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1.  Introduction

Currently, optical supercontinuum (SC) generation meth-
ods have been widely studied with the aim of improving 
existing sources for applications in telecommunications, 
spectroscopy, optical metrology and wavelength tunable 
sources [1–4]. Several authors have presented schemes of 
SC sources taking advantage of the very fast development 
of special fibers. For instance, several designs are based on 
photonic crystal fibers (PCFs) [5–8]. These fibers have large 
nonlinear coefficients and offer the possibility of shifting 
their zero dispersion wavelength (ZDW), which is an ideal 

characteristic for SC generation, achieving spectra ranging 
from 900–1900 nm under pumping with 1360 nm, 120 fs 
pulses, in an all-normal dispersion PCF [5], or 350 to over 
1700 nm through cascaded PCF tapers pumped with 1064 nm 
[7]. However, the relatively high cost of PCFs usually limits 
their use.

Moreover, in the literature some works for SC gen-
eration can be found which do not require PCFs in their 
experimental schemes. Recently, different designs based on 
dispersion-shifted fibers (DSF) have been presented, which 
are pumped by a microchip Q-switched laser emitting sub-
nanosecond pulses [9]. Other authors have achieved SC 
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Abstract
In this letter, the effects of bending losses for the development of tunable supercontinuum 
sources are numerically and experimentally analyzed. Here, the proposed supercontinuum 
source is based on a very short length segment of standard single-mode fiber (SMF-28) which 
was used as a nonlinear medium and it was pumped by a microchip Q-switch laser at 1064 nm. 
In the experimental setup, a section of the optical fiber was wrapped around a mandrel in order 
to induce bending losses. In addition, by changing the fiber wrapping settings of the SMF-28 
the SC source spectrum was filtered at some wavelengths due to mechanical stress. Hence, the 
source bandwidth can be increased or decreased by selecting the fiber length and by modifying 
the wrapping settings. Furthermore, in this work it is described as a numerical analysis which 
helps to support our experimental results. This numerical analysis was based on the fourth-
order Runge–Kutta in the interaction picture method and the beam propagation method.
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sources with a spectral width from 850–2500 nm by using 
highly nonlinear fiber (HNLF) [10], and a low-noise SC 
spectrum with controlled intensity distribution over the 
range 1–2 μm by using hybrid HNLF [11]. Another alterna-
tive to SC generation is based on a holmium-doped fiber 
amplifier, concentrating an average power of 400 mW in 
the range from 1950–2150 nm [12].

Standard single-mode (SMF) fibers [13], have different 
advantages such as being relatively inexpensive and they 
are easy to handle. The design of low-cost SC sources with 
a simple selectable bandwidth control can be quite impor-
tant for several scientific and technological applications. 
For this reason, in this work a SC generation setup based 
on a SMF-28 fiber pumped with a microchip Q-switched 
laser at 1064 nm is presented. In this setup, a selectable 
spectral width was achieved by inducing bending losses in 
the scheme. Furthermore, the spectral profile of SC source 
showed notable features as a good spectral flatness. In 
addition, a numerical analysis is presented that supports 
the phenomenon that allows the tuning of the SC source, 
by inducing a filtering effect on the spectrum. Moreover, 
it is shown that this numerical simulation agrees with the 
experimental results. Finally, the main advantages of the 
implemented SC generation technique are the relatively 
low cost, a good spectral flatness and an easy and flexible 
bandwidth control.

2.  Experimental setup

Recently [14, 15], we have demonstrated the possibility 
of SC generation by using SMF-28 fiber. Based on these 
works, we are proposing an experimental arrangement 
based on mechanical stress (see figure 1). In this setup, dif-
ferent lengths of SMF-28 fiber were tested in order to study 
the spectral behavior of the SC source. Here, for simplicity, 
we will only present the results obtained with segments of 
30 and 50 m. Moreover, a microchip Q-switched laser oper-
ating at 1064 nm, with 9 kHz repetition rate, peak power of 
10 kW, pulse energy of 7 μJ and pulses of 700 ps was used as 
a pump source. The laser beam was coupled into a SMF-28, 
which was actuated as the nonlinear medium, by using one 
mirror and a 10 ×  microscope objective mounted in a XYZ 
stage. In order to induce the tuning effect of the SC source, 
bending effects were induced by wrapping the SMF-28 in 

a metallic cylindrical tube with diameter (D). Finally, the 
spectral response was monitored with an optical spectrum 
analyzer.

