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1. Introduction

The generation and propagation of high peak power ultra-
short pulses through a short distance of an optical fiber at dif-
ferent wavelengths have potential in a variety of high-power 
applications [1–4]. For example, high peak power ultra-short 
pulses, at 1.55 µm wavelength are used in optical communi-
cation systems [5], pulses of 1.8 µm wavelength are useful in 
spectroscopy and laser ablation [6, 7], while pulses at 2 µm  
wavelength are used in medical treatments [7, 8]. Various 
investigations demonstrate that these high peak power ultra-
short pulses can be generated using fiber lasers and ampli-
fiers but fiber lasers suffer from complexity of the system and 
commercial feasibility [9]. In addition, nonlinear effects and 
thermal tolerance limit the output power of the fiber lasers. To 
overcome these difficulties, the optical pulse compression is 
another alternative [10–12]. In 1980, Mollenauer et al were 
the first to observe this phenomenon of pulse compression 
[13]. Later on, they also reported extreme picosecond pulse 
narrowing by using a soliton effect in single-mode optical 

fibers [14]. In general, pulse compression is the consequence 
of the interplay between spectral broadening due to disper-
sion and self-focusing induced by nonlinear effects [15]. At 
high power, above the 1.3 µm wavelength, in fused silica fiber, 
the inherent anomalous dispersion interacts with self-phase 
modulation (SPM) and leads to the optical compression of the 
pulse [4]. Pulse compression using axially varying fibers is 
one of the trending approaches. Axially varying fibers, such 
as dispersion decreasing fibers, dispersion shifted fibers and 
tapered fibers, are being used for the purpose of pulse propa-
gation, supercontinuum generation and pulse compression 
[15–19]. Andrianov et  al reported the generation of widely 
tunable few-cycle 20–25 fs short duration pulses in the range 
of 1.6–2.1 µm by compression of femtosecond pulses using 
an all-fiber Er-doped laser source [20]. However, they dealt 
with low peak power femtosecond pulses. Recently, Yuan 
et al proposed an inversely tapered silicon ridge waveguide 
to compress the picosecond pulses in the mid infrared region 
[21]. They realized exponential decreasing dispersion along 
the length of the fiber. The arrangement for the optical pulse 
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compression is simple but necessitates adjusting many param-
eters, such as the length of the fiber, mode field diameter, input 
power, input pulse width and dispersion to achieve pulse com-
pression. Gehbhardt et al reported the generation of ultra-short 
pulses of 13 fs duration and 1.4 GW peak power around the 
2 µm wavelength from a thulium-doped fiber laser by using a 
gas filled anti-resonant hollow core fiber [22]. However, this 
involves handling of the gas filled hollow core fiber. Gaida 
et al reported self-compression of pulses in a solid-core fused 
silica fiber. They attained pulses of 38 fs duration with an 
average power of 24.6 W around the 2 µm wavelength [23]. 
Cardos et al reported an Er-doped fiber with a constant core 
diameter (effective mode area of ~500 µm2) and achieved ~70 
fs pulse with peak power ~120 kW [24]. Nicholson et al pro-
posed high peak power amplification of 10 GHz, picosecond 
and femtosecond pulses in a very-large-mode-area, Er-doped 
fiber with an effective mode area of ~1100 µm2 and achieved 
130 fs pulses with peak power of 88 kW at the 1.55 µm wave-
length [25]. In all these reported works the compression of 
pulses has only been reported at a single center wavelength, 
while we have achieved compressed pulses of durations of  
15 fs, 28 fs and 46 fs with peak powers of 850 kW, 700 kW 
and 500 kW at 1.5 µm, 1.8 µm and 2 µm wavelengths, respec-
tively, in a single fiber proposed here.

