
Compression characteristics and
parameter optimization of a passive
self-similar compressor based on
dispersion-decreasing fiber

Hua Lü
Qiaofen Zhang
Xiao Wu

Compression characteristics and
parameter optimization of a passive
self-similar compressor based on
dispersion-decreasing fiber

Hua Lü
Qiaofen Zhang
Xiao Wu



Compression characteristics and parameter optimization
of a passive self-similar compressor based on
dispersion-decreasing fiber

Hua Lü,a,* Qiaofen Zhang,b and Xiao Wua

aGuangdong University of Technology, Guangzhou Higher Education Mega Center, Experimental Teaching Center, No. 100 Waihuan Xi Road,
Guangzhou 510006, China
bGuangdong University of Technology, Guangzhou Higher Education Mega Center, Information Engineering College, No. 100 Waihuan Xi Road,
Guangzhou 510006, China

Abstract. The compression characteristics of a passive self-similar compressor consisting of a dispersion-
decreasing fiber (DDF) and a compensative fiber are numerically investigated. The results show that the
group-velocity dispersion (GVD) of the compensative fiber has a periodic influence on the compression factor
and peak power of the compressed pulse. That is, the pulse energy is concentrated, then dispersed, and then
concentrated again periodically. Every time the energy is concentrated, the pulse width reaches its compression
limit. With the increase of the GVD value of the compensative fiber, the period interval increases and more
energy is transferred within a period. On the other hand, an increase of the nonlinearity of the compensative
fiber leads to a decrease of the compression factor, which is not conducive to pulse compression. Moreover, the
degree of self-similar evolution is decided by the length of the DDF. A suitable evolution degree and optimal DDF
length cause the pulse to reach a maximum compression limit. In addition, the optimal compensative fiber length
increases with the degree of self-similar evolution and decreases with the GVD value of the compensative fiber,
although it has nothing to do with the nonlinearity of the compensative fiber. By optimizing the parameters of the
compensative fiber and the length of the DDF, the pulse width attains a compression limit and a high-quality
pulse is obtained. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of
this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.53.7.076102]
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1 Introduction
Parabolic similariton (self-similar pulse) in normal
dispersion nonlinear fibers or high-power fiber amplifiers
has been widely studied over recent years. It is brought
about by the combined effect of normal group-velocity
dispersion (GVD), self-phase modulation, and gain. The
similariton pulse represents a particular class of solution
for the nonlinear Schrödinger equation (NLSE) with gain
and has some attractive characteristics, such as maintenance
of a parabolic intensity profile, resistance to optical wave
breaking, and a highly linear chirp.1–3 These attractive fea-
tures lead a self-similar pulse to a number of applications
including similariton lasers,4–6 optical pulse synthesis,7

and generation of high-repetition-rate parabolic pulse trains
associated with telecommunications systems.8,9 In particular,
a highly linear chirp of similariton leads to efficient pulse
compression to the femtosecond domain.10–13 A rare-earth-
doped fiber amplifier12,14–16 and a Raman fiber amplifier17

have been used to generate a high-energy parabolic similar-
iton, but amplification requires a high power pump source
and hence adds cost and complexity to the system.
Passive fibers such as dispersion-decreasing fiber
(DDF),18–20 comb-like dispersion profiled fiber,21 and nonli-
nearity increasing fiber22,23 can all be equivalent to a constant
dispersion fiber with gain, so they are connected with self-
similar pulse shaping and pulse compression to meet the

requirements of a telecommunication systems and small
commercial systems. Another passive method is a two-
stage fiber device demonstrated by Finot et al. in numerical
and experimental ways. The first fiber in this device is used
to generate linearly chirped parabolic pulses by carefully
choosing the initial power and the length of the fiber,
whereas the second fiber is used to stabilize the parabolic
pulse by abruptly increasing linearity and decreasing
dispersion.24 This method has been successfully applied to
the generation of high repetition 40-GHz picosecond para-
bolic pulse trains.25

