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We consider the non-adiabatic pulse compression of cascaded soliton propagating in three consecutive
optical fiber segments, each of which has a convex dispersion profile with two zero-dispersion
wavelengths. The convex dispersion profile provides an accurate description of the chromatic dispersion
over the whole frequency range, thus allowing for a comprehensive theoretical treatment of the cascaded
third order soliton compression when ultrashort pulses (o1 ps) are considered. Typical dispersion-
flattened and decreasing fiber (DFDF) has a convex curvature in its dispersion profile which varies along
length of fiber. Compared to DFDF, the cascading of fiber segments with convex dispersion that stays
constant along the fiber length greatly reduces the manufacture difficulties and provides a much simpler
engineering design in practice. High-degree pulse compression and high-coherence supercontinuum
generation are demonstrated.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Pulse compression continues to be a very active research field.
Ultrashort pulses have found applications in the areas of biome-
dical optics, high speed communications, and the investigation of
ultrafast nonlinear processes. Recently, we have proposed a high-
degree pulse compression scheme with soliton orders N¼2, 3, 4,
and 5 in two or three consecutive nonlinear fiber segments with
different second-order dispersion coefficients [1]. Each fiber
length is optimized in order to achieve maximal compression
inside each fiber segment and the optimized fiber length is shorter
than half of its soliton period. The three-stage second or third
order soliton compression can give a compression factor as high as
87.5 (with only 26.8% pedestal energy) and 599.7 (with only 58.8%
pedestal energy). The suggested compression scheme has signifi-
cant advantages over the widely reported adiabatic pulse com-
pression [2] and higher-order soliton compression methods [3].
Specifically, the adiabatic pulse compression requires a long
dispersion decreasing fiber and the compression factor is limited
to ∼20, whereas the higher-order soliton compression suffers from
significant pedestal generation. For example, in the higher order
soliton compression, the optimal compression of an N¼15 soliton
can generate a compression factor of 60, but up to 80% of the pulse
energy is contained in the pedestal component [4]. The results of
the cascaded non-adiabatic pulse compression scheme advocated
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in [1] were based on an ideal fiber model which includes only the
second order dispersion and self-phase modulation. The advan-
tage of using an ideal fiber model is that the results are general
and may correspond to any arbitrary physical parameter. However,
for ultrashort pulses (o1 ps), higher-order dispersion and non-
linear effects must be included. The generalized nonlinear
Schrödinger equation (GNLSE) which includes higher-order
dispersion effects and higher-order nonlinear effects such as self-
steepening and intrapulse Raman scattering can be used for pulses
as short as few optical cycles. In this paper, we used GNLSE to
model the cascaded soliton in nonlinear fibers with convex
dispersion profile. The convex dispersion profile provides an
accurate description of the chromatic dispersion profile over the
whole frequency range, thus allowing for a comprehensive theo-
retical treatment of the non-adiabatic compression process and
scheme. Moreover, as early as 1999, it was demonstrated in [5]
that dispersion-flattened and decreasing fiber (DFDF) can generate
a much broader supercontinuum (SC) spectrum compared to both
dispersion decreasing fiber (DDF) and uniform dispersion-shifted
fiber (DSF). Typical DFDF has a convex curvature in its dispersion
profile which varies along the length of fiber. The varying convex
dispersion profile can be approximated by a quadratic equation.
Simulation results of SC spectra obtained from fabricated DFDF
and dispersion-flattened and increasing fiber (DFIF) are also
shown in [5]. A relatively flat SC has been obtained with a nearly
280-nm bandwidth by the use of DFDF, and its spectrum is nearly
four times of that of DFIF. These simulation results are in good
agreements with the experimental results reported in [6,7].
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In the cascaded compression scheme proposed here, unlike the
DFDF which is a dispersion-decreasing fiber with a convex
dispersion profile that varies along the length of the fiber, the
convex dispersion profile does not change with the fiber length
inside each fiber segment of the three-stage soliton compression.
In practice, the proposed cascading of fiber segments with differ-
ent constant convex dispersions is a much more favorable method
than decreasing the dispersion continuously along the fiber in
light of the difficulty in manufacturing dispersion decreasing fiber.
The SC generation in the dispersion-decreasing fiber with a convex
dispersion profile is identified as a two-stage process: an initial
stage of spectral broadening caused by the adiabatic soliton
compression and a subsequent stage of spectral flattening caused
by the transition from a soliton pulse to a dispersive wave [8]. The
proposed cascaded soliton compression scheme does not rely on
the adiabatic soliton compression, therefore a rapid pulse com-
pression is possible. Moreover, the cascading of soliton gives a
much larger compression factor compared to the adiabatic com-
pression. We should also note the use of anomalous dispersion in
the cascaded soliton, and the compressed pulse retains the
hyperbolic secant pulse profile.