In this paper, we propose a large-mode-area tapered fiber 
for optical pulse compression in a wide wavelength range. Our 
recent work shows direction dependent propagation of fem-
tosecond pulses in a tapered large-mode-area fiber [26]. We 
study the influence of the mode area variation on the length 
of the fiber and determine the precise length of the maximum 
pulse compression at different wavelengths. We numerically 
demonstrate the compression of a femtosecond Gaussian 
pulse of 250 fs duration with a peak power of 100 kW at 1.55 
µm wavelength through the 40 cm length of fiber and obtain 
an output pulse of 850 kW peak power with a pulse duration 
of 15 fs. We show the compression of a 250 fs, 120 kW peak 
power pulse by using a 30 cm length of the same fiber at 1.8 
µm wavelength to 700 kW, 28 fs duration pulses. In addition, 
we numerically demonstrate compression of a 120 kW, 250 
fs Gaussian pulse and achieve 500 kW, 46 fs duration output 
pulse at 2 µm wavelength. Compression of such high peak 

power fs pulses of different center wavelengths using the same 
fiber makes the fiber design versatile and interesting for imag-
ing and material processing applications [27, 28].

2. Fiber design

To accommodate high peak power while maintaining good 
beam quality, we use a large-mode-area fiber based on higher 
order mode discrimination [25]. The nonlinear coefficient in 
a fiber is related to the mode effective area by the following 
relation

γ =
ωon2

cAeff
 (1)

where, γ, ωo,  n2, c and Aeff represent the nonlinear coefficient, 
central frequency, nonlinear refractive index, speed of light 
and mode effective area of the fiber, respectively. To satisfy 
the above-mentioned requirements, we have taken the large-
mode-area three-layered structure fiber proposed by Babita 
et al [29] and down-tapered it such that the width ratio of all 
three layers remains unchanged. Here, the mode area var-
ies from 1700 µm2 to 900 µm2 at 1.55 µm wavelength. The 
normalized intensity and refractive index profiles with radial 
position and a schematic of the down-tapered fiber are shown 
in figures 1(a) and (b), respectively. Here, the core of the fiber 
is made of Ge-doped silica (nc) and the depressed and outer 
claddings are F-doped silica (nd) and pure silica (ns), respec-
tively. The values of the various parameters are chosen as the 
core radius (a)  =  30 µm, width of the depressed cladding 
(b)  =  15 µm, width of the outermost layer (c)  =  17.5 µm, the 
relative index difference of the core with respect to the outer 
most silica layer is Δ1  =  0.03%, and that of the depressed 
cladding is Δ2  =  0.08%. Here, Δ1 and Δ2 are taken such that 
the fiber supports the LP01 and LP11 modes only and all the 
other higher order modes are stripped off. We have used the 
transfer matrix method (TMM) to analyze the modal charac-
teristics of the fiber [30].

The pulse compression without pulse breaking through 
such a fiber is obtained by appropriate tapering of the fiber. 
Tapering of the fiber leads to variations in the effective 
mode area (Aeff) and the effective index (neff) of the fiber.  

Figure 1. (a) Refractive index profiles of the three-layered structure fiber with the normalized intensity profile of the LP01 mode and (b) a 
schematic of the down-tapered fiber. Here, d and l represent the diameter and length of the fiber, respectively.

Laser Phys. 29 (2019) 025104
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The changes in neff lead to a change in the dispersion (D). The 
mathematical form of Aeff is given as

Aeff =
2π
î´∞

0 |φr|2rdr
ó2

´∞
0 |φr|4rdr

. (2)

And the dispersion coefficient is given by

D = − λ

c
∂2neff

∂λ2
 (3)

where, φr(r), c and λ represent the radial part of the field, the 
speed of light and the central wavelength, respectively. Hence, 
dispersion and nonlinearity vary along the length of the fiber 
with this axial variation, i.e. tapering of the fiber. This taper-
ing reduces the mode area over the length of the fiber and 
increases the nonlinearity without significantly affecting the 
dispersion. This leads to compression of the pulses.

3. Theory

To realize the propagation of ultra-short pulses of high peak 
power through the optical fiber, it is important to include dis-
persion, nonlinear effects and losses in the fiber. The equa-
tion which governs the aforementioned propagation of pulses 
through the optical fiber is the nonlinear Schrodinger equa-
tion (NLSE) [4, 31].

