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Cascaded higher-order soliton for non-adiabatic
pulse compression
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Non-adiabatic pulse compression of cascaded higher-order optical soliton is investigated. We demonstrate high
degree compression of pulses with soliton orders N=2, 3, 4, and 5 in two or three nonlinear fibers with different
second-order dispersion coefficients. Each fiber length is shorter than half of its soliton period. This compres-
sion technique has significant advantages over the widely reported adiabatic and higher-order soliton
compression. © 2010 Optical Society of America
OCIS codes: 190.7110, 320.5520.
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. INTRODUCTION
he ability to robustly and routinely produce ultrashort
ulses has led to transformative technologies in such di-
erse areas as telecommunications, photonics, and bio-
ogical imaging. Ultrashort optical pulse sources are criti-
al components for applications in which femtosecond or
icosecond time resolution, high peak powers, and/or
arge optical bandwidths are required [1]. Ultrashort
ulses are usually generated with mode-locked lasers.
owever, mode-locked lasers can be complex and costly,
nd the ultrashort pulses emitted from high-energy
ode-locked laser sources are often chirped and/or lim-

ted to fairly low output powers. As an alternative, vari-
us pulse compression schemes have been proposed to
enerate ultrashort pulses with high-energy content.
ulse compressors based on nonlinear fiber optics can be
lassified into two broad categories: grating-fiber and
oliton-effect compressors [2]. In a grating-fiber compres-
or, the input pulse is first propagated in the normal-
ispersion fiber which imposes a nearly linear positive
hirp on the pulse through a combination of self-phase
odulation and group velocity dispersion (GVD), and

hen compressed externally using a grating pair. The
rating pair provides the anomalous GVD for compres-
ion of positively chirped pulses. Grating-fiber compres-
ors are useful for compressing pulses in the visible and
ear-infrared regions, while soliton-effect compressors
ork typically in the range from 1.3 to 1.6 �m [2]. For
rating-fiber compressors, the compression factor can be
stimated by Fc�N /1.6, where N is the soliton order [3].
lthough in theory the compression factor can be in-
reased by increasing the peak power of the incident
ulse, it is limited in practice since the peak power should
e kept below the Raman threshold to avoid the transfer
f pulse energy to the Raman pulse. For the soliton-effect
ompression, two commonly considered techniques are
he higher-order soliton compression scheme and the
0740-3224/10/112180-10/$15.00 © 2
diabatic pulse compression method. Unfortunately, each
ethod suffers from significant technological drawbacks:

he former from the generation of a large pedestal/
ackground structure that contains a large portion of the
ulse energy [4], and the latter from a limit on the com-
ression factor and excessively long dispersion decreasing
ber (DDF) segments [5]. In this paper, a hybrid tech-
ique is proposed that takes advantage of the strength of
oth compression techniques while avoiding their draw-
acks. Specifically, we theoretically study the cascaded
-soliton for non-adiabatic pulse compression in two or

hree nonlinear fibers with different constant anomalous
ispersion coefficients. Very large compression factors can
e achieved with the generation of a relatively small ped-
stal, making the technique competitive with current
ulse compression technologies.
To be more specific about the performance of previous

ompression techniques using solitons, the higher-order
non-adiabatic) compression can be considered. In this
ase, large compression factors can be achieved, but it suf-
ers from energy splitting between the desired com-
ressed pulse and an undesired broad background. The
esulting pulses are of poor quality unless reshaping tech-
iques are used. In some of these techniques, such as the
onlinear intensity discrimination with nonlinear in-
uced birefringence [6,7] or the nonlinear optical loop
irror (NOLM) [8], the suppression of pedestal can be

chieved, but a great deal of energy is wasted. Another
isadvantage with this technique is that the required in-
ut power is high and cannot be obtained directly from
emiconductor lasers; thus an additional large gain opti-
al amplification is necessary [5]. Optimum compression
f an N=15 soliton can generate a compression factor of
0, but up to 80% of the pulse energy is contained in the
edestal component [4]. Thus it is a highly inefficient
ethod, from an energy standpoint, for producing ul-

rashort pulses.
010 Optical Society of America
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For the adiabatic pulse compression, the fundamental
oliton is typically used in a dispersion map with mono-
onically decreasing dispersion along the propagation di-
ection. If the dispersion decreases slowly enough, the
oliton can self-adjust to maintain the balance between
ispersion and nonlinearity by reducing its pulse width
9]. Generation of pulses of less than 200 fs duration has
een demonstrated experimentally using DDFs [10–12].
he compression factor is determined by the ratio of input
nd output dispersion, and the input power requirement
s significantly lower than that for the higher-order soli-
on compression. This compression scheme is attractive
ince in the compression process, the pulse maintains its
ransform-limited characteristics and generates much
maller pedestal compared to that in the higher-order
oliton compression scheme. However, the drawback is
hat the maximum compression factor is limited to about
0, and the fiber length required for broad input pulse
ends to be excessively long [5]. Further, DDFs can be
ather expensive to procure or manufacture.