To begin, it should be noted that the spectral broadening factor
in the cascaded soliton compression is almost equal to the pulse
compression factor since the compressed pulse in the cascaded
soliton compression scheme is nearly transform-limited. As a
result, ultra-broadband light can be generated if a relatively short
initial pulse is used. In this case, the generated supercontinuum
(SC) exhibits a high degree of coherence. Indeed, coherence is one
of key factors in the study of SC. Particular attention in the
research of SC generation has been focused on the SC noise
properties because the stability of SC amplitude and phase are
key factors in many applications, such as optical frequency
metrology [9], generation of ultrashort optical pulses [10], photo-
nic time stretch analog-to-digital conversion [11], optical coher-
ence tomography [12], etc. Although SC coherence can be greatly
improved in SC generation using femtosecond pulses, ultrashort
pulses are sensitive to perturbations and hence are not practical in
many applications. One of the ongoing research efforts involves
the study of the SC properties when the pump pulses vary from
picosecond to continuous wave regime. Specifically, modulation
instability (MI) plays an important role in SC generation with long
pulses. Since MI growth starts spontaneously from noise, the
resulting SC has low coherence. The extreme case is the optical
rogue wave, which shows that the SC generated with picosecond
pulses exhibits extreme value statistics with long-tailed probabil-
ity distributions [13]. Active control of SC has been demonstrated
by using a seed-pulse [14], a THz intensity modulation of the input
pulse [15], or a minute continuous wave (CW) light [16,17]. More
recently, the time-limited properties of MI of a picosecond SC has
been investigated in [18] and a detailed study of real-time
fluctuation across the full bandwidth of a picosecond SC is
reported in [19]. Here, we suggest the use of cascaded soliton for
SC generation, which is insensitive to noise and has high coher-
ence. This method requires low input powers in conjunction with
short sections of constant convex dispersion fibers, all of which are
inexpensive and readily available components. For the cascaded
soliton compression scheme, a high coherence SC can be gener-
ated with a picosecond pump, although the maximum spectral
width may not be comparable to existing techniques using
femtosecond pulse pump.
2. Theoretical model

The GNLSE, which includes higher-order dispersion effects and
higher-order nonlinear effects (such as self-steepening and
intrapulse Raman scattering), has been widely used in the model-
ing of ultrashort pulse and SC. The GNLSE can be written as [10]
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where A(z,t) is the field envelope, τshock¼1/ω0 and ω0 is the center
frequency, βm and γ are the m-th order dispersion coefficient and
nonlinear coefficient of the fiber, respectively. The Raman response
function is R(t)¼(1−fR)δ(t)+fRhR(t). We use fR¼0.18 and hR deter-
mined from the experimental fused silica Raman cross-section
[20]. Eq. (1) has been successfully used for the description of
pulses as short as a few optical cycles if enough higher-order
dispersive terms are included [21–25]. In the Fourier domain, the
sum in Eq. (1) can also be replaced with

∑
∞

m ¼ 2

βm
m!