∂A(t, z)
∂z

=

Å
−i

β2

2
∂2

∂T2 +
β3

6
∂2

∂T2 − α
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+ iγ
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A

∂
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|A|2A

ä
− TR

∂|A|2

∂T
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A

 

(4)

where, A (t, z) represents the slowly varying envelope of the 
pulse amplitude and α is the loss coefficient of the fiber. The 
parameters ωo and TR are the central frequency and Raman 
time constant. Here, β2 and β3 are the dispersions of the sec-
ond and third order, respectively, while T represents the scaled 
time, which is given by

T = t − z
vg

. (5)

The second order dispersion is given by

β2 = −D
λ2

2πc
 (6)

where, vg and D represent the group velocity of the pulse enve-
lope and dispersion coefficient, respectively. On tapering the 
fiber, D varies along the length of the fiber. Hence, the second 
order dispersion coefficient β2 also changes, accordingly. The 
variation of the third order dispersion coefficient β3 is very 
small so that we have chosen the constant values of 0.104 ps3 
km−1, 0.157 ps3 km−1 and 0.149 ps3 km−1 at the wavelengths 
1.55 µm, 1.8 µm and 2 µm, respectively. We have used the 
split-step Fourier method (SSFM) to solve the above NLSE 
[4]. Here, we have tapered the fiber to optimize nonlinearity 
and dispersion in order to achieve pulse compression.

4. Results and discussion

We have studied the propagation of a femtosecond Gaussian 
pulse through the proposed large-mode-area (LMA) tapered 
fiber. The mathematical form of the input pulse is given by

A ( t, z = 0) = Ao exp(−t2/2t2
0) (7)

where Ao(=
√

Po) represents the pulse amplitude, Po stands 
for the input power and to is the input pulse width. We have 
down-tapered the fiber and optimized the input parameters in 
such a way that nonlinear effects, mainly SPM, dominate over 
dispersion and pulse compression is achieved. In our study 
the effect of stimulated Raman scattering (SRS) is negligi-
ble, since the femtosecond pulses and the generally Raman 
vibrations are also in the order of hundreds of femtoseconds  
[32, 33]. Aside from this, the effective mode area of our fiber 
is in the order of 103 µm2, which increases the Raman thresh-
old [4].

4.1. Pulse compression at 1.55 µm wavelength

To demonstrate the compression of the Gaussian pulse at 1.55 
µm, we have solved the NLSE for propagation of an input 
pulse of 250 fs duration with peak power of 100 kW through a 
40 cm length of the proposed fiber. This length corresponds to 

Figure 2. (a) The temporal profiles of the input/output pulses, (b) the corresponding contour plot and (c) the pulse evolution along the 
40 cm length of the LMA tapered fiber at 1.55 µm wavelength.

Laser Phys. 29 (2019) 025104
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the maximum achievable compression and has been optim ized 
by calculating the pulse widths at various lengths of the fiber. 
The temporal shapes of the input and output pulses are shown 
in figure 2(a) by the blue and red colors, respectively, which 
clearly shows the compression of the pulse. The peak power 
of the output pulse is 850 kW and the pulse duration is 15 fs.

A compression factor of approximately 17 has been 
obtained. The corresponding contour plot and the pulse evo-
lution along the length of the fiber are shown in figures 2(b) 
and (c), respectively.

To understand the underlying physics, the dispersion (D) 
and nonlinear coefficients (γ) have been plotted with the length 
of the fiber in figures 3(a) and (b), respectively. Figures 3(a) 
and (b) show that the dispersion and nonlinear coefficient 
are increasing along the length of the fiber but the increase 
in the nonlinear coefficient is larger than that in the disper-
sion. Consequently, SPM dominates over group velocity dis-
persion (GVD) along the length of the fiber and compression 
of the pulse observed. There are various parameters such as 
input pulse width, input peak power, fiber length and disper-
sion that need to be optim ized to achieve the optical pulse 
compression. For the chosen fiber parameters, the pulse width 
has been varied for a constant input peak power to obtain the 

maximum compression of the optical pulse. Similarly, for a 
constant input pulse width the input peak power has been var-
ied to optimize the peak power of the input pulse.

4.2. Effect of the input pulse width and peak power

The pulse width of the input pulse has been varied from 100 
fs to 300 fs in steps of 5 fs and the pulse propagation over the 
maximum achievable pulse compression length (40 cm) of the 
LMA tapered fiber has been studied.