In order to incorporate the desirable features of both
he higher-order soliton compression and adiabatic pulse
ompression while diminishing their inherent drawbacks,
elusi and Liu proposed the higher-order soliton �N�2�
ompression in a DDF [5]. Increasing the soliton order to
�2 can reduce the required DDF length and increase

he pulse compression factor without significant pedestal
eneration. An N=2.1 soliton in a linear profiled DDF
ith length equal to one soliton period gives a compres-

ion factor of 55 and corresponding pedestal energy of
0%. The same compression factor can only be achieved
y the conventional higher-order soliton compression us-
ng an N�13 soliton, but the pedestal energy is as high as
5% [4].
Another attractive solution to achieve pulse compres-

ion is to utilize a highly dispersive nonlinear medium
uch as a fiber Bragg grating (FBG). The grating disper-
ion just outside the stop band is up to 6 orders of mag-
itude larger than that of silica fiber, making it a feasible
echnology for constructing a very short all-fiber compres-
or. The first experimental observation of nonlinear
ropagation effects in FBGs, resulting in nonlinear opti-
al pulse compression and soliton propagation at 76% of
he speed of light in a uniform medium, is reported in
13]. The adiabatic soliton compression in a non-uniform
rating in which the dispersion decreases along the grat-
ng has also been proposed [14]. Recently, we demonstrate
early chirp-free and pedestal-free pulse compression of

inearly chirped self-similar pulses near the photonic
andgap (PBG) structure of FBGs [15]. Efficient pulse
ompression can be achieved with the exponentially de-
reasing dispersion. However, the fabrication of grating
ith exponentially decreasing dispersion is nontrivial, al-

hough almost any grating profile can be manufactured
sing the state-of-the-art grating-writing technique. The
tepwise approximation of the exponentially decreasing
ispersion profile normally requires more than six seg-
ents [15], which also creates complexity in this scheme.
urthermore, the maximum compression factor is limited
y the width of the PBG structure [16]. Very recently, a
igh degree pulse compressor was reported based on the
hirped two-soliton breather in the exponentially decreas-
ng dispersion [17,18]. If the initial chirp is carefully cho-
en, pedestal-free, nearly chirp-free, and high degree com-
ression can be realized.
Recently, soliton-effect compression to few-cycle dura-

ions has been studied both theoretically [19–21] and ex-
erimentally [22]. The possibility of sub-2-cycle soliton-
ffect pulse compression at 800 nm in photonic crystal
bers (PCFs) is numerically investigated [19]. Soliton
ompression to a 2 fs pulse width with a compression fac-
or of up to 50 is demonstrated numerically for a disper-
ion profile typical of a small-core PCF [20]. By exploiting
he broad region of the GVD and the large effective non-
inearity of photonic nanowires, soliton-effect self-
ompression of 70 fs down to 6.8 fs is demonstrated ex-
erimentally [22].
Despite significant technological progress, it remains of

reat interest to develop a compression technique capable
f achieving both high-quality pulses and large compres-
ion factors. Ideally, the required input power should be
ow, the fiber length should be short, and the fabrication
hould be easy. The method proposed here achieves many
f the desired properties of an ideal compressor. Specifi-
ally, by using cascaded N-solitons for non-adiabatic pulse
ompression in two or three nonlinear fibers with differ-
nt constant anomalous dispersion coefficient, very large
ompression factors can be achieved with relatively small
edestals. The method requires low input powers in con-
unction with short sections of constant dispersion fibers,
ll of which are technological components that are inex-
ensive and readily available.
The paper is organized as follows. N-soliton dynamics

re discussed in Section 2. The numerical results for cas-
aded N-soliton compression will be presented in Subsec-
ion 3.A. The discussion on soliton robustness will be of-
ered in Subsection 3.B. The influence of higher-order
ber effects will be given in Section 4. The advantages of
he cascaded N-soliton compression and its promising ap-
lications will be highlighted in the discussion and con-
lusion in Section 5.