ðω−ω0Þm ¼ βðωÞ−βðω0Þ−β1ðω0Þðω−ω0Þ ð2Þ

where β1¼1/vg and ω0 is the frequency at which the spectrum of
the input pulse is centered initially. This approach requires knowl-
edge of β(ω) over the whole frequency range that SC may occupy.
We consider a nonlinear fiber with the chromatic dispersion
which is a convex function of wavelength that has two zero-
dispersion wavelengths. Moreover, we introduce an idealized
dispersion characteristic, D(λ), expressed as

DðλÞ ¼D0 þ
D2

2
ðλ−λ0Þ2 ð3Þ

where λ0 is the pump wavelength. The value of m varies from 2 to
infinity in Eq. (2). For given D(λ) as Eq. (3), the calculated β2 and β3
are shown in Eq. (4). Higher order βm (m43) can also be
calculated, but not given in the current draft. The chromatic
dispersion D(λ) was analytically integrated with respect to λ and
ω so it could be transformed into β(ω) and substituted into Eq. (1).
Such dispersion decreasing fiber with convex dispersion profile
has been demonstrated both numerically and experimentally for
the flatly broadened SC generation [6,8]. Here, we consider a
dispersion that does not vary with fiber length inside each fiber
segment, but the dispersion is a convex profile that has two zero-
dispersion wavelengths. Considering Eq. (3), the coefficients β2
and β3 can then be expressed as

β2ðλÞ ¼ −
λ2

2πc
D0 þ

D2

2
ðλ−λ0Þ2

� �
;

β3ðλÞ ¼
λ3

4π2c2
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h i
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3. High-degree pulse compression

For the proposed cascaded compression scheme, the input
pulse is a hyperbolic secant pulse N1sech(t/T0) where T0 is the
initial pulse width parameter, and the parameter N1 is the soliton
order in the first fiber. The output of the first fiber is launched into
a second fiber segment with a different set of dispersion coeffi-
cients, and the soliton order in the second fiber is N2. Similarly, the
output of the second fiber is launched into a third fiber segment
with yet another different set of dispersion coefficients, and the
soliton order in the third fiber is N3. Here, we assume that the
nonlinear coefficient γ is the same for the three fibers (γ¼2/W/
km), and N1¼N2¼N3¼3. The key idea of the cascaded soliton
compression in [1] is to switch the dispersion of the fiber at the
maximal compression point so that the localized compressed
pulse structure is now ready to be compressed again as a new
higher-order (N¼3) soliton by the next fiber segment. Table 1
gives the detailed fiber design, when β2i, i¼1, 2, and 3, is the
second order dispersion coefficient for pump wavelength λ0
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(λ0¼1550 nm) in the i-th fiber. The parameters, Li and z0i, i¼1, 2,
and 3, are the fiber length and soliton period of the i-th fiber. D0i, i
¼1, 2, 3, is the chromatic dispersion D(λ0) in Eq. (3) for the i-th
fiber. β2i and D0i are related by β2i ¼ −λ20D0i=2=π=c, where c is the
speed of light in vacuum. The second-order dispersion coefficient
β2i(i¼1, 2, and 3) and fiber length Li (i¼1, 2, and 3) shown in
Table 1 follow the design rules in [1]. Fig. 1 illustrates the
chromatic dispersion characteristic as expressed by Eq. (3) when
β2¼−20 ps2/km. The solid line, dashed line, dotted line, dash-
dotted line and circles represent the dispersion curves as
expressed by Eq. (3) for D2¼−0.0001, −0.0002, −0.0003, −0.0004,
and −0.0005 ps/nm3/km, respectively. The values of D2 are typical
values in simulated and experimentally generated SC reported in [8].
For the dispersion profile given by Eq. (3), it has two zero-dispersion
wavelengths, and the separation between two zero-dispersion
wavelength points can be simply expressed as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−8D0=D2

p
. In the

following, we consider the cascaded N¼3 soliton compression in
three fiber segments, each of which has a convex dispersion profile
as expressed by Eq. (3).

