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Abstract. The conditions to obtain noise-like pulses (NLPs) from a figure-eight fiber laser (F8L)
and their application for supercontinuum (SC) generation in the anomalous dispersion regime are
reported. The F8L is designed to remove the undesired low-intensity background radiation from
pulse emission, generating NLPs with a 3-dB spectral bandwidth of 17.43 nm at the fundamental
repetition frequency of 0.8 MHz. After amplification, NLPs reach a maximum average power of
9.2 mW and 123.32 nm spectral bandwidth. By controlling the amplifier pump power, flat SC
generation is demonstrated through both a 800-m long spool of SMF-28 fiber and a piece of 5-m
long highly nonlinear optical fiber. The results demonstrate a satisfactory flatness of ~3-dB over a
bandwidth of ~1000 nm in the range from 1261 to 2261 nm, achieving to the best of our
knowledge, one of the flattest SC generated from noise-like pulses.
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1. Introduction

Fiber lasers capable to produce broad and flat supercontinuum (SC) spectra are very attractive optical
sources with important applications in many research fields, such as optical communications, biomedical
research, spectroscopy and device characterization, among others [1-7]. Up to now, various fiber-based
SC generation schemes have been proposed and demonstrated, relying on different pump light sources [8-
12] and nonlinear optical media [12-18]. Among those approaches, one of the most common method for
SC generation relies on injecting ultrashort optical pulses into specialty optical fibers. It was found that the
broadest SC spectra are generated when the pump pulse lies in the anomalous dispersion regime, near the
zero-dispersion wavelength (ZDW) of the fiber [19]. Under this condition, the broadening mechanism is
dominated by soliton dynamics, particularly by the breakup of the injected pulse through soliton fission
[20], which is sensitive to input pulse fluctuations and the pump laser shot noise. Consequently, the
generated SC is characterized by a complex temporal profile with significant spectral ripple as well as
considerable fine structures over its bandwidth [21]. In response to these problems, the use of ideal
pedestal-free optical pulses were proposed by Nishizawa et al. to produce high-quality ultra-flat SC
spectra. According to their results, the lack of spectral flatness is associated to temporal pedestals of pump
pulses in the anomalous dispersion region [22, 23]. By using ideal pedestal-free Raman shifted solitons in



a highly nonlinear fiber (HNLF), they reported a high degree of flatness of ~1 dB for a 520 nm SC
bandwidth in the range from 1370 to 1890 nm [23]. Since then, many SC schemes with ultra-flat
characteristics have been reported based on pedestal-free pump pulses in the normal and anomalous
dispersion regimes [24-28].

Recently, mode-locked fiber laser (MLFLS) generating the so-called noise-like pulses (NLPs) have been
proposed as the pump sources to realize spectral broadening in different kinds of optical fibers [29-32]. In
contrast to standard mode-locked pulses, NLPs are sub-nanosecond wave packets with a fine inner
structure of randomly varying pulse durations and peak intensities. This temporal characteristic leads to a
double-scaled autocorrelation trace with a sub-picosecond peak riding upon a wide pedestal, suggesting a
characteristic of low temporal coherence. Therefore, NLPs find various applications that take advantage of
this characteristic, such as optical metrology, optical sensing [33, 34], optical coherence tomography, and
optical communications [35-37]. In the spectral domain, NLPs exhibit a smooth and broad output
spectrum, which is actually the superposition of incoherent single pulses spectra [38]. By taking advantage
of these properties, NLPs have been demonstrated to be an efficient pump source for SC generation [30-
32]. For example, by using amplified NLPs, Zaytsev et al. demonstrated SC generation through a normally
dispersive standard single-mode fiber (SMF), and obtained a SC ranging from 1050 to 1250 nm [31], and
more recently Lin et al. reported SC generation through a HNLF pumped in the anomalous dispersion
regime [29], achieving a broad SC spectrum from 1208 to 2111 nm. Nevertheless, in those related
investigations, the lack of spectral flatness is a common feature, and spectral variations of up to 20 dB can
be observed in the generated spectra. In this work we focus our attention on the generation of flat SC
spectra pumped by amplified NLPs from an erbium-doped figure-eight fiber laser (F8L). The F8L is
designed to remove the undesired low-intensity background or pedestal from pulse emission. The results
verify that clean NLPs are suitable to generate broad SC with high spectral flatness.