. BACKGROUND
ptical pulses are typically modeled by reducing Max-
ell’s equations via high-frequency asymptotics. Several
ey assumptions are made in this analytical reduction in-
luding (i) quasi-monochromatic waves, (ii) a slowly vary-
ng envelope, and (iii) uni-directional one-dimensional
ave propagation. For pulses longer than 1 ps in dura-

ion, the pulse propagation in nonlinear fibers is governed
y the nonlinear Schrödinger (NLS) equation [23],

i
�A

�z
−

�2

2

�2A

�t2 + ��A�2A = 0, �1�

here A is the slowly varying amplitude of the pulse en-
elope, z is the distance, t is the time in the pulses’ frame
f reference, �2 is the second-order dispersion coefficient,
nd � is the nonlinear coefficient. The soliton order N is
efined as

N = �LD/LN, �2�

here LD and LN are the dispersion and nonlinear
engths, respectively. The fundamental soliton arises for
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D=LN. For all higher-order solitons �N�1�, �A�2 is peri-
dic with the period

z0 =
�

2
LD. �3�

igure 1 shows the N=2-, 3-, 4-, and 5-soliton evolution
ver one period. As the pulse propagates along the fiber, it
rst contracts to a fraction of its initial width, splits into a
ulti-humped pulse, and then merges again, in a sym-
etric fashion, to recover the original shape at the end of

oliton period z=z0. In the conventional higher-order soli-
on compression, the fiber length is chosen so that the
oliton pulse is at its highest peak during the evolution,
hich corresponds to the minimum pulse width. This
ives the maximum compression factor possible in the
igher-order soliton compression schemes. Indeed, the
ompressed pulse is much narrower than the initial pulse.
owever, the pulse is now accompanied by a potentially

arge pedestal. Specifically, the larger the soliton order,
he larger the generated pedestal. For high-quality pulse
ompression, the pedestal must be minimized in order to
uppress the deleterious interaction between the pedestal
nd compressed spike that occurs upon further propaga-
ion. The interaction leads to a host of undesirable peri-
dic pulse reshaping effects [24] that are detrimental for
ptical communication applications.

The key idea of this paper is to consider switching the
ispersion of the fiber at the maximal compression point
o that the localized compressed pulse structure is now
eady to be compressed again as a new higher-order soli-
on in the next fiber segment. Specifically, consider Fig.
(a) which shows the evolution of an N=2 soliton. At a
ropagation distance of z /z0=0.5, the pulse has been com-
ressed, and its peak intensity increased by a factor of 4.
he idea is to now make this new compressed pulse an
=2 soliton in a new fiber segment and compress the

ulse again so that the intensity is again increased by an-
ther factor of 4. All that is required in this process is to
etermine the length of the fiber and the dispersion of the
ext fiber segment. Cascading higher-order solitons this
ay is a promising compression technology provided that
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ig. 1. (Color online) Soliton evolution over one period for (a)
=2, (b) N=3, (c) N=4, and (d) N=5. Note that the higher the

oliton order, the higher the compression and pedestal formation.
he pedestal can be kept relatively small. This will be ex-
lored in the following sections.

. PULSE COMPRESSION
. Cascaded N-Soliton Compression
or the proposed two-stage N-soliton compression, the

nitial pulse is a chirp-free hyperbolic secant pulse
1 sech���, where � is the normalized time, and N1 is the

oliton order in the first fiber. The output of the first fiber
s launched into a second fiber with a different dispersion
oefficient, and the soliton order in the second fiber is N2.
onsequently, we have

N1
2 = T01

2 �P1/��21�, N2
2 = T02

2 �P2/��22�, �4�

here T01,02,P1,2 ,�21,22 are the initial pulse width param-
ter, peak power, and second-order dispersion in the first
nd second fibers, respectively. Since the input of the sec-
nd fiber is not an exact hyperbolic secant shape, T02 is
ecided by the pulse fitting with a sech2 pulse having the
ame peak power and full width at half-maximum
FWHM) intensity. Here, we assume the nonlinear coeffi-
ient � is same for the first and second fibers. For higher-
rder soliton formation, both �21 and �22 are negative.
irst, we consider the case for which N1=N2=N. Figures
(a) and 2(b) show the peak power evolution in the first
ber within one soliton period z01. The solid and dashed
urves in Fig. 2(a) represent N=2 and N=3, respectively.
he solid and dashed curves in Fig. 2(b) represent N=4
nd N=5, respectively. Figures 2(c) and 2(d) show the
eak power evolution in the second fiber within one soli-
on period z02. The solid and dashed curves in Fig. 2(c)
epresent N=2 and N=3, respectively. The solid and
ashed curves in Fig. 2(d) represent N=4 and N=5, re-
pectively. Note that the maximum peak power corre-
ponds to a minimum pulse width. For each different N,
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ig. 2. (Color online) (a) and (b) show the peak power evolution
n the first fiber within one soliton period z01. The solid and
ashed curves in (a) represent N=2 and N=3, respectively. The
olid and dashed curves in (b) represent N=4 and N=5, respec-
ively. (c) and (d) show the peak power evolution in the second
ber within one soliton period z02. The solid and dashed curves in