A parabolic pulse in self-similar regime represents a strict
linear chirp across the pulse, so it can be compressed by pass-
ing it through a linear dispersive medium with anomalous
GVD. Such a medium imposes a GVD-induced linear
chirp on the pulse so that this negative chirp can cancel
the linear, positive chirp of the input parabolic pulse, result-
ing in an output pulse that is narrower than the input pulse.
Since the GVD-induced chirp is linear across the entire pulse
width, the linear chirp of the parabolic pulse should cover as
wide a temporal range as possible in order to get optimal
chirp cancelation. Thus, the degree of self-similar evolution
has an important influence on the quality of the compressed
pulse. A pair of two parallel gratings acts as a dispersive
delay line. Optical pulses propagating through such a grating
pair behave as if they were transmitted through an optical
fiber with anomalous GVD, so the combination of a positive
dispersion fiber with gain and a grating pair can be taken as a
pulse compressor.26 The fiber link consists of two segments*Address all correspondence to: Hua Lü, E-mail: rabhle@foxmail.com
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of fibers, in which the dispersion has opposite signs. One can
achieve the same result by using a positive dispersion fiber
with gain to generate a self-similar pulse and a negative
dispersion fiber to achieve pulse compression.27 The grating
pair or the negative dispersion fiber acts as a compensative
fiber here. Compared to active self-similar pulse compressors
which are connected to a fiber amplifier, such passive fiber
compressors are more suitable for optical fiber communica-
tion systems due to their simplicity and low cost.

Recently, there have been more and more studies on the
propagation characteristics of a similariton28,29 and self-sim-
ilar compression effects.30 However, these researches are
more concerned with active compression effects connected
with fiber amplifiers. To date, there are still limited studies
on the compression characteristics and parameter optimiza-
tion of passive self-similar compressors. Especially, the
influences of compensative fiber parameters on compression
effects have never been considered before. The generation
method based on DDF is a well-developed passive method
and it has been widely used for its simplicity and stability,31

so we present in this paper a passive self-similar compressor
consisting of a DDF and a compensative fiber. Here, a DDF
is used to generate a self-similar pulse, whereas the compen-
sative fiber with anomalous GVD is used to cancel the chirp
so that the pulse is compressed. By using the split-step
Fourier method, we numerically study the influences of com-
pensative fiber parameters and self-similar evolution degree
on (i) compression factor and peak power of the compressed
pulse, and (ii) optimal length of compensative fiber. Our
results offer some theory evidences about the optimization
design of self-similar compressors.

2 Generation of Self-Similar Pulse and Shaping of
Compressed Pulse in Dispersion-Decreasing
Fiber Type Self-Similar Compressor

Pulse propagation in a DDF with positive GVD can be mod-
eled by the NLSE when fiber losses, high-order dispersion,
and high-order nonlinear effects are neglected:

i
∂ψðz; TÞ

∂z
−
β2
2
DðzÞ ∂

2ψðz; TÞ
∂T2

þ γjψðz; TÞj2ψðz; TÞ ¼ 0.

(1)

Here, ψðz; TÞ is the slowly varying amplitude of the pulse
envelope and T is the time in a copropagating time-frame. β2

is the GVD parameter at z ¼ 0 and γ is the nonlinear param-
eter. DðzÞ ¼ 1∕ð1þ g0zÞ represents the hyperbolic decrease
of the GVD profile with distance and is normalized as
Dð0Þ ¼ 1, where g0 is the gain coefficient. Fiber losses
and high-order effects are neglected here to make the results
in the following sections clearer and easier to distinguish.
The solution of Eq. (1) has been proven to be a self-similar
asymptotic solution, characterized by a parabolic intensity
profile:18

ψðz;TÞ

¼
� ffiffiffiffiffiffiffiffiffi

PðzÞp �
1−

�
T

τðzÞ

�
2
�

1∕2
exp½iϕðz;TÞ� jTj≤τðzÞ;z→∞

0 jTj>τðzÞ;z→∞
;

(2)

with

PðzÞ ¼ E2∕3
0

4

�
2g20

γβ2ð1þ g0zÞ
�
1∕3

;

τðzÞ ¼ 3E1∕3
0

�
γβ2ð1þ g0zÞ

2g20

�
1∕3

;