In this paper the conditions to obtain pedestal-free optical pulses from a F8L and their application for SC
spectra generation is reported. By simple and clear birefringence adjustments, the laser is capable to
operate in various pulse emission regimes, including conventional solitons, NLPs, and simultaneous
emission of solitons and NLPs. For the specific case of NLP emission, optical pulses with 3-dB spectral
bandwidth of 17.43 nm were obtained. In order to generate a broad SC spectrum, an erbium/ytterbium
(Er/Yb)-doped fiber amplifier is used to boost the power launched into the fiber. By controlling the
amplifier pump power, a broad and flat SC generation is demonstrated through both a 800-m long spool of
SMF-28 fiber and a short 5-m long piece of highly nonlinear optical fiber (HNLF). The results
demonstrate satisfactory uniformity of up to ~3 dB for a 1000 nm bandwidth in the range from 1261 to
2261 nm, thus achieving, to our knowledge, one of the flattest SC generated from amplified NLPs.

2. Experimental setup

The experimental setup for SC generation is illustrated in figure 1(a). It consists of an Er-based NLP
source, a 3-m long Er/Yb double-clad fiber amplifier (CorActive DFC-EY-10/128), and a spool of optical
fiber as nonlinear medium. After amplification, broad NLPs with a 3-dB spectral bandwidth of 123.32 nm
and a central wavelength (A.) of 1560.8 nm were obtained. Experiments on SC generation were performed
in the anomalous dispersion regime, by launching the amplified NLPs into a spool of 800-m long SMF-28
fiber, with a nonlinear coefficient of 1.5 W * km™* and ZDW of 1330 nm, and a piece of 5-m long HNLF.
The ZDW and nonlinear coefficient of the HNLF are 1548 nm, and 11.3 W * km?, respectively. The
source of NLPs is a mode-locked figure-eight fiber laser (F8L) as illustrated in figure 1(b). It includes a
power-symmetrical NOLM located on the right side in the F8L structure. The NOLM consists of a 220-m
loop of highly twisted optical fiber, twisted at a rate of 7 turns per meter (twist eliminates the fiber
residual birefringence, so that light ellipticity is conserved during propagation), and a quarter-wave
retarder (QWR) located asymmetrically into the NOLM loop to provide polarization asymmetry. The
QWR is wrapped on a cylinder, we gave special attention to the proper choice for the cylinder diameter
and experimentally determined that it has to be 38 mm. Previous researches have shown that this NOLM



configuration exhibits a flexible transmission that can be modified through adjustments of the QWR angle,
or by the NOLM input polarization [39, 40]. Besides, as polarization is controlled both at the NOLM input
and inside the loop (through twist and precise QWR adjustment), the switching characteristic can be
adjusted precisely and, for given retarder settings, remains fixed over time. In the low-power regime, the
NOLM transmission can be adjusted precisely for values between 0 and 0.5 while the transmission at
critical power is close to one in any case [39]. The nonlinear transmission of the NOLM is controlled by
setting the QWR angle between the maximum and minimum values of the low-intensity transmission. The
lowest critical power is achieved at circular input polarization. For this reason a set of polarization
elements are used in our setup to introduce at the NOLM input a circular right polarization state. In the
low-power regime the NOLM operates as a half-wave plate. For example, assuming circular input
polarization, the output polarization is orthogonal to the NOLM input, and the parallel component
undergoes zero transmission. However, at high-power levels the parallel component reappears, and
undergoes a nonzero nonlinear transmission [41]. To take advantage of the NOLM polarization-dependent
transmission, a polarization controller (PC3) followed by a fiber-based polarization beam splitter (PBS) is
included at the NOLM output (port P2). The PC3 is adjusted to provide maximum transmission for the
low-intensity radiation through one output port of the PBS. This adjustment enables that a small amount of
energy can be amplified and fed back to the NOLM input to initiate the mode-locking operation. The
remaining output port is used to provide the output light pulses (laser output), with a polarization state
associated to high-intensity radiation. This ensures the production of pedestal-free optical pulses without
continuous-wave background. A 90/10 coupler is inserted in the cavity to monitor the laser output pulses
before the PBS (monitor output). The gain was provided by a 3-m long erbium-doped fiber (EDF). The
EDF is pumped through a wavelength division multiplexer coupler (WDM) by a 975-nm pigtailed laser
diode, providing a maximum pump power of 101 mW. A set of polarization controllers, PC1 and PC2, are
used to control the polarization state at the NOLM input. The PC1 is adjusted to provide maximum
transmission through the linear polarizer (LP), and the PC2 is used to introduce a right circular
polarization at the NOLM input. A fiber isolator (ISO) is inserted to force unidirectional operation within
the laser cavity and to prevent amplification of backward reflections from the NOLM.
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Figure 1. (a) Experimental setup for supercontinuum
generation. (b) Schematic setup of the mode-locked
figure-eight fiber laser.