c) represent N=2 and N=3, respectively. The solid and dashed
urves in (d) represent N=4 and N=5, respectively.
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he peak power evolutions in the first fiber (one soliton pe-
iod) and the second fiber (one soliton period) are quite
imilar. For the two-stage N-soliton compression, the
ulse with a minimum pulse width in the first fiber is
sed as the input of the second fiber. Figures 3(a) and 3(b)
how the pulse shapes where compression is maximized
n the first fiber when N=2. The dashed and solid curves
epresent the input and output pulses of the first fiber in
oth linear and logarithmic scales. The intensity en-
ancement by a factor of 4 is clearly illustrated. Figures
(c) and 3(d) show the pulse shapes where compression is
aximized in the second fiber using a fiber dispersion cor-

esponding to an N=2 fitted input soliton. The dashed
nd solid curves represent the input and output pulses of
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ig. 3. (Color online) Pulse shapes where compression is maxi-
ized in both the first and second fibers for N=2. The dashed

nd solid curves in (a) and (b) represent the input and output
ulses of the first fiber in (a) linear and (b) logarithmic scales.
he dashed and solid curves in (c) and (d) represent the input
nd output pulses of the second fiber in (c) linear and (d) loga-
ithmic scales.
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ig. 4. (Color online) Pulse shapes where compression is maxi-
ized in both the first and second fibers for N=3. The dashed

nd solid curves in (a) and (b) represent the input and output
ulses of the first fiber in (a) linear and (b) logarithmic scales.
he dashed and solid curves in (c) and (d) represent the input
nd output pulses of the second fiber in (c) linear and (d) loga-
ithmic scales.
he second fiber again in linear and logarithmic scales.
imilarly, Figs. 4–6 show the pulse shapes where com-
ression is maximized in both the first and second fibers
or the N=3, 4, and 5 solitons, respectively. With the in-
rease in the soliton order N, pulse compression becomes
ore effective, but at the price of increased pedestal gen-

ration. The specific details of the compression factor and
edestal energy are given in Table 1.
Table 1 gives a comprehensive evaluation of the com-

ression factor and pedestal energy in the first and sec-
nd fibers for the proposed two-stage N-soliton compres-
ion. The pedestal energy is defined as the relative
ifference between the total energy of the transmitted
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ig. 5. (Color online) Pulse shapes where compression is maxi-
ized in both the first and second fibers for N=4. The dashed

nd solid curves in (a) and (b) represent the input and output
ulses of the first fiber in (a) linear and (b) logarithmic scales.
he dashed and solid curves in (c) and (d) represent the input
nd output pulses of the second fiber in (c) linear and (d) loga-
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ig. 6. (Color online) Pulse shapes where compression is maxi-
ized in both the first and second fibers for N=5. The dashed

nd solid curves in (a) and (b) represent the input and output
ulses of the first fiber in (a) linear and (b) logarithmic scales.
he dashed and solid curves in (c) and (d) represent the input
nd output pulses of the second fiber in (c) linear and (d) loga-
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ulse and the energy of a hyperbolic secant pulse having
he same peak power and width as those of the transmit-
ed pulse [25], i.e.,

Pedestal �%� =
�Etotal − Esech�

Etotal
� 100%. �5�

ote that the energy of a hyperbolic secant pulse with
eak power Ppeak and pulse width FWHM is given by

Esech = 2Ppeak

FWHM

1.763
. �6�

e note that with the increase in the soliton order N, the
ompression factor becomes larger, but the pedestal be-
omes more pernicious. For each different N, the compres-
ion factor after the second fiber is almost the square of
he compression factor after the first fiber, and the pedes-
al in the second fiber is smaller than twice of the pedes-
al in the first fiber. This suggests that the pedestal plays
nly a small role in the compression enhancement. As
entioned in the introduction, in the conventional

igher-order soliton compression, for a pulse compression
actor of 60, the pedestal energy was as high as 80%. In
ur two-stage third-order soliton compression, the com-
ression factor is 70.8 and the pedestal is 44.8%, which is
uch better than the conventional higher-order soliton

ompression. Higher soliton orders �N�3� can also be
sed in the two-stage compression, and it is without sig-
ificant increase in the pedestal. The two-stage fifth-order
oliton compression gives an impressive compression fac-
or of 283.9 and corresponding pedestal energy of 71.3%.
he specific fiber components required for generating
uch a performance are given in Table 2. Specifically, de-
ails of the fiber design in the two-stage N-soliton com-
ression are explicitly presented, where �21,�22,L1 ,L2
epresent the second-order dispersion of the first and sec-
nd fibers, and the length of the first and second fibers,
espectively. The dispersion coefficient of the second fiber
s always smaller than the dispersion coefficient of the
rst fiber. With the increase in N, the ratio of the disper-
ion coefficients in the second and first fibers, ��22� / ��21�,
ecomes smaller, and the maximum compression happens

