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The nonlinear optical loop mirror: soliton and
noise-like pulse emission in a figure-eight fiber laser
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Loma del Bosque 115, Col. Lomas del Campestre, León, Gto. 37150, Mexico.

dInstituto Nacional de Astrofı́sica,Óptica y Electŕonica,
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In this article, a symmetrical nonlinear optical loop mirror (NOLM) exhibiting a polarization-dependent transmission is evaluated to generate
optical pulse emission in a figure-eight fiber laser in the soliton and noise-like pulse (NLP) regimes. The NOLM structure relies on a 50:50
fiber coupler, a loop with highly twisted single-mode optical fiber and a quarter-wave retarder (QWR) to break the polarization asymmetry.
The pulse operation regime is determined by properly adjusting the NOLM low-power transmission, which is easily realized by the rotation
of the QWR angle. Soliton pulses of 1.48 ps pulse duration and peak power of 18 W were observed with a peak to peak separation of 1.25
µs, corresponding to a fundamental cavity repetition rate of 0.8 MHz. Moreover, by incrementing the NOLM low-power transmission, NLP
emission is generated, exhibiting a wide and smooth spectrum of 8.5 nm bandwidth.
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1. Introduction

Passively mode-locked fiber lasers producing ultrashort op-
tical pulses have become essential optical light sources with
several practical applications. Nowadays, new configurations
of passively mode-locked fiber lasers are still suggested fol-
lowing the demands for high-quality ultrashort pulse gener-
ation [1-6]. Among these approaches, the so-called “figure
of eight” fiber laser (F8L) has emerged as one of the most
promising laser architectures to investigate pulse dynamics
in fiber lasers. Besides the proper adjustment of intracav-
ity parameters allows a laser emission under different pulse
regimes. These include, for example, the soliton-like pulse
[7,8], dissipative soliton resonance [9-13], bound soliton [14-
16], soliton cluster [17,18], and noise-like pulse (NLP) [19-
22].

In this work, a symmetrical nonlinear optical loop mir-
ror (NOLM) with polarization-dependent transmission is an-
alyzed in a F8L structure to generate soliton and NLP emis-
sion. The NOLM consists of a 50:50 fiber coupler, a loop
composed of 220-m long twisted single-mode fiber and a
quarter-wave retarder (QWR) located asymmetrically in the
NOLM loop. As shown in the next sections, the NOLM per-
forms a similar operation than a half-wave retarder in the
low-power regime, allowing the transmission of a polariza-

tion state that is orthogonal to the input. In this way, the
parallel component undergoes a zero transmission in the low-
power regime and nonzero transmission only at high power
levels. These characteristics of the NOLM will allow a pre-
cise control on the mode locking process by adjusting the
transmission of light to the cavity via the low-power trans-
mission, which is achieved in our setup by the rotation of
the QWR angle. The experimental results demonstrate a soli-
ton pulse emission of 1.48 ps pulse duration and 18 W of
peak power at the fundamental cavity repetition rate of 0.8
MHz. Besides by a slight increment of the QWR angle, NLP
emission is generated, exhibiting a broad and smooth optical
spectrum of 8.5 nm in bandwidth.

2. The NOLM configuration

A schematic view of the NOLM is illustrated in Fig. 1. The
NOLM comprises a symmetrical coupler, a loop of highly
twisted SMF-28 fiber and a QWR located asymmetrically in
the loop. A twist rate of 7 turns per meter was set to the
fiber in the loop. This modification allows a significant re-
duction of the residual linear birefringence and preserves the
polarization state [23,24]. The location of the QWR is imme-
diately after the port P4, in such a way that the beam traveling
in a counterclockwise sense, from port P4 to port P3,
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FIGURE 1. The NOLM setup.

changes its polarization state when starting its propagation
along the loop, whereas the beam traveling in the opposite
sense (from port P3 to port P4) undergoes a change of po-
larization state when completes its trajectory. For the par-
ticular case of circular right input polarization, the NOLM
transmission in a low-power regime can be adjusted for val-
ues between 0 and 0.5 through a rotation of the QWR angle
while maintaining a nonlinear transmission close to 1 at the
critical power in any case [25]. For this reason, the NOLM
is analyzed considering a circular right input polarization. A
detailed description of the NOLM operation under different
polarization input states can be found in [25,26]. For this ar-
rangement, a polarization beam splitter (PBS) cube is intro-
duced after the NOLM output for monitoring the transmitted
light.

The NOLM is analyzed considering each of the polariza-
tion states that compose the total field at the NOLM output,
see Fig. 1.Ein represents the input field with a circular right
polarizationC+, E3 andE4 are the fields transmitted by the
coupler via the portsP3 and P4, respectively, the rotation
angle of the QWR is represented byθ, and total fieldET de-
notes the transmitted field at the NOLM output. Note that
ET is composed by two orthogonal polarization states,C+

T

andC−T . The total transmitted fieldET is expressed by the
following equation,

|ET |2 =
[ |C+

T |2
|C−T |2

]

=
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where∆ϕNL represents the nonlinear phase difference and
α denotes the coupling ratio of the coupler (α = 0.5 for a
symmetrical coupler).