Self-starting mode-locking operation was obtained through simple and clear adjustments of the low-power
transmission via the QWR angle in the NOLM loop. The required QWR angle was found in the positive
slope region of the NOLM transmission curve at low power, as shown in figure 2(a), when the
transmission was set to 0.08. A train of mode-locked pulses appears when pump power is around 90 mW.
If pump power is decreased, the number of pulses reduces and the emission of a single pulse is obtained at



7.5 mW. This single pulse operation is stable if the pump power is increased until 15 mW. The pulse
repetition frequency was measured at f, = 0.8 MHz, see figure 2(b). Assuming an effective index (nes) of
1.4463 the corresponding cavity length, Leaiey = C/(fep Ner), Where ¢ is the speed of light in vacuum, is
calculated as 259.28 m. The optical spectra, measured at the monitor (red line) and laser output (black
line) are shown in figure 2(c). The full width at half maximum (FWHM) of the spectrum is measured as
1.51 nm (42) at the monitor output, centered at 1557.25 nm with an average output power of 8.33 uW. As
it can be observed, the power spectrum exhibits sharp Kelly sidebands, which confirms that the F8L
operates in the soliton regime [42]. With the objective of eliminating low-intensity radiation associated to
dispersive waves or pedestals, PC3 is adjusted to provide maximum transmission for the low-intensity
radiation through the PBS port connected to the laser cavity. This ensures the suppression of continuous-
wave background at the laser output. For proper orientation of PC3, the spectral sidebands disappear as
shown in figure 2(c) (black line). From this result, the suppression of intense peaks associated to a
continuous-wave background is notable, showing that the pulses are pedestal-free. After suppression of
spectral sidebands, a slight increment in spectral bandwidth (44) is observed, from 1.51 to 1.59 nm, as
well as reduction in the average power from 8.33 uW to 6.51 uW. Figure 2(d) shows the corresponding
autocorrelation function at the laser output. From these results a pulse duration (Tewnm) Of 1.53 ps is
estimated from the FWHM time delay (Ty) of 2.36 ps (Trwrm = 0.648 T, for solitons). This value along
with the spectral bandwidth allows us estimating the time-bandwidth product (TBP) as 0.30. This value is
slightly below the transform-limited value of 0.315 for a Sech®(x) pulse profile; it suggests that pulses
from the F8L are close to transform-limited solitons after suppression of spectral sidebands. On the other
hand, the emission of NLPs was realized by a small rotation of the QWR angle, while maintaining
polarization controllers and pump power fixed. For example, if the QWR angle is rotated to reach a low-
power transmission of 0.1, as illustrated in figure 2(a), simultaneous emission of NLPs and solitons is
generated. Figure 2(e) shows the measured spectrum at both laser outputs, the black line indicates the case
where spectral sidebands are suppressed (laser output). Two distinctive pulse emissions can be observed, a
broad and smooth optical spectrum centered at ~1549.6 nm, whose characteristics correspond to NLPs
emission, and a higher intensity peak centered at 1558.5 nm corresponding to soliton emission. Moreover,
after further rotating the QWR angle, when low-power transmission reaches the value of 0.15, the
spectrum associated to soliton pulses disappears. This result is illustrated in figure 2(f), where a smooth
and broad output spectrum is observed, confirming that the F8L is operating in the NLP regime. NLP
operation is found for low-power transmission values between 0.15 and 0.21, for higher values the laser
operates in the continuous wave regime. In this scheme, the minimum pump power required to achieve
NLP operation was 78 mW. The central wavelength is 1560.8 nm and the 3-dB optical bandwidth is 17.43
nm at the laser output. From these results, the lack of high-energy peaks corresponding to a continuous-
wave/dispersive wave background is notable, showing that the pulses are pedestal-free.
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respectively.

