton pulses and
with a FWHM temporal duration of 2.4 ps. The repe-
tition rate is then decreased down to 1.25 GHz by
means of an intensity modulator driven by a 1:8 duty
cycle pulse sequence provided by a 10 Gbit/s electrical
pattern generator. Decreasing the repetition-rate of
the pulse train enables us to have access, for the same
average power, to a higher peak-power. Note that this
pulse picking technique has also the additional advan-
tage to avoid any spectrum comb structure of 10 GHz
spaced lines. Indeed, with a 1.25 GHz repetition rate
and given our optical spectrum analyzer resolution,
the resulting spectrum appears as continuous. A
phase modulator driven by a sinusoidal beating at a
frequency around 100 MHz is also used to prevent
the deleterious effects of Brillouin backscattering.

PATTERN
GENERATOR
0000 1000

|
[ 10GHz- MLL— M — | WAVESHAPER

Mhz
SINUSOIDAL
MODULATION

HNLF

with normal dispersion

—| PC CONTROL l

Fig. 4. Experimental setup. MLL, modelocked laser; IM, inten-
sity modulator; PM, phase modulator; SMF, single mode fiber;
EDFA, erbium-doped fiber amplifier; OVA, optical variable at-
tenuator; HNLF, highly nonlinear fiber; OSA, optical spectrum
analyzer.




The amplitude shaping is achieved by a liquid crystal
on silicon (LCoS) device [5] that tailors both the am-
plitude and phase spectral profiles of the incoming
pulse train. Note however that in our case, we will
only benefit from the amplitude shaping capabilities
of the devices. Indeed, the linear spectral chirp that
is targeted is too high to be directly synthesized by
the LCoS device. Consequently, in order to imprint
the linear chirp, we use a piece of anomalous standard
single mode fiber with a length Lgyr of 3900 m and a
second-order dispersion fogyr = —21.9 ps¥km. The
fiber rigorously leads to a parabolic spectral phase
Posmr Lsyr @%2, @ being the radial frequency.
Due to the high level of parabolic spectral phase, this
leads in the temporal domain to the expected nearly
quadratic temporal phase. The initial 2.4 ps pulses are
thus stretched to a temporal duration of 70 ps. The low
incoming power in the SMF and its low nonlinear
coefficient ensure that no unwanted nonlinear effects
affect the pulse propagation in this segment. The re-
sulting pulses are characterized in intensity by a fast
oscilloscope with a 63 GHz bandwidth, high enough to
obtain the shape of the intensity profile.

Then the pulses are amplified to the required aver-
age power (up to 30 dBm) by a high-power erbium
doped fiber amplifier (EDFA) and the output power
is varied by an optical variable attenuator in order to
avoid power-dependent nonlinear effects in the am-
plifier. The optical attenuator is controlled by a com-
puter (PC) and synchronized to the optical spectrum
analyzer, which enables us to obtain systematic map-
ping of the output spectral shape. Finally, the spec-
tral narrowing takes place in a highly nonlinear
fiber (commercially available HNLF distributed by
OFS) with a length of 1 km, an attenuation of
1 dB’km and a nonlinear coefficient of 10/W/km.
The chromatic dispersion is chosen to be normal
(Be = 9.6 x 10~* ps¥m is used) in order to prevent
from any modulation instability process [11]. An
optical spectrum analyzer (resolution of 5 GHz)
has been used to record the resulting spectra.

B. Experimental Results

The experimental temporal intensity profile re-
corded after pulse shaping and stretching is plotted
in Fig. 5. We can clearly see that the initial intensity
spectral shaping enables to efficiently shape the hy-
perbolic secant pulses into a parabolic profile. The
impact of the power launched into the fiber is demon-
strated in Fig. 6 where we have plotted similarly to
Fig. 2, the output spectrum according to the input
peak power of the incoming pulses. This map is made
of 200 spectra. Those experimental results agree well
with the qualitative trends that have been described
in the previous section: the spectral narrowing is
progressive and becomes optimum for input peak-
powers close to 1.5 W. The significant difference in
behavior previously discussed between the two types
of pulse shape is also confirmed.

More details on the spectral shape of the recom-
pressed pulses are given in Fig. 7(a) and stress that

Normalized intensity

Fig. 5. Initial pulse profiles after stretching in the 3.9 km long
SMF segment. In absence of amplitude spectral shaping, the re-
corded intensity profile (gray line) is compared to a sech? intensity
fit (gray circles). Using an initial spectral shaping, the experimen-
tal results (black line) are compared to a parabolic intensity profile
(black circles).

the parabolic shaped pulses lead to an enhanced
spectral compression providing lower sidelobes and
increased peak spectral power. Compared to input
pulses, the power density has then been increased
by a factor of 9. Moreover, in agreement with numer-
ical predictions, an improvement of spectral bright-
ness by a factor of 2.1 is achieved compared to the
sech? pulses. A compression factor ratio of 12.2 is also
measured, consistent with the factor expected from
the numerical simulations. Note however that this
value is slightly impacted by the resolution of our
OSA (we believe the real value of the compressed
spectral width to be slightly lower). We have checked
that the temporal intensity profiles of the output
pulses were not affected by the compression process.
Therefore, the resulting time-bandwidth product is
found to be 0.745, to be compared to the value of
transform-limited parabolic pulse of 0.66. We are
thus only 12% higher than the bandwidth limited
case. On the other side, for hyperbolic secant pulses,
the resulting time-bandwidth product is more than
twofold above the transform limit condition (0.315
for a transform-limited hyperbolic secant pulse).

