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Study on pulse compression in tapered holey fibres∗
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This paper proposes three kinds of tapered holey fibres with a multi-layer of holes whose pitch of air holes at the

end of untapered and tapered are 5.8 µm and 1.8 µm. The central wavelength which locates in the anomalous dispersion

region is 1.55 µm. An adaptive split-step Fourier method is numerically used to study the pulse propagation in tapered

holey fibres. For the considered convex tapered holey fibre, at a wavelength of 1.55 µm, a compression factor of 136.7

can be achieved by initial width of 800 fs propagation through a length of 0.8 m. It demonstrates that in anomalous

dispersion region, pulse can be compressed with the increase of nonlinearity coefficient and the decrease of dispersion

coefficient.
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1. Introduction

Holey fibre,[1,2] which is also named as microstruc-
ture optical fibre or photonic crystal fibre (PCF),
has attracted wide attention recently. Holey fibre is
commonly single-material-based optical fibre with air-
filled holes which surround the core along the entire
length, which can provide strong mode confinement to
the light field, long interaction lengths and customiz-
able wavelength dispersion. The propagation of short
pulses in monomode optical fibres is affected by a num-
ber of linear and nonlinear effects.[3−13] The interplay
of these effects leads to a rich variety of phenomena.
The influence of different effects on pulse propagation
depends on the pulse power and width and the fibre
properties (such as dispersion, nonlinear properties).
Therefore, the study of optical pulses, especially single
ultra-short pulses propagation in PCF has generated
intense interest recently.[14−18]

Tapering is a powerful post processing technique
to regulate the properties of a given section of holey
fibre.[19] The tapering process enhances the nonlin-
earity by reducing the core size. Tapered holey fibres
have been used over the past few years in a variety of
applications, used to couple mode,[20] to convert spot-

size and numerical aperture,[21] to convert multi-to-
single mode,[22] to generate a supercontinuum,[23] and
soliton self-frequency shift.[24] With the rapid devel-
opment of fibre-optic technology, high-quality ultra-
short pulses will play a very important role in modern
communication. Recently, their potential for compres-
sion of femtosecond pulse has been pointed out.[25−27]

In this paper, the tapered holey fibres are de-
signed with regular triangular around the core and a
length of 0.8 m which have a multi-layer air holes with
regular triangular around the core. Here we choose
1.55 µm as the central wavelength because this region
is the third window of optical communication and a
very important gain window for optical fibre lasers
and amplifiers.[28] The pulsed fibre-lasers have been
demonstrated in this region, therefore a high quality
pulse compression scheme in this spectral range is very
desirable. Along with the initial Gaussian pulses of
800-fs propagation in the three kinds of tapered holey
fibres with η of 0.9, 1.0, 1.1, the central wavelength of
1.55 µm locates in the anomalous dispersion region.
We theoretically obtained pulse durations of 5.85 fs,
11.7 fs and 11.8 fs, respectively. We achieved a high
efficient compression in a convex tapered holey fibre,
and the compression factor is up to 136.7.
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2. Simulation results and discus-

sion

The shape of tapered holey fibre is shown in
Fig. 1. The parameters of tapered holey fibre can be
expressed as:[29]

Λ(Z) = Λ(0) + [Λ(0)− Λ(L)]
[(

1− z

L

)η

− 1
]

, (1)

where Λ(z) is the pitch of air holes of the tapered holey
fibre at distance z, Λ(0) and Λ(L) are the pitch of air
holes at the end of untapered and tapered holey fibres,
respectively, z is the distance of the end of untapered
holey fibre in the Cartesian coordinate system. L is
the total length of the fibre. Based on Eq. (1), the
designs of the nonuniform taper curve depends on the
parameter η. When η = 1, the taper is a linear ta-
per structure. When other values of η are substituted,
nonuniform-shape tapers are obtained. When η > 1,
the taper is concave as the slope decreases toward the
end of the taper. Otherwise, a convex taper is ob-
tained as the slope increases toward the end of the
taper. In this paper Λ(0) is 5.5 µm, Λ(L) is 1.8 µm, L

is 0.8 m and η are 0.9, 1.0, 1.1 respectively. The ratio
of the core diameter to the pitch is d/Λ = 0.5.

Fig. 1. The shape of tapered holey fibre.