First, we consider the case where D2 remains the same in all
three fibers. The values of β2i and Li (i¼1, 2, 3) are given in Table 1.
Fig. 2(a) gives the dispersion curves when D2i (i¼1, 2, 3)¼
−0.0005 ps/nm3/km. The dashed line, solid line and dots represent
Table 1
Fiber design.

First fiber β21¼−20 ps2/km, L1/z01¼0.237
Second fiber β22¼−1.768 ps2/km,

L2/z02¼0.235
Third fiber β23¼−0.156 ps2/km,

L3/z03¼0.235

Fig. 1. Chromatic dispersion characteristic as expressed by Eq. (3) where
β2¼−20 ps2/km. The solid line, dashed line, dotted line, dash-dotted line and
circles represent the dispersion curves as expressed by Eq. (3) for D2¼−0.0001,
−0.0002, −0.0003, −0.0004, −0.0005 ps/nm3/km, respectively.

Fig. 2. D2 remains the same in three fibers. (a) Dispersion curves when D2i (i¼1, 2, 3)¼−
as expressed by Eq. (3) in the first, second and third fibers, respectively. (b) Compression
crosses represent the results for FWHM of initial pulses¼10, 20 and 30 ps, respectively
the dispersion curves as expressed by Eq. (3) in the first, second
and third fibers. Fig. 2(b–d) gives the compression factor, FWHM
and pedestal energy of the final compressed pulse in the three-
stage N¼3 soliton compression when D2¼−0.0001, −0.0002,
−0.0003, −0.0004, and −0.0005 ps/nm3/km. The dots, circles and
crosses represent the results for FWHM of initial pulses¼10, 20
and 30 ps, respectively. Generally, for initial pulses with the same
FWHM, both the compression factor and pedestal energy decrease
with the value of |D2| while the FWHM of the final compressed
pulse increases with the value of |D2|. At the same D2, the
compression factor is smaller for a shorter input pulse, because
the higher order effects are more severe for a shorter input pulse.
For the extreme case that D2¼0, the initial pulses with different
FWHM have a similar compression factor and amount of pedestal,
and the difference between different initial pulses is smaller in
terms of compression factor and pedestal generation when com-
pared to the result for D2≠0.

We next consider the case where D2i changes with β2i, i¼1, 2, 3,
in the three fibers, but keeping D22/D21¼β22/β21 and D23/D21¼β23/
β21 such that the three fiber segments have same zero-dispersion
wavelength. The values of β2i and Li(i¼1,2,3) are given in Table 1.
Fig. 3(a) gives the corresponding dispersion curves as expressed by
Eq. (3) when D21¼−0.0005 ps/nm3/km. Dashed line, solid line and
dots represent the dispersion curves in the first, second and third
fibers. Fig. 3(b,c,d) gives the compression factor, FWHM and
pedestal energy of final compressed pulse in the three-stage
N¼3 soliton compression when D21¼−0.0001, −0.0002, −0.0003,
−0.0004, and −0.0005 ps/nm3/km, respectively. The dots, circles
and crosses represent the results for FWHM of initial pulses¼10,
20 and 30 ps, respectively. Using this approach, for input pulses
with same FWHM, the compressed pulse is almost completely
insensitive to the value of D21, showing the FWHM and pedestal of
final compressed pulses are more or less the same. The FWHM of
the final compressed pulses from the 10, 20 and 30 ps input pulse
vary from 19.6 to 19.8 fs, 36.3 to 39.4 fs and 51.6 to 53.9 fs,
respectively. Similar to Fig. 2, at the same value of D21, the
compression factor is larger for a longer input pulse. Fig. 4 shows
the final compressed pulse when D2i, i¼1, 2, 3, remains the same
in three fiber segments (dashed line) or D2i, i¼1, 2, 3, changes with
β2i in three fiber segments (solid line) in both linear (a, c) and
logarithmic scales (b, d) when the FWHM of initial pulse is 10 ps.
The prescribed change of D2i with respect to β2i is the same as that
described in Fig. 3. Here D21¼−0.0001 ps/nm3/km in Fig. 4(a, b)
and D21¼−0.0005 ps/nm3/km in Fig. 4(c, d).