ϕðz; TÞ ¼ ϕ0 þ
3γE2

0

2g0
exp

�
2

3
g0z

�
−

g0
6β2

T2;

where E0 is the energy of the initial pulse and ϕ0 is an arbi-
trary constant. The linear chirp of the pulse is of the form

δωðTÞ ¼ −
∂ϕ
∂T

¼ g0
3β2

T: (3)

Such a positive linear chirp can be cancelled by the GVD-
induced chirp of a linear dispersive medium with an anoma-
lous GVD. Thus, by launching the output pulse from DDF
into a compensative fiber, we can obtain an ultrashort pulse.
The combination of the DDF and compensative fiber can be
called a DDF type self-similar compressor. To describe this
compression process, we plot the evolution of the Gaussian
pulse in a 3-km DDF in Fig. 1(a) and the following evolution
of this pulse in a 1-km compensative fiber in Fig. 1(b). The
input Gaussian pulse has initial energy E0 ¼ 10 pJ and
initial pulse width (i.e., the half-width at 1∕e-intensity
point) T0 ¼ 0.7 ps. The DDF has a dispersion of

Fig. 1 Evolution of (a) an initial Gaussian pulse in a 3-km dispersion-decreasing fiber (DDF) and (b) an
initial self-similar pulse in a 1-km compensative fiber.
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β2 ¼ 1.25 ps2 km−1 at z ¼ 0 and a nonlinearity of
γ ¼ 3.33 W−1 km−1 and a gain coefficient g0 ¼ 28 km−1,
whereas the compensative fiber has an opposite GVD of
β2comp ¼ −1.25 ps2 km−1 and a nonlinearity of γcomp

¼ 0.05 W−1 km−1. As we can see, the Gaussian pulse
evolves to a parabolic profile asymptotically as the propaga-
tion distance increases in the DDF. When this parabolic pulse
enters the negative dispersion regime in the compensative
fiber, pulse width tends to narrow down with an increasing
intensity. This trend is maintained until a complete chirp can-
celation occurs at a distance called the optimal compensative
fiber length Lopt, where a best compressed pulse with the
highest intensity is generated. Beyond this distance, the
degree of chirp compensation is reduced and the net chirp
begins to increase, again leading to pulse broadening. The
degree of pulse compression can be described by a compres-
sion factor defined as FC ¼ σ0∕σcomp, where σ0 and σcomp

are the root-mean-square width of the incident pulse and out-
put optimal compressed pulse of the compressor,
respectively.

3 Influences of Compensative Fiber Parameters on
Pulse Compression Characteristics

To study the influence of the GVD parameter β2comp of the
compensative fiber on compression characteristics in a DDF
type self-similar compressor, we launch a Gaussian pulse
into a 6.9-km-long DDF and then compress the output para-
bolic pulse in a 1-km-long compensative fiber. The GVD
parameters β2comp range from 0 to −20 ps2 km−1, while
other fiber parameters and the parameters of the incident
Gaussian pulse are the same as in Fig. 1. Figure 2(a) repre-
sents the variation of the compression factor and optimal
compressed pulse peak power with β2comp, whereas Fig. 2
(b) gives the variation of the optimal compensative fiber
length Lopt with β2comp.

As we can see in Fig. 2(a), the compression factor and
peak power of the optimal compressed pulse vary periodi-
cally with β2comp, and the period interval increases with
the absolute value of β2comp. The compression factor and
peak power have almost the same peak value in every period,
which indicates that the pulse compression has a limit. Given
the parameters of DDF in the compressor, we can choose a
proper β2comp to get the narrowest limit of the pulse width
after chirp compensation. In this way, the compression factor