Table 1. Compression Factor and Pedestal (%) in
Com

N=2 N=

First Second First

omp. factor 4.4 19.7 8.4
edestal (%) 9.8 18.8 26.0

Table 2. Fiber Design in Two-Stage N-Soliton
Compression

N=2 N=3 N=4 N=5

�22� / ��21� 0.204 0.0884 0.0496 0.0316

1/z01 0.5 0.237 0.149 0.108

2/z02 0.486 0.235 0.150 0.109
arlier compared to the soliton period (L1 /z01 or L2 /z02 be-
omes smaller with the increase in N). For each different
, L1 /z01�L2 /z02. For example, for N=2, the maximum

ompression in the first and second fibers occur at L1
0.5z01, and L2=0.486z02, respectively; for N=5, the
aximum compression in the first and second fiber occur

t L1=0.108z01, and L2=0.109z02, respectively. For the op-
imized two-stage N-soliton compression, the first or sec-
nd fiber length (L1 or L2) is always smaller than the half
f soliton period of the first or second fiber (z01/2 or z02/2),
hich makes for a compact compression scheme. We can
lso use two-stage higher-order soliton compression when
1�N2. Table 3 lists the compression factor and pedestal

or N1=2, N2=3, 4, 5. For the combination of N1=2 and
2=3, the final compression factor and pedestal are 37.5

nd 32.8%, respectively, and the performance is between
hat of N1=N2=2 and that of N1=N2=3. We have similar
bservations for N1=2, N2=4, 5. Table 4 gives the second
ber design in the two-stage N-soliton compression when
1=2, N2=3, 4, 5. The first fiber follows the design in
able 2.
The two-stage N-soliton compression is very attractive

n comparison with current compression schemes and
echniques. We also investigated the performance of a
hree-stage N-soliton compression. As an illustration, we
onsider the case where N1=N2=N3=N, where N1 ,N2 ,N3
re soliton orders in the first, second, and third fibers, re-
pectively. The fiber length is optimized to have maxi-
um compression in all three fibers. The first and second
bers follow the design in Table 2. The third fiber disper-
ion coefficient �23 and length L3 are given in Table 5. Fig-
re 7 gives the final pulse shape for a three-stage second-
rder soliton compressor, where the dashed and solid
urves represent the input and output pulses of the third
ber in linear and logarithmic scales. The final compres-

Table 3. Compression Factor and Pedestal (%) in
the Second Fiber when N1=2, N2=3, 4, 5

1=2 N2=3 N2=4 N2=5

omp. factor after second fiber 37.5 56.1 75.1
edestal (%) 32.8 43.6 51.5

Table 4. Second Fiber Design in Two-Stage
N-Soliton Compression when N1=2, N2=3, 4, 5

1=2 N2=3 N2=4 N2=5

�22� / ��21� 0.0904 0.0508 0.0326

2/z02 0.235 0.150 0.108

irst and Second Fibers for Two-Stage N-Soliton
ion

N=4 N=5

nd First Second First Second

8 12.5 158.4 17.0 283.9
8 38.0 61.1 46.9 71.3
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ion factor and pedestal content are 87.5 and 26.8%, re-
pectively. The performance of the three-stage second-
rder soliton compression is better than that of the two-
tage third-order soliton compression. Figure 8 gives the
nal pulse shape for three-stage third-order soliton com-
ression, where the dashed and solid curves represent the
nput and output pulses of the third fiber in linear and
ogarithmic scales. The final compression factor and ped-
stal are 599.7 and 58.8%, respectively. The performance
f the three-stage third-order soliton compression is bet-
er than that of the two-stage fourth-order soliton com-
ression. Table 5 gives the design of the third fiber in the
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ig. 7. (Color online) Pulse shapes where compression is maxi-
ized in the first, second, and third fibers for three-stage second-

rder soliton compression. The dashed and solid curves represent
he input and output pulses of the third fiber in (a) linear and (b)
ogarithmic scales.

Table 5. Third Fiber Design in Three-Stage
N-Soliton Compression

N=2 N=3

�23� / ��21� 0.0416 0.0078

3/z03 0.487 0.235

−0.05 0 0.05
0

100

200

300

t/T
0

In
te

ns
ity

(a
.u

.)

−0.05
−4

−2

0

2

4

lo
g 10

(I
nt

en
si

ty
(a

.u
.)

)

−0.02 0 0.02
−5

0

5

t/T
0

lo
g 10

(I
nt

en
si

ty
(a

.u
.)