The corresponding train of NLPs is shown in figure 3(a). A measurement similar to those of conventional
single-pulse operation was obtained, with a repetition frequency of 0.8 MHz. The average output power is
measured as 776.9 uW at the maximum pump power of 101 mW. The corresponding autocorrelation
function is shown in figure 3(b), measured with a Femtochrome FR-103XL autocorrelator, where a
narrow coherent peak and wide shoulders can be observed, with a pedestal-to-peak intensity ratio of about
0.5. This is a typical autocorrelation trace of NLPs including a sub-picosecond peak or coherent spike on
top of a broad pedestal. Figure 3(c) shows a close-up view of the coherence spike, confirming that the
NLP packet is made of fine temporal sub-structures in the femtosecond (fs) range. If a hyperbolic secant



profile is assumed, the width of the coherence spike is ~204.33 fs. Figure 3(d) shows the RF spectrum of
the output pulses, measured with a 3.2-GHz spectrum analyzer at the fundamental repetition frequency,
using a 800 kHz span and 100 Hz resolution bandwidth. The elevated side bands observed in the spectrum
are a clear indication of a considerable amount of amplitude noise encompassed in the trail of the NLPs.
As a result, the signal to noise ratio (SNR) of the fundamental frequency peak was measured to be as high

as ~45 dB.
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Figure 3. Noise-like pulse operation. (a) Train of pulses generated at 0.8 MHz
with 101-mW pump power. (b) Autocorrelation trace (100 ps corresponds to the
measurement window). (¢) Zoom-in of the coherence spike of the
autocorrelation trace. (d) RF spectrum of the output pulse train measured with
800 kHz span and 100 Hz resolution bandwidth.

The characteristics of amplified NLPs are illustrated in figure 4. The evolution of NLP spectrum as a
function of amplifier pump power is shown in figure 4(a), where a spectrum enhancement of up to 123.32
nm can be observed at the maximum amplifier pump power of 2.74 W. At this value of amplification the
spectrum broadens significantly, reaching an improvement factor of x7 at 3-dB bandwidth. It indicates
that the NLP experiences significant nonlinear optical effects during the amplification process. The
spectrum shape reveals the compression of NLPs at the initial stage of amplification followed by a red
shift in wavelength produced by intrapulse Raman scattering (IRS). The measured average power after
amplification in conjunction with the 3-dB spectral bandwidth is shown in figure 4(b). A maximum
average power of 9.2 mW can be achieved at the maximum amplifier pump power of 2.74 W, which
corresponds to a maximum amplification of 10.75 dB. Finally, temporal characteristics of amplified NLPs
are shown in figures 4(c) and 4(d) at the amplifier pump power of 2.74 W. A similar double-scaled
autocorrelation trace is observed with a pedestal-to-peak intensity ratio of 0.7, suggesting a similar noise-
like characteristic after amplification. However, the peak duration of autocorrelation trace reduces
significantly down to 173.5 fs, suggesting that the temporal durations of the inner pulses of amplified
noise-like pulses are similarly shortened, reaching a compression ratio of about 0.85.
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As can be seen from above results, the capacity to compress NLPs through the amplification process
provides the advantage of generating a significantly broader emission. For our particular results, the
amplification of NLPs demonstrate a spectral improvement from 17.43 to 123.32 nm, covering a full
spectral range from 1390 to 2172 nm. This property makes NLPs very attractive for applications such as
SC generation in the mid-infrared pumped by erbium fiber lasers. In the following section, SC generation
by amplified NLPs is demonstrated in standard and highly nonlinear optical fibers.

3. Experimental results and discussion

Experiments on SC generation were performed in the anomalous dispersion regime by pumping two
different types of optical fibers. The first set of experiments was realized using a spool of 800-m long
single-mode optical fiber (SMF-28). In order to control the average power of amplified NLPs, the
amplifier pump power is varied to reach a maximum average power of 9.2 mW. Figure 5(a) shows the
evolution of the generated SC spectra at different amplifier pump powers. As it can be observed, the
higher average input power (also corresponding to the broader input spectrum) produces the wider and
flatter SC spectrum. This result is in agreement with observations reported in the literature using amplified
NLPs [31, 32]. Note that spectral broadening due to Raman self-frequency shift (SFS) is reasonably
uniform, in particular for the spectral range between 1534.10 and 1811 nm, where a spectral flatness of 4
dB is observed. Beyond this spectral range, a resonant peak appears centered at 2010.1 nm, which looks
like one of the special four-wave mixing processes favored by some particular phase matching condition
recently reported [43]. To quantify the spectral bandwidth, the 10 and 20-dB spectral widths are measured
for comparison and analysis. Figure 5(b) presents the spectral width as a function of amplifier pump
power. At the launched power of 9.2 mW, a SC spectrum with 537.25 nm bandwidth ranging from 1508



to 2045.25 nm is generated. Figure 5(c) gives a detailed picture of the generated SC at the maximum
power launched into the fiber.
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Figure 5. Supercontinuum generation in a spool of 800-m long SMF-28 fiber. (a) SC evolution as a
function of amplifier pump power. (b) Measured 10- and 20-dB spectral width of generated SC
spectrum. (c) SC spectrum generated at 2.74 W of amplifier pump power.