The GVD (group-velocity dispersion) and SPM
(self-phase modulation) play an important role in
pulse propagation. The dispersion length LD =
T 2

0 /|β2| and the nonlinear length LNL = 1/γP0 pro-
vide the length scales over which dispersion or non-
linear effects become important for pulse evolution.
If the pulse evolution is governed by GVD, the non-
linear effects play a relatively minor role. The pulse
temporal will broaden. Pulse evolution in the fibre
is governed by SPM which induced spectral broaden-
ing. Therefore, the pulse can be compressed with the
increase of nonlinear coefficient and the decrease of
dispersion coefficient.

In the numerical simulation, the initial laser pulse
is an unchirped Gaussion pulse. The initial pulse is
written as:

A(0, T ) =
√

P0 exp
(
− T 2

2T 2
0

)
, (2)

where P0 is the peak power of pulse, and T0 is the in-
put pulse width (at 1/e-intensity point). In practice,
it is customary to use the full width at half maxi-
mum (FWHM) TFWHM in place of T0. For a Gaussian
pulse, the two are related as TFWHM = 2(ln 2)1/2T0 ≈
1.665T0.

The tapered holey fibre is different from the uni-
form holey fibre, the dispersion of tapered holey fibre
not only relates to wavelength but also to the diam-
eter of core. In this paper, all of the tapered holey
fibres are divided into M segments in numerical sim-
ulation. The length of each segment is expressed as li

(i = 1−M) for which the end of the untapered and ta-
pered holey fibres is so small that it is approximately
uniform (li = 5 µm).

The propagation of pulses in an optical fibre with
variable dispersion and effective mode area can be de-
scribed by the nonlinear Schrödinger (NLS) equation:

∂U

∂Z
+

α(ω)
2

U +

[
15∑

n=2

βn(ω)
in−1

n!
∂n

∂Tn

]
U = i γ(ω)

[
|U |2 U + i

ω0

∂(|U |2 U)
∂T

− TRU
∂ |U |2
∂T

]
, (3)

where U is the slowly varying amplitude of the pulse
envelope, z is the distance of propagation, ω is the an-
gular frequency, α is the confinement loss, βn(ω) is the
higher-order dispersion coefficient, γ(ω) = 2πn2/λSeff

is the nonlinear coefficient, n2 is the nonlinear index

of silica, Seff is the efficient core area, T = t − β1z is
the time parameter of the frame which is moving with
the pulse at the group velocity νg. In order to improve
the precision, we consider the coefficients β2 − β15 in
the process of simulation. The left part of the equa-
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tion shows the linear effects and the right part shows
the nonlinear effects. The three terms on the right-
hand side of Eq. (3) govern, respectively, the effects of
SPM, self-steepening and self-frequency shift on pulse
propagation inside optical fibres. The TR is the coef-
ficient of intrapulse Raman scattering and associated
with the slope of Raman gain.

The dispersion profiles of the tapered holey fibre
used in the simulations are calculated by using a fully
analytical vector effective-index method. The prop-
agation of the pulse through the optical fibre is cal-
culated from the generalized NLS equation (3) which
we solve by using an adaptive, symmetrized split-step
Fourier method.[30] The variations of fibre parameters
corresponding to the pulse spectrum peak with the
transmission distance can be taken into account ade-
quately in this method.

Figure 2 shows the nonlinear coefficients and the
dispersion at the central wavelength of 1.55 µm as a
function of distance z. Along with the pulse prop-
agation in the fibre, the pulse at the central wave-
length is in the anomalous dispersion region, and the
dispersion coefficients peak at 0.64 m, 0.6 m, and
0.584 m, then decrease sharply corresponding to con-
vex, linear and concave tapered holey fibres. The
nonlinear coefficients increase from 0.00194 W−1·m−1

to 0.01468 W−1·m−1. For the convex tapered ho-
ley fibre, from 0 to 0.64 m, dispersion increases from
42.28 ps/(km·nm) to 66.21 ps/(km·nm), then it de-
creases rapidly to 25.90 ps/(km·nm) at the output end
of the fibre.

Fig. 2. The nonlinear coefficients and the dispersion coef-

ficients at the central wavelength of 1.55 µm as functions

of distance z.