Regarding the evolution of the pulse quality, the
Strehl ratio demonstrates once again the superiority
of the parabolic-shaped pulses with a Strehl ratio
three times higher than in the sech pulse case. Final-
ly, the evolution of the rms spectral width measured
for the parabolic pulse shape as a function of input
peak power confirms the parabolic law described
in the previous section.

4. Discussion

In our experiment, we have demonstsrated a x 12
compression ratio. To the best of our knowledge,
this result represents a record for generation of
nearly transform limited pulse: the previous work
dealing with the same technique in a passive
fiber have reported a compression factor below 10
of compression ratio was achieved at the expense
of high sidelobes and pulses were far from being close
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(Color online) Experimental results: Evolution of the spectral profile as a function of the input peak power for an initial sech?

intensity profile (a) and for a parabolic intensity profile (b). Spectra are normalized so that the energy of the spectra equals 1.

to the transform-limit. Regarding many aspects, the
superiority of the shaped pulse has been definitively
confirmed. However, the results have been below
the theoretical predictions obtained for a parabolic
pulse shape. In particular, higher substructures have
been recorded, thus explaining the lower Strehl ratio
equal to 0.57 instead of 1. We attribute this mainly to
the imperfect parabolic pulse shape that has been in-
itially synthesized. Indeed the process is intrinsically
sensitive to the gradient of the intensity profile, and as
can be seen in Fig. 5, some deviations from a perfect
inverted parabola are observed in the temporal tails of
the pulse. This defect could have been suppressed
using a feedback loop in the shaping process to itera-
tively optimize the input shape. This point is, however,
beyond the scope of the present paper, our target being
to confirm the benefits of parabolic pulses.

Higher compression factors could have been ob-
tained using a longer stretching fiber. Given, the

80

high ratio of fagnp/B3smr in SMF fiber, the influence
of third-order dispersion f3qyr can be neglected as a
first approximation (the typical dispersion length
linked to f3qyr is more than one order of magnitude
higher than the fiber length under use): for the pico-
second pulse under investigation, the cubic phase in-
duced by Sssumr is not as deleterious as what has been
outlined when dealing with femtosecond pulses
[10,21]. If really needed, they can be compensated
for using the phase tailoring ability of the LCoS
device. Second- and third-order dispersion of the
dispersion-flattened HNLF have also not been found
to be here a limiting factor during the spectral com-
pression process since dispersive effects have low
influence on the narrow spectrum.

However, some practical issues have to be taken
into account. The first-reaching limit is linked to
the strong temporal broadening of the input pulses
that should not lead to pulse overlapping in the
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(a) Optical spectra obtained at the optimum compression point (solid line) for a sech pulse (gray line) and parabolic shaped pulse

(black line) and compared to the input spectra (dashed line), (b) evolution of the Strehl ratio according to the initial peak-power for the
parabolic pulse (solid black line) and sech pulse (solid gray line), (c) evolution of the rms spectral width according to the input peak power
for a parabolic pulse: experimental results (solid black line) are compared to a parabolic law.
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wings of the pulses. Therefore, around half of the bit
time seems to be an upper limit to the stretching that
should be achieved. Then, increasing the temporal
pulse duration according to Eq. (7) requires a higher
peak power, and therefore, a higher average power. A
first limitation is of course the power capacity of the
EDFA. But another stringent effect is the Brillouin
backscattering [22]. Indeed, if Brillouin backscatter-
ing is often fully negligible for optical spectra of
several tens of GHz, in our configuration, due to
the compression process that strongly increases
the power spectral density, Brillouin backscattering
becomes an issue for average powers above a few
hundreds of mW. Consequently, we have had to over-
come by means of an additional phase modulation.

5. Conclusion

We have demonstrated the spectral compression of
picosecond pulses in an all-fiber configuration at tel-
ecommunication wavelengths. Using widely avail-
able standard single mode fiber as a stretcher to
impose the initial linear chirp, a spectral narrowing
by a factor above 12 has been achieved for output
pulses close to the Fourier transform limit. This com-
pression has been based on a kilometer-long highly
nonlinear fiber with W-level peak powers and has
involved pulse energies well below the nd level
and is compatible with GHz operation. An initial
parabolic pulse shaping has also been shown to sig-
nificantly improve the results. The quality of the
compressed spectra has indeed been enhanced with
much lower substructures and an improved
Strehl ratio.
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