After analysis of the SMF-28 fiber, the amplifier was spliced to a 5-m long HNLF with ZDW at 1548 nm
and nonlinear parameter of 11.3 W m*. Figure 6(a) shows the generated spectrum as a function of the
amplifier pump power. As the figure indicates, the SC spectrum broadened as the pump power increased,
exhibiting a spectral shape that remains smooth at higher power levels. With the maximum launched
power of 9.2 mW, which corresponds to an amplifier pump power of 2.74 W, a SC with average power of
2.45 mW was obtained. The SC ranged from 1261 to 2261 nm in the 20-dB bandwidth, with a spectral
flatness of ~3 dB over almost the entire spectrum. The fine structure around 1900 nm is demonstrated to
be caused by the molecular resonances of H,O and CO, [44]. Figure 6(b) presents the spectral width
measured at 10 and 20-dB bandwidth as a function of amplifier pump power. Starting well below the
maximal launched power of 9.2 mW, both bandwidths saturate and become similar due to the high degree
of spectral flatness in the output spectrum. Figure 6(c) gives a detailed picture of the flattest
supercontinuum generated at 1.7 W of amplifier pump power.
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For comparison purposes, and to show the improvement achieved with the present scheme, SC
spectrum is measured under the same conditions reported in figure 6(c), but in this case the polarization
controller PC3 is adjusted to allow the transmission of low-intensity radiation at the laser output, see
figure 1(b). The characteristics of the resulting NLPs are depicted in figures 7(a) and 7(b). The central
wavelength is 1560 nm and the -3 dB optical bandwidth is 9.73 nm. In comparison to the spectrum
obtained in figure 2(f) (black line), these NLPs exhibit a peak of amplified spontaneous emission at ~1530
nm, suggesting the presence of low-intensity radiation. In addition, the pedestal-to-peak intensity ratio
reaches a higher value of 0.65. At the amplifier pump power of 1.7 W, a SC spectrum with ~1000 nm



bandwidth ranging from 1250 to 2250 nm is generated. The detailed picture of the SC spectrum is
illustrated in figure 7(c), where spectral oscillations of up to ~30 dB can be observed. If we compare this
result with the SC spectrum obtained in figure 6(c), where clean NLPs were used, we can conclude that
pedestal-free NLPs are best suited for broad SC generation with high degree of flatness.
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Figure 7. Characteristics of NLPs with low-intensity radiation and SC generation. (a) Optical
spectrum of NLPs. (b) Autocorrelation trace (100 ps corresponds to the measurement window). (c)
SC spectrum generated at 1.7 W of amplifier pump power.

From these results, the generation of broad and flat SC spectra pumped by amplified NLPs is
demonstrated in the anomalous dispersion regime. With a 5-m long HNFL, we demonstrate an excellent
flatness of ~3 dB for the 1000 nm bandwidth in the spectral range from 1261 to 2261 nm, thus achieving,
to our knowledge, one of the flattest SC sources pumped by NLPs. We believe that SC schemes based on
NLPs are very attractive optical sources for applications requiring low temporal coherence.

4. Conclusions

The conditions to obtain pedestal-free optical pulses from a F8L and its application for SC generation are
reported. The proposed F8L takes advantage of the NOLM polarization-dependent transmission to
eliminate the low-intensity background at the laser output. By simple and clear adjustments of the QWR
angle into the NOLM loop, the F8L is capable to operate in various pulse emission regimes, including
conventional solitons, NLPs, and simultaneous emission solitons and NLPs. For the specific case of NLP
emission, optical pulses with 3-dB spectral bandwidth of 17.43 nm were obtained at the fundamental
repetition frequency of 0.8 MHz. In order to generate a broad SC spectrum, an Er/Yb-doped fiber
amplifier is used to boost the power launched into the fiber. After amplification, NLPs reach a maximum
average power of 9.2 mW and a 123.32 nm spectral bandwidth, corresponding to a pulse energy of 11.5
nJ. By controlling the amplifier pump power, our best result demonstrates a broad and flat SC generation
through a 5-m long HNLF. The source exhibits an excellent flatness of ~3 dB for a 1000 nm bandwidth in
the range from 1261 to 2261 nm. The results verify that clean NLPs are suitable to generate broad SC
spectra with a high degree of flatness.
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