Figure 3 shows the evolvement of temporal profile
in the tapered holey fibres. In this paper, the initial

pump laser is an unchirp Gaussian pulse and wave-
length is 1.55 µm with an initial FWHM of 800 fs.
The single pulse energy is 70.3 nJ and peak power is
1255 W. Along with the pulse propagation in the fi-
bres, the peak power increases and the pedestal energy
decreases. Meanwhile temporal merely changes until
it propagates to 0.56 m. It demonstrated that pulse
has been compressed in these three tapered holey fi-
bres. According to Fig. 2, where the rapid increase of
peak power exactly corresponds to the dispersion de-
creasing regime. The results fully indicate that pulse
can be highly efficiently compressed with the increase
of nonlinear coefficient and the decrease of dispersion
coefficient. However, the efficiencies of compression
are different. It is about two times bigger in convex
tapered holey fibre than in the other two kinds of ta-
pered holey fibres. In Fig. 3(d), we obtain that at
the end of the three kinds of tapered holey fibres, the
peak powers of pulses are up to 43681 W, 28273 W,
25608 W, respectively.

To understand the pulse shape of evolution in the
convex tapered holey fibre, it is helpful to look at
changes in the pulse temporal. Figure 4 shows the
evolution of pulse shape when a single pulse energy
of 70.3 nJ is launched at the fibre. In this figure, the
x axis represents the normalized time, which ranges
from −2 to 2. The y axis shows the pulse power, the
peak power varies from 1.25 kW to 45.00 kW. The
z axis represents distance. The temporal changes re-
sult from an interplay between the SPM and GVD
effects. The SPM generates a frequency chirp such
that the leading edge of the pulse is red-shifted, while
its trailing-edge is blue-shifted from the central fre-
quency. Figure 4 shows that SPM dominates the pulse
evolution and produces changes in the pulse tempo-
ral. From 0 to 0.64 m, GVD and SPM nearly bal-
ance each other in such a way that pulse shape has
no obvious changes along with the fibre length. From
0.64 m to the output, SPM plays a significant role
during pulse propagation, the temporal changes sig-
nificantly as shown in Fig. 4 for z = 0.64 m. It is
this mutual interaction between the GVD and SPM
effects that is responsible for the temporal evolution
pattern. However, affected by high order dispersion,
self-steepening and Raman scattering, pulse shape dis-
tortion and time delay have been observed at the end
of fibre.
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Fig. 3. Temporal profile as a function of propagation distance z for η of (a) 0.9, (b) 1.0, (c) 1.1, and the output

pulses from tapered holey fibres in (d).

Fig. 4. Pulse shape evolution as a function of distance z.

Figure 5 shows the compression factor as a func-
tion of distance z. For all the three kinds of tapered
holey fibres, from 0 m to 0.6 m, the compression fac-
tor changed very slowly, varies from 1 to 15.2, but it
changes obviously from 0.6 m to the end of the fibre, it
rapidly increases to 136.70, 68.37, 67.80 corresponding
to the convex, linear and concave tapered holey fibres
respectively which we have considered in this paper.
As a result, we obtained a pulse width of 5.85 fs in a
convex tapered holey fibre.

Fig. 5. Compression factor as a function of distance z.

From the results, we can see that pulse has
been highly efficiently compressed through these three
kinds of tapered holey fibres. Even in dispersion in-
creasing regime, the increase of the nonlinear coeffi-
cient plays a major role in pulse evolution. As a re-
sult, the compression factor varies very little, from 1
to 15.2. In dispersion decreasing regime, dispersion
coefficient rapidly decreases and nonlinear coefficient
increases, this effect leads to the rapid increase of com-
pression factor, especially in the convex tapered holey
fibre. For the pulse and the tapered holey fibres we
have considered in this paper, convex tapered holey
fibre is better for optical pulse compression, because
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dispersion decreases faster in convex holey fibre than
that in the other two, and the nonlinear effect in-
creases rapidly, both effects contribute to the sharp
raise of compression factor to 136.7.

3. Conclusion

We have presented a theoretical study of
unchirped femtosecond Gasssian pulse propagation in

three kinds of tapered holey fibres. Our analysis shows
that in the anomalous dispersion regime the pulse can
be highly efficiently compressed based on dispersion
decrease and nonlinear increase. For the convex ta-
pered holey fibre that we considered, pulse as short as
5.85 fs has been produced with an initial FWHM du-
ration of 800 fs. These three tapered holey fibres will
play an important role in femtosecond lasers which
can be used to produce ultra-short pulse.
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