The input peak power has been chosen as 100 kW. The ratio 
of output to input pulse widths has been plotted with respect to 
the length of the fiber, as shown in figure 4(a). The plot shows 
the pulse compression for the chosen range of pulse width. The 
compression of the pulse increases with the increase in the input 
pulse width and the maximum compression of the pulse has 
been observed around the 250 fs pulse width. Hence, we have 
chosen the value of the pulse width as 250 fs for our further 
calculations.

In a similar way, we have fixed the value of the input pulse 
width as 250 fs and varied the peak power of the input pulse 
from 5 kW to 150 kW for a 40 cm length of the proposed fiber. 
We have plotted the ratio of output to input full width at half 

Figure 3. Variation of (a) the dispersion coefficient (D), and (b) the nonlinear coefficient (γ) with the length of the fiber at 1.55 µm 
wavelength.

Figure 4. The ratio of the output and input pulse widths with a 40 cm length of the fiber, for (a) pulse widths varying from 100 fs to 300 
fs with peak power of 100 kW, (b) peak power is varied from 5 kW to 150 kW while keeping the pulse width 250 fs. Here, T0, P0 and z 
represent the input pulse width, input peak power and length of the fiber.

Laser Phys. 29 (2019) 025104
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maximum (FWHM) with the length of the fiber for different 
values of input peak powers, as shown in figure 4(b). It has 
been observed that with the increase in the peak power, the 
pulse compression increases and the maximum compression 
is achieved at 100 kW. On further increase in peak power, the 
pulse compresses up to 30 cm of the length and beyond that it 
starts dispersing periodically.

4.3. Pulse compression at 1.8 µm wavelength

Ultra-short pulses with high peak power around the 1.8 µm 
wavelength can be used in spectroscopy [2, 4]. When an ultra-
short Gaussian pulse of 250 fs pulse width with 120 kW peak 
power propagates through the maximum achievable pulse 
compression length (30 cm) of the proposed fiber, the pulse 
has been compressed to 28 fs, 700 kW. The corresponding 
input–output (blue–red) pulses are shown in figure 5(a).

Here, the compression of the pulse can be seen clearly. 
A compression factor of 9 has been obtained. The contour 
plot and the pulse evolution through the length of the fiber 
are shown in figures  5(b) and (c), respectively. The results 
show that the SPM dominates the GVD along the length of 
the fiber. This can be understood by looking at the variation in 
dispersion and the nonlinear coefficient with the length of the 
fiber, as plotted in figures 6(a) and (b). The plot of dispersion 
shows that the dispersion coefficient increases up to 17 cm 
in the length and then decreases drastically for the remain-
ing length of the fiber. In contrast, the plot of the nonlinear 
coefficient increases throughout the length of the fiber. Hence, 

SPM dominates over GVD and the compression of the pulse 
is observed along the length of the fiber.

When comparing figures 3 and 6, it can be clearly seen that 
the value of the dispersion coefficient is higher in the 1.8 µm 
wavelength while the nonlinear coefficient is lower in the 1.8 µm  
wavelength. Hence, the strength of dominance of SPM over 
GVD is lower in the 1.8 µm wavelength. Therefore, the pulse 
compression factor is lower but the achieved compression of 
the pulses is reasonable for use in high-power laser applica-
tions. While keeping the peak power constant, we have varied 
the width of the input pulse to find its maximum compression 
value. Similarly, we have fixed the input pulse width and var-
ied the input peak power.

4.4. Effect of the input pulse width and peak power

For 120 kW chosen value of the input peak power, we have 
varied the input pulse width from 100 fs to 300 fs and the 
pulse propagation over the maximum achievable pulse com-
pression length (30 cm) of the proposed LMA tapered fiber 
has been studied. For different values of the pulse width, the 
ratio of the output and input pulse widths with the length of 
the fiber is shown in figure 7(a).

This shows, on increasing the input pulse width, that 
compression of the pulse increases and the maximum com-
pression of the pulse has been observed for 250 fs input 
pulse duration. For 250 fs pulse duration, we have varied the 
input peak power from 5 kW to 150 kW for the same length 
of fiber and the ratio of the output and input pulse widths 

Figure 5. (a) The temporal profiles of the input/output pulses, (b) the corresponding contour plot and (c) the pulse evolution along the 
30 cm length of the LMA tapered fiber at 1.8 µm wavelength.