Next we studied the effect of initial pulse width on the proposed
cascaded compression scheme. Fig. 5 uses the same symbols as Fig. 4,
but the FWHM of the initial pulse is 30 ps. For the results of 10 ps
pulse (Fig. 4), the difference between the result from same D2i and
different D2i is larger for a large value of |D2i| (Fig. 4(a) versus (c)).
The same observation also holds for the results on 30 ps (Fig. 5(a)
versus (c)). From Fig. 5(a) and (b), whether D2i remains the same or
0.0005 ps/nm3/km. Dashed line, solid line and dots represent the dispersion curves
factor; (c) FWHM; and (d) pedestal versus different values of D2. Dots, circles and

.



Fig. 3. D2i changes with β2i (i¼1,2,3). (a) Dispersion curves as expressed by Eq. (3) when D21¼−0.0005 ps/nm3/km. Dashed line, solid line and dots represent the dispersion
curves in the first, second and third fibers. (b) Compression factor; (c) FWHM; and (d) pedestal versus different values of D21. Dots, circles and crosses represent the results
for FWHM of initial pulses¼10 ps, 20 ps and 30 ps, respectively.

Fig. 4. Final compressed pulse when D2i, i¼1, 2, 3, remains the same in three fiber segments (dashed line) or D2i, i¼1, 2, 3, changes with β2i (solid line) in linear (a, c) and
logarithmic scales (b,d) when the FWHM of initial pulse is 10 ps. D21¼−0.0001 ps/nm3/km in Fig. 4(a, b) and D21¼−0.0005 ps/nm3/km in Fig. 4(c, d).

Fig. 5. Final compressed pulse when D2i, i¼1, 2, 3, remains the same in three fiber segments (dashed line) or D2i, i¼1, 2, 3, changes with β2i (solid line) in linear (a, c) and
logarithmic scales (b,d) when the FWHM of initial pulse is 30 ps. D21¼−0.0001 ps/nm3/km in Fig. 5(a, b) and D21¼−0.0005 ps/nm3/km in Fig. 5(c, d).

Q. Li et al. / Optics Communications 301-302 (2013) 29–3332
changes in three fiber segments is not critical for the relatively long
input pulse at smaller value of D21.

To make a comparison, we also consider the adiabatic pulse
compression in a linearly decreasing dispersion profile. The initial
dispersion (β20) and final dispersion (β2(L)) of the linearly decreas-
ing dispersion are −20 ps2/km and −0.156 ps2/km, which are the
values for β21 and β23 in Table 1. L is the fiber length. The
dispersion decreases linearly along the fiber length β2(z)¼β20+kz,
where k is the decay rate of the linearly decreasing dispersion.
A fiber length of 50 km is used here. Higher-order soliton will
easily split into multi-solitons in the linearly decreasing dispersive
fiber, and fundamental soliton is used here. A 10 ps (FWHM) pulse
can only be compressed to 0.635 ps (FWHM). Although the initial
and final dispersions are same as those in the cascaded soliton
(Table 1), the adiabatic pulse compression only gives a compression
factor of 15.7 (from 10 ps to 0.635 ps), which is much lower than
the compression factor (nearly 600) in Figs. 2 and 3.