and peak power of the compressed pulse both reach a maxi-
mum, which means a compressed pulse with the best quality
is obtained. From an energy point of view, energy is concen-
trated, then dispersed, and then concentrated again periodi-
cally with the variations of β2comp. Such energy transfer in
half a period can be described by Fig. 3. The solid, dotted,
dashed, and dash-dotted curves correspond to four intensity
profiles of the optimal compensative pulse inside a period
from peak to trough in Fig. 2(a), where the corresponding
β2comp are −11.29 ps2 km−1, −11 ps2 km−1, −10 ps2km−1,
and −7.54 ps2 km−1, respectively. It is thus clear that at a
peak in Fig. 2(a) (β2comp ¼ −11.29 ps2 km−1), the best com-
pressed pulse has the narrowest width and the highest peak
power, which shows the energy of the optimal compensative
pulse is most concentrated there. After leaving the peak,
pulse energy is gradually transferred to the wings, the
pulse broadens and the compression factor decreases.
These trends go on until a trough in Fig. 2(a) appears
(β2comp ¼ −7.54 ps2 km−1), after which the energy is trans-
ferred from the wings to the pulse center again, and the pulse
is compressed with a better profile. Moreover, increasing the
absolute value of β2comp will extend the period of energy
transfer as well as reduce the trough of the compression fac-
tor and peak power in each period [see Fig. 2(a)], which illus-
trates that the larger value of β2comp will cause more energy
transfer between the pulse center and the wings in a single
period. When the value of β2comp becomes relatively large,
the compression factor near the trough in Fig. 2(a) will
even be less than 1, which indicates that the compression
effect may fail, even at the optimal compensation point.

The relatively small compression factor near the origin in
Fig. 2(a) and its sharp increase are because the length of the
compensative fiber is limited in our simulations. When
β2comp is close to zero, complete chirp cancelation needs a
much longer compensative fiber so the narrowest pulse rep-
resents the output pulse of the 1-km compensative fiber. The
consequent compression factor is small and then rapidly
increases with the value of β2comp due to the increasing com-
pensation effect.

Figure 2(b) shows the relation between the optimal com-
pensative fiber length Lopt and β2comp only within a 0.6-km
compensative length. As expected, when the value of β2comp

increases, Lopt first decreases rapidly and then changes
slowly until it tends to be flat. This result can be interpreted

Fig. 2 (a) Compression factor and peak power of optimal compressed pulse versus group-velocity
dispersion (GVD) parameter of compensative fiber. (b) Optimal compensative fiber length versus
GVD parameter of compensative fiber.
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by the dispersion compensation theory: In the case where the
amount of compensation is the same, a larger value of
dispersion means a faster compensation so that a shorter
length is needed to complete chirp cancellation.

The nonlinearity of the compensative fiber is a disadvant-
age to the quality of a self-similar-compressed pulse.
Simulations show that the large nonlinear effect in a compen-
sative fiber will cause serious damage to the quality of the
compressed pulse. We discuss such an influence caused by
nonlinear parameters γcomp of the compensative fiber when
they range from 0 to 10 W−1 km−1. The results are shown in
Fig. 4 which illustrates how the compression factor and Lopt

vary with γcomp. The parameters of the DDF and the incident
Gaussian pulse are the same as in Fig. 2, and the 1-km-long
compensative fiber has a dispersion of β2comp

¼ −12.3 ps2 km−1. It is thus clear that the compression fac-
tor is a decreasing function of γcomp, which shows that
increasing the nonlinearity of the compensative fiber will
broaden the optimal compressed pulse and cause a loss of
compressed pulse quality as well. On the other hand, a
large, negative dispersion in a compensative fiber rapidly
compensates for the positive linear chirp of the self-similar
pulse so Lopt is only 9.2 m. As we expected, the compression
effect is caused by the cancellation of dispersion with oppo-
site signs so that Lopt is not related to γcomp, as we see
in Fig. 4.

4 Influence of Self-Similar Evolution Degree on
Pulse Compression Characteristics

A self-similar coefficient is introduced here to describe the
evolution degree of the self-similar pulse in the DDF:

C ¼
max−∞<z<∞

���� R∞
−∞ðjψðz; TÞj2 − jψ̂ðz; TÞj2Þ

����dT
max−∞<z<∞

R∞
−∞ jψ̂ðz; TÞj2dT ; (4)

where ψðz; TÞ and ψ̂ðz; TÞ represent the numerical solution
and parabolic asymptotic solution of the output amplitude,
respectively. The output pulse of the DDF evolves more
completely and is more similar to the parabolic profile
with a smaller C. When the propagation distance satisfies
C ≤ 15%, the output pulse of the DDF exhibits obvious
self-similar features and thus enters a self-similar region,
which implies complete evolution of the similariton without
obvious oscillations.31 The following discussions are limited
to the effective self-similar region before nonlinear oscilla-
tions. Figure 5 shows a plot of C as a function of the propa-
gation distance in the DDF when the propagating pulse starts
to enter a self-similar region. With an increase of propagation
distance, C decreases, which implies a greater self-similar
evolution degree, so that a higher quality self-similar
pulse can be obtained by increasing the length of the
DDF within this range.

To consider the influence of the self-similar evolution
degree measured by C, we show in Fig. 6 the influence of
β2comp on the compression factor and optimal compressed
pulse peak power with different values of C. The parameters
of the fibers and the incident Gaussian pulse are the same as
in Fig. 2, except that the DDF lengths are 3.02, 3.86, 6.9,
12.4, and 25.5 km, respectively, corresponding to
C ¼ 15%, 12%, 8%, 5%, and 1.5%, respectively. It is inter-
esting to see that when C decreases, which means the propa-
gation distance increases, the period interval that the
compression factor and peak power vary with β2comp

increases, while the trough inside each period decreases.
That is to say, a greater evolution degree of self-similar
pulse will cause a longer energy transfer period and more
energy transfer between the pulse center and the wings. In
addition, the peak of the compression factor and peak
power inside each period first increases and then decreases
with the decrease of C. This is because when C decreases, on
one hand the parabolic pulse evolves more completely and
then the linear chirp covers a wider temporal range of the

Fig. 3 Output pulses optimally compensated by different GVD param-
eters of compensative fiber for an initial DDF. The solid curve, dotted
curve, dashed curve, and dash-dotted curve represent the intensity
profiles of the optimal compressed pulse when GVD parameters of
the compensative fiber are −11.29 ps2 km−1, −11 ps2 km−1,
−10 ps2 km−1, and −7.54 ps2 km−1, respectively. The energy transfer
between the peak and the trough in a period corresponding to
Fig. 2(a) is described.

Fig. 4 Influence of compensative fiber’s nonlinear parameter on com-
pression factor and optimal compensative fiber length.

Fig. 5 Dependence of self-similar coefficient on propagation distance
at the start of self-similar region in DDF.
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pulse, which leads to a more complete chirp cancelation and
an ultrashort pulse with higher energy. On the other hand, an
increase of the DDF length will broaden the output self-sim-
ilar pulse of the DDF and reduce its power, thus the overall
compression ratio of the self-similar compressor and the
peak power of output-compressed pulse tend to decrease.
Therefore, a suitable degree of self-similar evolution helps
to obtain the maximum compression limit at which the
peaks of the compression factor and peak power in Fig. 6
attain their highest values. We find the optimal value of C
to be 8% in Fig. 6.

Figure 7 further discloses the relation between the peak
value of the compression factor in Fig. 6 and C. It is thus
clear that the peak value of the compression factor has a
maximum when C ¼ 8%, corresponding to a 6.9-km-DDF
length. A longer DDF or a smaller C improves the self-sim-
ilar evolution degree of similariton, but also decreases final
compression ratio of the compressor due to the excessive
broadening and too low power of the similariton. The rela-
tion between the peak value of the peak power in Fig. 6 and
C is similar to Fig. 7 for the same mechanism.

Finally, we show in Fig. 8(a) the variation of the compres-
sion factor with γcomp when C ¼ 15%, 12%, 8%, 5%, and
1.5%, respectively. The corresponding DDF lengths are
the same as in Fig. 6. The dispersion of the compensative
fiber is β2comp ¼ −12:3 ps2 km−1, corresponding to one of
the peaks of the compression factor when C ¼ 1.5% in
Fig. 6. Other parameters of the fibers and the incident
Gaussian pulse are the same as in Fig. 4. The changing
trend in Fig. 8(a) can be interpreted by Fig. 6 by noting
that with the increase of C, the compression factor decreases
when β2comp ¼ −12:3 ps2 km−1. So, the same trend appears
in Fig. 8(a). Moreover, our simulation results show that the
optimal compensative fiber length Lopt is a decreasing func-
tion of C [see Fig. 8(b)]. This is because when C decreases,
the DDF length increases and then the amount of compen-
sation becomes greater, which leads to a longer compensa-
tive distance.