Figure 6. Variation of (a) the dispersion coefficient (D), and (b) the nonlinear coefficient (γ) with the length of the fiber at 1.8 µm 
wavelength.

Laser Phys. 29 (2019) 025104



M Rehan et al

6

with respect to the length of the fiber is shown in figure 7(b). 
It can be seen that, for an input peak power around 5 kW, 
the output pulse is similar to that of the input: while with 
a further increase in the input peak power, pulse compres-
sion is observed. The maximum pulse compression has been 
achieved around 120 kW input peak power due to dominance 
of SPM over GVD.

4.5. Pulse compression at 2 µm wavelength

Ultra-short pulses of high peak power at the 2 µm wavelength 
are useful in high-power medical applications [3]. We have 
studied the propagation of an input Gaussian pulse of 250 fs 
duration with peak power of 120 kW through the maximum 
achievable pulse compression length (30 cm) of the proposed 

Figure 7. The ratio of output to input FWHM with 30 cm length of the fiber, for (a) a pulse width of 100 fs to 300 fs with constant 120 kW 
peak power, (b) peak power is varied from 5 kW to 150 kW with 250 fs fixed pulse duration. Here, T0, P0 and z represent the input pulse 
width, input peak power and length of the fiber.

Figure 8. (a) The temporal profiles of the input/output pulses, (b) the corresponding contour plot and (c) the pulse evolution along the 
30 cm length of the LMA tapered fiber at 2 µm wavelength.

Figure 9. Variation of (a) dispersion, and (b) nonlinear coefficients with the length of the fiber at 2 µm wavelength.

Laser Phys. 29 (2019) 025104
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LMA tapered fiber. A pulse of 500 kW peak power and 46 
fs duration is obtained. The pulse width of the output pulse 
reduced approximately six times compared to that of the input 
pulse. The temporal shapes of the input and output pulses, the 
contour plot and the pulse evolution over the length of the 
fiber are shown in figures 8(a)–(c).

The three-layered structure LMA fiber has been down-
tapered so that the dispersion and nonlinear coefficients vary 
along the length of the fiber, as shown in figures 9(a) and (b). 
The plots show that the dispersion coefficient is almost con-
stant up to 15 cm of the length and then starts decreasing along 
the length of the fiber, and the nonlinearity increases along the 
length of the fiber. Hence, pulse compression is observed due 
to the interplay between SPM and GVD.

From figures 3, 6 and 9, it can be clearly observed that the 
value of the dispersion coefficient is higher at a longer wave-
length and the case is reversed for the nonlinear coefficient. 
The strength of the nonlinearity is greater at the 1.55 µm  
wavelength. Also, the loss coefficient (α) is 0.2 dB km−1 at 
the 1.55 µm wavelength and thus is smaller than that of 1.3 
dB km−1 and 2 dB km−1 at 1.8 µm and 2 µm wavelengths, 
respectively, for fused silica glass fiber [34]. Therefore, the 
compression factor is maximum at 1.55 µm, then for 1.8 µm 
and after that for 2 µm wavelength. The deterioration of pulse 
compression with increasing center wavelength is due to that 
fact that as the wavelength increases, there is less confinement 
of light in the fiber, which results in decreased nonlinearity. 
The second order dispersion coefficient also increases with the 
center wavelength. This also leads to broadening of the pulse. 
Consequently, pulse compression deteriorates with the increase 
in the wavelength. The input parameters, such as the input pulse 

width and input peak power, need to be optimized to obtain a 
significant optical pulse compression.