In practice, fiber imperfections and other difficulties inevitably
induce random fluctuations along the fiber length for various fiber
parameters. For example, variations of doping concentration and
core shape of the fiber induce longitudinal fluctuations of chro-
matic dispersion. In particular, zero-dispersion-wavelength (ZDW)
fluctuations can have a detrimental impact in dispersion-managed
soliton transmissions, four-wave mixing (FWM) frequency con-
verters and fiber-optical parametric amplifiers (FOPA) [26–28].
But, it has been shown in [29] that if the correlation length of the
fluctuations is much shorter or longer than the length scale of
other physical effects such as dispersion, nonlinearity, etc. and the
fiber length, the ZDW fluctuations will have a negligible effect on
the soliton propagation. For the compression scheme proposed
here, we also performed a few simulations to study the effect of
random dispersion fluctuations. The compression scheme works
well in the regime that the correlation length of the variations is
much shorter or longer than the dispersion length and nonlinear
length. For example, considering a typical value of correlation
length (10 m) which is much shorter than the fiber length
(∼5.4 km), dispersion length (∼14.5 km) or nonlinear length
(∼1.6 km), and a 30 ps input pulse, under random dispersion
fluctuations with the strength of 1%, the change of compressed
pulse width is less than 3%.
4. High coherence SC

As we discussed in Introduction, the coherence property is
probably the most important and first consideration in current
research efforts involving SC generation. In order to study the SC
coherence property, we also include the input random phase noise
in the frequency domain through one photon per mode spectral
density on each spectral grid in our simulations [10]. The noise
amplitude is chosen to be 0.1% of the pump amplitude. Fig. 6
(a) gives the average spectrum calculated from the 20 simulation
runs with different realizations of input noise. A nonlinear optical
loop mirror (NOLM) has been used for effective pedestal



Fig. 6. (a) The average spectrum calculated from 20 simulation runs and (b) its associated coherence diagram.
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suppression in Fig. 6(a). Fig. 6(b) is the coherence diagram. The
parameters are same as those used in Fig. 2 when D2¼0. The
coherence is calculated using the method described in [4] and a
value of 1 denotes perfect coherence. From Fig. 6(b), the coherence
is almost 1 for the main part of the output spectrum. The average
output spectrum is from 1244 to 2064 nm at −20 dBm level. This
clearly demonstrates the superior SC coherence properties of the
non-adiabatic compression scheme advocated. The results in Fig. 6
also agree with one of the conclusions in [30], i.e. the compressed
pulse quality is closely related to the spectral coherence of the SC
and a median coherence of around 0.7 can be used as a convenient
benchmark for the potentially compressibility of a SC generated
over a wide range of experimental conditions. Here, a nearly
perfect coherence in Fig. 6 agrees with the good quality ultrashort
pulse in Fig. 2.
5. Conclusions

Using the GNLSE which is commonly used in the modeling of
ultrashort pulse and SC generation, we studied the cascaded third
order soliton compression in optical fibers with convex dispersion
profiles which does not change with fiber length inside each fiber
segment. The convex dispersion profile allows for an improved
mathematical treatment of the dispersion profile across the
wavelengths of interest. Moreover, the dispersion-decreasing fiber
with a convex dispersion profile has been theoretically and
experimentally demonstrated for the generation of a flat and
broad spectrum. Using the more realistic convex dispersion profile,
we showed that in the cascaded third order soliton compression a
10 ps input pulse can be compressed to ∼20 fs, and the associated
bandwidth broadening is significant. Moreover, the required input
power is significantly lower than other pulse compression techni-
ques for the same given compression factor, and the generated SC
is insensitive to noise and has high coherence. Compared to the
dispersion-decreasing fiber with a convex dispersion profile which
requires the dispersion profile to change along the fiber length, the
proposed cascaded pulse compression scheme is a more promising
technological solution. Some of the fiber parameters (such as D2)
use typical values reported in [8]. Even shorter pulse is expected
with the optimization of fiber parameters. We believe the use of
the cascaded soliton will be a good candidate in the development
of coherent fiber SC sources.
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