Fig. 6 Compression factor and peak power of optimal compressed pulse versus GVD parameter of
compensative fiber with different self-similar coefficients.

Fig. 7 Influence of self-similar coefficient on the peak value of
compression factor in Fig. 6.

Fig. 8 (a) Compression factor and (b) optimal compensative fiber length as a function of compensative
fiber’s nonlinear parameter with different self-similar coefficients.
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5 Parameter Optimization of Dispersion-
Decreasing Fiber Type Self-Similar Compressor

From the discussion above, it can be seen that it is easy to
obtain a high-energy, high-quality ultrashort pulse when the
absolute value of β2comp is small due to the small fluctuations
of the compression factor and optimal compressed pulse
peak power of the compressor. In this case, however, the
required length of the compensative fiber is long. If the
length of the compensative fiber is limited, the periodic in-
fluence of β2comp on the compression factor and optimal
compressed pulse peak power should be considered. For
the parameters given above, the optimal DDF length is
LDDF ¼ 6.9 km, corresponding to C ¼ 8% when the
peaks of the compression factor and peak power in Fig. 6
reach a maximum. When this DDF length is selected, we
take β2comp as −11.3 ps2 km−1, corresponding to one of
the peaks of the compression factor when C ¼ 8% in
Fig. 6. Here, the compensative fiber length required is
only about 10 m. On the other hand, γcomp should be as
small as possible because an increase of γcomp will decrease
the compression factor. A suitable γcomp should be less than
3 W−1 km−1 to get a high compression factor and peak
power for the output pulse. When the parameters are opti-
mized as LDDF ¼ 6.9 km, β2comp ¼ −11.3 ps2 km−1, and
γcomp ¼ 1 W−1 km−1, the pulse width of the optimal com-
pressed pulse is only 58 fs, the compression factor can
reach 19.9, and the peak power of the compressed pulse
is 126.0 W.

6 Conclusions
We have numerically studied the compression characteristics
of a DDF type self-similar compressor, which consists of a
DDF and a compensative fiber with negative dispersion.
Results show that the GVD parameter β2comp of the compen-
sative fiber has a periodic influence on the compression fac-
tor and peak power of optimal compressed pulse. When the
absolute value of β2comp increases, energy is periodically
concentrated, then dispersed, and then concentrated again
with an increasing interval. The compression limit can be
reached or approached by choosing optimal values of
β2comp at which compression factor reaches a maximum
and the energy is most concentrated. Although it is easier
to choose β2comp when its absolute value is small for the
smaller fluctuations of the compression factor and peak
power, in this case, the selection of an optimal β2comp should
also consider the requirement of an optimal compensative
fiber length. Since the optimal compensative fiber length
Lopt decreases with β2comp, larger optimal values of β2comp

can be selected in order to reduce the compensative length.
On the other hand, the nonlinear parameter γcomp of compen-
sative fiber has no effect on Lopt, but its increase drops the
compression factor so that γcomp should be set to less than
3 W−1 km−1. Moreover, the increase of the DDF length
will deepen the self-similar evolution degree of the parabolic
similariton, but too long a DDF length will also cause exces-
sive broadening to the similariton. Therefore, the DDF length
has an optimal value and this optimal length is 6.9 km for our
parameters given above. By optimizing the DDF length and
the parameters of the compensative fiber, a high-quality com-
pressed pulse can be obtained from the DDF type self-similar
compressor. For the parameters given above, the narrowest
pulse width after compression is 58 fs, and the compression

factor and the optimal compressed pulse peak power of the
compressor can reach 19.9 and about 130 W, respectively.
Mastering these compression characteristics of a self-similar
compressor is conducive to parameter optimization of the
compressor, thus a high-energy ultrashort pulse can be
obtained and the pulse compression limit can be reached.
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