3.  Experimental results

For the first case of study, the evolution of the spectral response 
generated with 30 m of SMF-28 fiber, wrapped around a man-
drel with different diameters D, was analyzed. The spectral 
measurements for this case are shown in figure  2 where it 
can be appreciated that above the zero dispersion wavelength 
(ZDW), which for the SMF-28 is ~1313 nm, the SC spectrum 
is more sensitive to variations of D. For instance, when the 
SMF-28 fiber was wrapped on a tube with D = 0.9 cm the 
narrowest SC spectrum, from 1100 to 1250 nm, was gener-
ated (see figure 2). For diameters D < 0.9 cm the SC signal 
was practically attenuated. In contrast, when the fiber was 
wrapped on a tube with D = 2.2 cm, the most stable and wid-
est spectrum, from 1050–1600 nm, was achieved.

For the second case of study, 50 m of SMF-28 were com-
pletely wrapped on a metallic tube with different diameters. 
For D = 0.9 cm the narrowest SC spectrum was generated, 
while the most stable SC spectrum was obtained, again, when 
a D = 2.2 cm was used (see figure 3). Thus, by using these 
experimental conditions it was possible to obtain a broadband 
spectrum, from 750 to over 1700 nm, which theoretically is 

Figure 1.  Experimental setup.

Figure 2.  Supercontinuum spectra generated with 30 m of wrapped 
fiber using different values of bent diameter.
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correct, since the interaction with the nonlinear medium is 
greater than in the previous case. Moreover, when D was 20, 
5.4 and 4 cm spectra with wider bandwidths were obtained. 
However, these presented lower stability than those obtained 
when a diameter of 2.2 cm was used.

For the third case of study, 50 m of SMF-28 fiber was 
wrapped in two different configurations: a) the initial 30 m of 
the fiber were wrapped in the cylindrical tube with a 2.2 cm 
diameter (which presented the most stable experimental 
results) while the last 20 m were left unwrapped; b) the initial 
20 m of the fiber length were left unwrapped while the last 
30 m were wrapped in the cylindrical tube with a 2.2 cm diam-
eter. The experimental results are presented in figure 4, where 
it can be appreciated that for the first configuration a wider 
spectrum was achieved, from 800 to over 1700 nm. For the 
second configuration the obtained SC source has a narrower 
spectral width, from 1000–1630 nm. Hence, it was demon-
strated that by only varying the bending diameter and the 
wrapping configuration it is possible to control the bandwidth 
of the proposed SC source.

4.  Numerical analysis: fourth-order Runge–Kutta 
in the interaction picture method and beam 
propagation method

In order to support the obtained experimental results and to 
understand the tuning process of the SC source, which was 
produced by changing the position of the bending mechanism, 
a numerical analysis was performed. This numerical analy-
sis was based on some works related to the study of wave-
length dependence due to bending losses in a SMF-28 fiber 
[16–20]. In addition, the evolution of nanosecond pulses pro-
duced by a microchip laser in a piece of standard fiber under 
bending effects was analyzed by numerical simulations using 
the Runge–Kutta in the interaction picture (RK4IP) method 
[21]. The parameter values used in the numerical analysis 
correspond to those of the SMF-28 fiber used in our experi-
ment, which are: length of the fiber = 0.05 km (including the 
wrapped section), fiber dispersion = −30.17 ps (nm.km)−1 and 
nonlinear coefficient γ = 1.5 /W−1 km−1 with a central wave-
length of 1064 nm. The value of parameters τ ,1  τ2 and fr were 
chosen to provide a good fit to the actual Raman-gain spec-
trum: τ1 = 12.2 fs, τ2 = 32 fs and fr = 0.18, as established in 
previous studies [22, 23]. The Raman response is described as