)

−0.2
0

0.1

0.2

0.3

0.4

Wa

In
te

ns
ity

(a
.u

.)

(b)(a)

(d) (e)

ig. 8. (Color online) Pulse shapes where compression is max
oliton compression. The dashed and solid curves represent the in
cales. Compressed pulse shapes with (dashed curve) and withou
or three-stage third-order soliton compression. (e) Spectrum of co
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hree-stage N-soliton compression for N=2 and N=3.
mong the three fibers, the third fiber has the smallest
ispersion coefficient. The maximum compression in the
econd and third fibers happens almost at same location
2/z02�L3 /z03. The performance of the cascaded
-soliton compression scheme is quite exemplary, with an

lmost 4 orders of magnitude compression and only ap-
roximately 60% pedestal energy generated. The NOLM,
onsisting of a fiber directional coupler with its output
orts spliced, has been successful in demonstrating ped-
stal suppression of optical pulses [26]. For the final com-
ressed pulse in the three-stage third-order soliton com-
ression, Figs. 8(c)–8(f) show the pulse shapes and
pectra with and without the use of NOLM, where the
pectrum corresponds to the input pulse width parameter
0=60 ps. The dashed and solid curves in Figs. 8(c) and
(d) represent the compressed pulses with and without
he use of NOLM in linear [Fig. 8(c)] and logarithmic [Fig.
(d)] scales. The unwanted pedestal has again been sup-
ressed effectively. Figure 8(e) shows the spectrum of the
nal compressed pulse without NOLM, while Fig. 8(f)
hows the spectrum of the compressed pulse with NOLM.
he spike in the middle of the spectrum is the residual
edestal. Here, we define the spectral width to be the full
idth at half-maximum intensity where the spike is ig-
ored in the spectrum. Figure 8(e) shows a center spike,

.e., the pedestal component. The spectral width in Fig.
(f) is 24.7 nm.

. Soliton Robustness
he above results demonstrated the effective compression
y using two- or three-stage N-soliton. The input pulse
as an ideal hyperbolic secant pulse shape. The peak
ower is carefully chosen to have the second-, third-,
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ourth-, or fifth-order soliton. Because of its practical ap-
lication, it is critical to study the influence of peak power
nd non-hyperbolic-secant pulse shapes. First, we inves-
igate the two-stage N-soliton compression when N is not
n integer. Table 6 gives the compression factor and ped-
stal in the first and second fibers for two-stage N-soliton
ompression when N=2.5, 3.5, and 4.5. Table 7 gives the
ber design in two-stage N-soliton compression when N
2.5, 3.5, and 4.5. Note that for the two-stage N-soliton
ompression when N=2.5 (3.5, 4.5), the compression fac-
or and pedestal are almost the average of the results of
=2 and N=3 (N=3 and N=4, N=4 and N=5).
Additionally, we consider the compression of a Gauss-

an input given by

A�0,t� = N1 exp�− t2/T0
2/2�, �7�

here N1 is defined as N1
2=T0

2�P1 / ��21�. T0 and P1 are the
ulse width parameter and peak power of Gaussian input
ulse. �21 and � are the dispersion and nonlinear coeffi-
ients of the first fiber. Similar to the two-stage N-soliton
ompression, the fiber length is optimized to have maxi-
um compression in both the first and second fibers in

he two-stage N-Gaussian compression. After the first fi-
er, the Gaussian shaped pulse has evolved into a nearly
yperbolic secant shaped profile. The soliton order in the
econd fiber N2 is N2

2= �FWHM/1.763�2�P2 / ��22�, where
WHM and P2 are the full width at half-maximum inten-
ity and peak power of the input pulse to the second fiber,
espectively. The parameters �22 and � are the dispersion
nd nonlinear coefficients of the second fiber. Here, we
till use N1=N2=N. Tables 8 and 9 give the compression
actor, pedestal, and fiber design for the two-stage
-Gaussian compression. For the two-stage N-Gaussian

Table 6. Compression Factor and Pedestal (%) of th
Two-Stage N-Soliton Compr

N=2.5

First Second

omp. factor 6.4 40.5
edestal (%) 18.4 33.5

Table 7. Fiber Design in Two-Stage N-Soliton
Compression when N=2.5, 3.5, and 4.5

N=2.5 N=3.5 N=4.5

�22� / ��21� 0.128 0.0648 0.0391

1/z01 0.325 0.184 0.125

2/z02 0.310 0.184 0.126

Table 8. Compression Factor and Pedestal (%) in th

N=2 N=

First Second First

omp. factor 3.92 17.46 7.85
edestal (%) 3.9 13.45 17.61
ompression, the compression factor/pedestal is a little
maller than that of the two-stage N-soliton compression;
he maximum compression in the first fiber happens at a
horter length �L1 /z01� compared to the maximum com-
ression in the first fiber of the two-stage N-soliton com-
ression, and the maximum compression in the second fi-
er happens at almost the same location �L2 /z02�
ompared to the maximum compression in the second fi-
er of the two-stage N-soliton compression.