4.6. Effect of the input pulse width and peak power

The input pulse duration has been varied from 100 fs to 300 
fs and the pulse propagation over maximum achievable pulse 
compression length (30 cm) of the proposed LMA tapered 
fiber has been studied for a chosen value of 120 kW input 
peak power. For the selected range of the input pulse width, 
the ratio of the output and input pulse widths has been plot-
ted with respect to the length of the fiber, which is shown in 
figure 10(a). We have observed dispersion of the pulse for the 
input pulse width around 100 fs, while when increasing the 
input pulse width, a pulse similar to the input is realized. On 
further increase in the input pulse width, compression of the 
pulse is attained. We have observed maximum pulse compres-
sion around 250 fs input pulse width. Similarly, we have var-
ied the input peak power from 5 kW to 150 kW for the 250 fs 
input pulse width in the 30 cm length of the fiber and plotted 
the ratio of the output and input pulse widths with the length 
of the fiber for all the values of the input peak power, as shown 
in figure 10(b).

It is observed that the ratio of the output and input pulse 
widths is lower around 150 kW and lowest at 120 kW input 
peak power due to dominance of SPM over GVD. Hence, the 
chosen value of the input peak power for the best compression 
is 120 kW for our further calculations.

We have also compared the performance of the proposed 
down-tapered fiber with a uniform fiber. The comparison of 
a uniform fiber, having parameters a  =  30 µm, b  =  15 µm, 

Figure 10. The ratio of output to input FWHM with the 30 cm length of the fiber, for (a) a pulse width of 100 fs to 300 fs with constant 
120 kW peak power, (b) peak power is varied from 5 kW to 150 kW with 250 fs fixed pulse duration. Here, T0, P0, and z represent the input 
pulse width, input peak power and length of the fiber.

Table 1. A comparison between down-tapered and uniform (non-tapered) LMA fibers.

Center  
wavelength 
(nm)

Input peak 
power (kW)

Input pulse 
width (fs)

Down-tapered LMA fiber Uniform (non-tapered) LMA fiber

Length of  
maximum  
compression (cm)

Output pulse 
width (fs)

Peak 
power 
(kW)

Length of  
maximum  
compression (cm)

Output pulse 
width (fs)

Peak 
power 
(kW)

1550 100 250 40 15 850 65 24 695
1800 120 250 30 28 700 55 42 600
2000 120 250 30 46 500 60 65 420

Laser Phys. 29 (2019) 025104
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c  =  17.5 µm, Δ1  =  0.03% and Δ2  =  0.08%, with the pro-
posed down-tapered fiber is given in table 1. It can be clearly 
seen that the down-tapered fiber outperforms the uniform fiber 
in terms of pulse compression and peak powers. The lengths 
of the maximum compression in the uniform fiber are longer. 
For example, the maximum compression factor in the uni-
form fiber is 10 for a 65 cm long fiber, while that in the down-
tapered fiber is 17 for a 40 cm length of the fiber at 1.55 µm 
center wavelength. The pulse compression is improved in the 
down-tapered LMA fiber. In addition, the down-tapered fiber 
has an added advantage of sustaining the pulse only in one 
direction and, thus, avoiding back reflections, which we have 
already reported in our earlier work [26]. Even though pulse 
compression can be achieved with standard uniform fibers 
having small effective mode area, accommodating very high 
peak powers in these fibers becomes difficult.

5. Conclusion

We have proposed a new design for a three-layer W-type 
structure large-mode-area down-tapered fiber and numer-
ically demonstrated compression of a 250 fs duration pulse at 
different wavelengths by means of the same fiber. The exact 
length of the maximum pulse compression is determined and 
the influence of the mode area variation with the length of the 
fiber has been studied. For a 1.55 µm wavelength, a 250 fs, 100 
kW pulse compressed to 15 fs, 850 kW while prop agated over 
a 40 cm length of the proposed fiber. These ultra-short pulses 
can be utilized in ultra-high data rate optical communications. 
For a 1.8 µm wavelength, a 250 fs, 120 kW pulse was com-
pressed to be 28 fs, 700 kW while transmitted from a 30 cm 
length of the proposed tapered fiber. For a 2 µm wavelength, 
a pulse of 250 fs, 120 kW became 46 fs, 500 kW while deliv-
ered through 30 cm length of the tapered fiber. These pulses 
in the eye safe region can be used in spectr oscopy, remote 
sensing and medical treatments. Hence, our fiber design can 
be a good candidate to produce high peak power ultra-short 
pulses in a wide wavelength range for a number of high-power 
applications.
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