δ τ= − − +R t f t f h t( ) (1 ) ( ) ( ),r e r R� (1)

τ τ
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where A is the complex field envelope, z is the distance, and 
βn are the dispersion coefficients obtained by a Taylor series 
expansion of the propagation constant β ω( ) around the cen-
ter frequency (ω0). In the simulation, we used a value of 
β = −2.16822  ps2 nm−1. This second order dispersion coeffi-
cient is sufficient to describe the propagation of the pulse (this 
was verified numerically by considering higher-order param-
eters βn for n > 2, showing no significant changes in the spec-
trum). In the numerical analysis it is important to consider that 
losses due to the curvature effect (α) are not constant.

Currently, there are several methods which help to predict 
curvature losses in optical fibers. For optical waveguides with 
sufficiently large radius of curvature the Marcuse formula 
is commonly used [17]. This formula agrees well in experi-
ments where the SMF-28 fiber was under bend-induced stress. 
Bending fiber simulations were performed by using the beam 
propagation method (BPM), in conjuntion with the confor-
mal mapping technique. The BPM-stimulated bending loss is 

Figure 3.  Supercontinuum spectra generated with 50 m of wrapped 
fiber using different values of bent diameter.

Figure 4.  Supercontinuum spectra achieved by modifying the 
wrapped configuration.
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a modified method from the original Marcuse formula. The 
refractive index distribution used in the BPM method [18] is 
given by

′ = +
⎛
⎝
⎜

⎞
⎠
⎟n

x

R
n 1 ,
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� (4)

where n x y( , ) is the unperturbed index and Reff is the equiva-
lent bend radius. Note that for silica fiber ≈R R/ 1.28.eff  By 
analyzing the BPM method the following relationships are 
obtained [18],
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where κ and γ are the normalized propagation constants for 
the core and the cladding, respectively, V is the normalized 
frequency, Km ± 1 is the modified Bessel function of the second 
kind. Here, we have that the RK4IP separates the effect of 

the dispersion (
∧

D) from the nondispersive terms (
∧

N), allowing 
the use of explicit techniques to simplify the evaluation of the 
simulation. The choice of a midpoint step, as the separation 
distance ′ = +z hz /2, eliminates the exponential dispersion in

= − − ′ − ′
∧ ∧ ∧ ∧

N z D N z Dexp( ( z ) ) exp(( z ) ).1� (6)

In this way the algorithm passes from A z T( , ) to +A z h T( , ) 
in a spatial step h, expressed in the normal picture A, which 
can be written as

=
∧

⎜ ⎟
⎛
⎝

⎞
⎠A

h
D A z Texp

2
( , ),1� (7)

⎜ ⎟
⎛
⎝

⎞
⎠
⎡
⎣⎢

⎤
⎦⎥=

∧ ∧
k

h
D hN A z T A z Texp

2
( ( , )) ( , ),1� (8)

= + +
∧

k hN A k A k( /2)[ /2],2 1 1 1 1� (9)

= + +
∧

k hN A k A k( /2)[ /2],3 1 2 1 2� (10)

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠= + × +

∧ ∧ ∧
k hN

h
D A k

h
D A k(exp

2
( )) exp

2
[ ],4 1 3 1 3� (11)

⎜ ⎟
⎛
⎝

⎞
⎠+ = + + + +

∧
A z h T

h
D A k k k k( , ) exp

2
[ /6 /3 /3] /6.1 1 2 3 4� (12)

The transformation into the normal picture (equa-
tion (12)) introduces an overhead evaluation of two FFTs 
per step; however, this overhead is eliminated by keeping 
the last trajectory k4 (equation (11)) in the normal picture. 

Therefore, each step requires four evaluations of the nonlinear  

operator (
∧

N) and four evaluations of the exponential disper-

sion operator 
∧

h Dexp(( /2) ), which requires the computation of 

eight FFTs [21].