. HIGHER-ORDER EFFECTS
he results presented so far were based on an ideal fiber
odel [Eq. (1)] that ignores all the higher-order temporal

ffects. The advantage is that the results are generalized
nd may be denormalized to correspond to any arbitrary
hysical parameter, such as input pulse width, fiber dis-
ersion and nonlinearity coefficients, and fiber length.
owever, for ultrashort optical pulses �T0�1 ps�, it is
ecessary to include higher-order dispersion and nonlin-
ar effects, and the general NLS equation takes the form
23]

�A

�z
+

i�2

2

�2A

�t2 −
�3

6

�3A

�t3

= i���A�2A +
i

	0

�

�t
��A�2A� − TRA

� �A�2

�t � , �8�

here the second and third terms on the right-hand side
f Eq. (8) represent the effect of self-steepening and intra-
ulse Raman scattering, respectively. Here, we assume
hat the pulse is wide enough to contain many optical
ycles (pulse width�100 fs), and the slope of the Raman
ain spectrum varies linearly with frequency in the vicin-
ty of the carrier frequency as shown in Eq. (8). In the fol-
owing examples, the second-order dispersion of the first
ber is �21=−20 ps2/km; the third-order dispersion of the
rst and second fibers is �3=0.1 ps3/km; the center angu-

ar frequency is 	0=2�c /
c, where 
c=1.55 �m; and the
lope of Raman gain is TR=3 fs. The nonlinear parameter
s defined as �=n2	0 /cAeff, where n2 is the nonlinear in-
ex coefficient, c is the light speed, and Aeff is the effective

mpressed Pulse in the First and Second Fibers for
n when N=2.5, 3.5, and 4.5

N=3.5 N=4.5

st Second First Second

4 123.0 14.6 216.8
5 49.6 42.8 66.9

st and Second Fibers for N-Gaussian Compression

N=4 N=5

nd First Second First Second

9 11.99 152.16 16.2 275.74
6 29.63 55.94 39.05 67.18
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ode area. Typically, Aeff can vary in the range of
–100 �m2 in the 1.5 �m region. As a result, � takes val-
es in the range 1–100 W−1/km if n2=2.6�10−20 m2/W

s used. For the two-stage second-order soliton compres-
ion, the length of the first fiber is L1=15.7 km, the length
f the second fiber is L2=3.8 km, and the second-order
ispersion of the second fiber is �22=−4.07 ps2/km �D
3 ps/km nm�. We suggest the use of PCF for the second

ber. The dispersive properties of PCFs are very sensitive
o the air-hole diameter and the hole-to-hole spacing [27],
hich indicates an attractive property of great controlla-
ility of chromatic dispersion in the PCF. Controllability
f chromatic dispersion is a very important problem in op-
ical communication systems [28], dispersion compensa-
ion [29], and nonlinear optics [30,31]. So far, various
CFs with remarkable dispersion properties have been
tudied both experimentally and numerically [32,33]. For
he example here, the first fiber uses typical parameters
f standard silica fibers, and the second fiber with �22
−4.07 ps2/km �D�3 ps/km nm� may use a proposed fi-
er design with a dispersion value not larger than 5
s/km nm around 1.5 �m [34]. Moreover, with the state-
f-the-art fiber fabrication technique, our proposed fiber
hould be easily manufactured. Figures 9–12 show the
wo-stage higher-order soliton compression when the ini-
ial pulse width parameter T0=20 ps for N=2, 3, 4, and 5,
espectively. The fibers follow the design in Table 2. Pulse
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ig. 9. (Color online) The dashed and solid curves represent the
nput and output pulses of second fiber in (a) linear and (b) loga-
ithmic scales for two-stage second-order soliton compression
here initial pulse width parameter T0=20 ps.
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ig. 10. (Color online) Dashed and solid curves represent the in-
ut and output pulses of second fiber in (a) linear and (b) loga-
ithmic scales for two-stage third-order soliton compression
here initial pulse width parameter T =20 ps.

Table 9. Fiber Design in Two-Stage N-Gaussian
Compression

N=2 N=3 N=4 N=5

�22� / ��21� 0.205 0.0879 0.0491 0.0315

1/z01 0.465 0.227 0.145 0.106

2/z02 0.484 0.236 0.149 0.108
0

ompression in the first fiber is not shown here, because it
s very close to the results without higher-order effects.
he dashed and solid curves in Figs. 9–12 represent the

nput and output pulses of the second fiber in linear and
ogarithmic scales. For N=2 (Fig. 9) and N=3 (Fig. 10),
he higher-order effects are not obvious. For N=4 (Fig. 11)
nd N=5 (Fig. 12), we can clearly see the higher-order ef-
ects: oscillations near the trailing edge of the pulse due to

positive third-order dispersion, a steeper trailing edge
ue to self-steepening effect, and a temporal shift of the
ulse position due to intrapulse Raman scattering. Table
0 gives the compression factor and pedestal energy (in
ercent) of the compressed pulse in the second fiber. Com-
aring Tables 1 and 10, we note that the results including
igher-order effects are very close to the results without
igher-order effects when N=2 and N=3, but we can see a
lear difference between the two when N=4 and N=5.
he two-stage N=4 soliton compression gives a compres-
ion factor of 174.4 and corresponding pedestal of 76.5% if
igher-order effects are included, while the two-stage N
4 soliton compression gives a compression factor of
58.4 and corresponding pedestal of 61.1% if higher-order
ffects are ignored. The two-stage N=5 soliton compres-
ion gives a compression factor of 177.4 and correspond-
ng pedestal of 74.4% if higher-order effects are included,
hile the two-stage N=5 soliton compression gives a com-
ression factor of 283.9 and corresponding pedestal of
1.3% if higher-order effects are ignored.
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ig. 12. (Color online) Dashed and solid curves represent the in-
ut and output pulses of second fiber in (a) linear and (b) loga-
ithmic scales for two-stage fifth-order soliton compression where
nitial pulse width parameter T0=20 ps.
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ig. 11. (Color online) Dashed and solid curves represent the in-
ut and output pulses of second fiber in (a) linear and (b) loga-
ithmic scales for two-stage fourth-order soliton compression
here initial pulse width parameter T0=20 ps.

Table 10. Compression Factor and Pedestal (%) of
the Compressed Pulse in the Second Fiber

N=2 N=3 N=4 N=5

omp. factor 19.7 71.5 174.4 177.4
edestal (%) 18.8 45.1 76.5 74.4
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. DISCUSSION AND CONCLUSIONS
detailed investigation of a cascaded higher-order soliton

ompression scheme was presented. The results show
lear and distinct advantages over the standard methods
f adiabatic pulse compression, higher-order soliton com-
ression, and higher-order soliton compression in DDF.
pecifically, the cascaded higher-order soliton compres-
ion can achieve a very large compression factor using
wo or three nonlinear fibers with different constant
nomalous dispersion coefficients. Each fiber length is
horter than half of its soliton period. The two-stage fifth-
rder soliton compression gives a compression factor of
84 and corresponding pedestal of 71%. The three-stage
econd-order soliton compression gives a compression fac-
or of 87 and corresponding pedestal of 27%. The three-
tage third-order soliton compression gives a compression
actor of 600 and corresponding pedestal of 59%. These re-
ults are highly favorable when compared to the standard
echniques previously used, thus suggesting that the cas-
aded higher-order soliton compression technique is a
romising technology that is easy to implement with cur-
ent technological components.

In terms of compression factor and pedestal energy, the
ascaded higher-order soliton compression clearly pro-
ides the best performance among the four compression
echniques. Moreover, the fabrication of fibers with differ-
nt constant dispersion segments is much easier com-
ared to the fabrication of DDFs. Specifically, PCFs offer
reatly enhanced design freedom, such as the precise con-
rol of the chromatic dispersion, compared to standard op-
ical fibers [35]. With fiber taping technologies and the
se of PCF becoming commonplace, we anticipate the ex-
erimental realization of the cascaded N-soliton compres-
ion in the near future.

We also want to point out the obvious spectral broad-
ning in the cascaded N-soliton compression. The initial
yperbolic secant pulse with T0=60 ps has a spectral
idth of only 0.023 nm. After the three-stage N=3 soliton

ompression, the spectral width is 24.7 nm [Fig. 8(f)], cor-
esponding to a spectral broadening factor of 1057. Ultra-
roadband light can be generated if a shorter initial pulse
s used. We believe that the cascaded N-soliton can also
ontribute to the area of supercontinuum generation.

Thus we have demonstrated that the cascaded higher-
rder soliton compression in two or three nonlinear fibers
ith different dispersion coefficients can achieve both
igh-quality compression and large compression factors.
he two- or three-stage higher-order soliton compression
an greatly increase the compression factor and lower the
equired input peak power without incurring significant
egradation in the pulse quality. The cascaded N-soliton
ay have wide applications due to the ultrashort pulse

eneration and associated ultrabroadband generation.
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