5.  Numerical results

The microchip laser pulse used as the input of the simulation 
program (based on the RK4IP) was obtained by the descrip-
tion of a generalized Gaussian profile, which can be written as

= − −
f x a( ) e ,

x b

c

( )
2

2

2� (13)

where a, b, and c are real constants ( >a 0). The simulated 
and the experimentally measured input signal are shown in 
figure 5. For this case, low power was used with the aim of 
presenting the signal without any nonlinear effect.

In order to observe the bent effects over the final spectrum, 
based on the experimental configuration, we simulated the 
curvature in the section of the optical fiber. First, we simu-
lated the case when the first 30 m of SMF-28 fiber were bent 
with a 2.2 cm diameter while the last 20 m were left in linear 
position. The simulated spectrum for this wrapping configu-
ration is shown in figure 6, where it can be observed that it 
presents a plateau with very good flatness within the range 
from 1120 to above 1700 nm (just on the right side of the 
pump wavelength). Secondly, we simulated the output spec-
trum considering that the first 20 m of the SMF-28 fiber were 
left in linear position while the last 30 m were wrapped con-
sidering a 2.2 cm diameter. The simulated spectrum for this 
configuration is shown in figure 6 where it can be observed 
that it is attenuated at short and long wavelenghts, obtaining a 
narrower spectral width from 900 to1650 nm. This configura-
tion allowed us to shorten the bandwidth in comparison with 
the first case.

The SC source behavior described by the numerical results 
agrees very well with the experimental results. Therefore, we 

Figure 5.  Comparison between numerical and experimental spectra 
for input signal in the optical fiber scheme.
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have that the characteristics of the SC source depend on the 
properties of the nonlinear medium and the excited nonlin-
ear effects, and the mechanical stresses are supported by the 
numerical analysis.

6.  Principle of operation and discussion

In general, the SC source presented in this work can be 
explained as the contribution of some nonlinear effects. Here, 
the three first Stokes pulses, which are located at approxi-
mately 1120, 1180 and 1245 nm were observed in all experi-
mental and numerical spectra. This phenomenon is due to the 
fact that incident light is acting as a pumping source which 
generates frequency-shifted radiation. In this case, the non-
linear phenomenon is based in the intense pump fields, such 
that the stimulated Raman scattering, and the Stokes wave 
shown in figures  2 and 3 grow rapidly inside the medium 
(in this case SMF-28 fiber) allowing it to achieve a spectral 
broadening.

The bending losses intensity effects over the n-order 
Stokes, and over the pump, can be varied depending on 
the diameter D. This is due to the selection of the effec-
tive bend radius which allows the fundamental mode to be 
relatively stable, while the others exhibited more significant 
losses [16]. Consequently, it can be expected that self-phase 
modulation, modulational instability and four-wave mix-
ing should contribute to the SC generation processes [15, 
18]. Here, the SC spectral width will be directly affected by 
bending losses effects which depend on the wavelength [17], 
and on the bending diameter. In this way, short wavelengths 
are attenuated due to bending. Moreover, it is important to 
comment that the SMF-28 will be operating as a multimode 
fiber since we are pumping with a laser emitting at 1064 nm, 
and consequently an interaction between some cladding and 
core modes will be induced. Hence, the contribution of this 
modal interaction on the SC generation depends on the bend-
ing radius (D).

7.  Conclusion

This work presented a study on the effect of inducing bending 
losses in a supercontinuum source. We obtained a relatively 
simple and low-cost setup for supercontinuum generation. 
One of the main advantages of the SC source presented here 
is that it is based on the use of a short piece of standard sin-
gle-mode fiber as a nonlinear medium. Moreover, the spectral 
bandwidth of the SC source can be determined by the length 
of the fiber, the diameter of the mandrel and the proportion 
of SMF-28 which was wrapped. For instance, when 30 m of 
SMF-28 were wrapped after 20 m in linear position, it was 
possible to select the spectral width of the SC within the range 
from 1050–1600 nm. Similarly, with the opposite fiber con-
figuration it was possible to select the spectral width of the SC 
source in a range from 800 to above 1700 nm with high flat-
ness. The numerical results are very similar to those obtained 
in the experimental section. Finally, it is important to men-
tion that this scheme of SC source can have different potential 
applications due to its low cost and relatively broad spectral 
range.
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