Assuming the NOLM is operated under a low-power
regime, the∆ϕNL is equal to zero, and the output fieldC+

T ,
with a polarization state that is parallel to the input, under-
goes a null transmission. On the contrary, the transmitted
field C−T , whose polarization state is orthogonal to the input,
experiences a nonzero transmission due to its dependence on
the rotation angleθ. This feature of the NOLM describes a

FIGURE 2. a) Low-power transmission of the NOLM as a func-
tion of the QWR rotation angle. Nonlinear transmission of theC−T
component at the angles b)A−D and c)E −H of the QWR.
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FIGURE 3. Nonlinear transmission of theC+
T component.

fluctuating transmission for theC−T component that depends
on the orientation of the QWR angle, as shown in Fig. 2a),
where the NOLM can be assumed to operate similarly a half-
wave retarder in the low-power regime. Figure 2b) and 2c)
show the nonlinear transmission of the NOLM for theC−T
component, where different QWR rotation angles were con-
sidered. The rotation angles are related to the pointsA to H,
as depicted in Fig. 2a).

From this set of transmission curves, the importance of
the QWR angle is emphasized to accurately control the non-
linear transmission of the NOLM.

In a high-power regime, the nonlinear phase difference
∆ϕNL is different from zero and theC+

T component emerges
with a transmission that is not dependent on the rotation an-
gle θ, see Fig. 3. Therefore, it maintains fixed for any ro-
tation of the QWR and performs a nonlinear response that
is started from a zero level. This characteristic makes this
NOLM transmission curve a very attractive solution to gener-

ate optical pulses without low-intensity radiation or pedestals
in a fiber laser system.

To take advantage of the NOLM properties in a F8L
scheme, a polarization controller (PC) followed by a PBS
cube is introduced after the NOLM output, see Fig. 1. The PC
can be adjusted to provide a maximum transmission through
the PBS in such a way that the low-power component can be
transmitted to the laser cavity to initiate the mode locking op-
eration. With this adjustment, the parallel polarization com-
ponent, associated with high intensity radiation, is obtained
through the output port of the PBS cube.

3. The figure-eight fiber laser

The schematic setup of the F8L is illustrated in Fig. 4. It is
based on a symmetrical NOLM with polarization-dependent
transmission. The characteristics of the NOLM are the same
to that mentioned in the previous section. To take advantage
of the NOLM properties, a polarization controller (PC3) con-
nected to a PBS cube is adjusted in the low-power regime to
provide the maximum transmission of light to the laser cav-
ity, this allows that a small amount of energy will be ampli-
fied and reinserted to the NOLM input to facilitate the self-
starting mode-locking process. The remaining transmission
port of the PBS is used to obtain the output light pulses, with
a polarization state that is associated with high-intensity radi-
ation. Hence, this configuration ensures an optical pulse op-
eration without the contribution of a continuous-wave (cw)
background. A 3-m long erbium-doped fiber (EDF) is used
as the gain medium. It is pumped via the wavelength divi-
sion multiplexer coupler (WDM) by a 975-nm pigtailed laser
diode, which delivers a maximum pump power of 200 mW.
A fiber isolator (ISO) is inserted to force unidirectional oper-
ation in the cavity. Finally, the polarization controllers, PC1
and PC2, are included to accurately control the polarization
state at the NOLM input. The PC1 is adjusted to provide a
maximum transmission through the linear polarizer (LP), and
the PC2 is used to introduce a right circular polarization state
at the NOLM input.

FIGURE 4. Schematic setup of the mode-locked figure-eight fiber laser.
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FIGURE 5. F8L operation in single-pulse regime. a) Pulse waveform monitored with a 1.2 GHz photodetector. b) Mode-locked train of
pulses with a peak to peak separation of 125µs. c) Measured optical spectrum of the laser. d) Autocorrelation trace of a single mode-locked
pulse.

Passively mode-locking operation was obtained through
adjustments of the NOLM transmission via the QWR angle.
The required angle to achieve a self-starting mode-locked
pulse emission is determined at the region of positive slope
in the low-power NOLM transmission curve. In our arrange-
ment, it was found when the transmission was fixed to a value
of 0.05. At a pump power of around 40 mW, a train of mul-
tiple mode-locked pulses appears, but if the pump power de-
creases, single-pulse emission is obtained at 9.5 mW of pump
power. The average output power for single-pulse emission
is 24µW. Figure 5a) shows the output pulses measured with
a 1.2 GHz photodetector and a 2.5 GHz oscilloscope. Al-
though the short pulse cannot be precisely resolved in this
measurement, we observe no contributions of cw radiation
in the pulses. The pulse repetition frequency is shown in
Fig. 5b); it was measured as 0.8 MHz. Thus, a cavity length
of 259.28 m is estimated by considering an effective refrac-
tive index (neff ) of 1.4463. The measured optical spectrum
of the laser is shown in Fig. 5c). The full width at half
maximum (FWHM,−3 dB on a logarithmic scale) spectrum
bandwidth (∆λ) is 1.53 nm, centered at 1531.5 nm measured

through the Yokogawa AQ6375 optical spectrum analyzer
with 50-pm resolution. The spectrum power exhibits sharp
Kelly sidebands. It confirms that the mode-locked pulses are
solitons [27]. Figure 5d) shows the corresponding autocor-
relation function, measured with a Femtochrome FR-103XL
autocorrelator. A pulse duration (TFWHM) of 1.48 ps is calcu-
lated from the 2.28 ps FWHM duration of the autocorrelation
trace (Tac), i.e., TFWHM = 0.648 Tac. This measurement
allows an estimation of the peak power as 18 W. The time-
bandwidth product (TBP) was measured as 0.289, close to
the ideal transform-limit value of 0.315 for a squared hyper-
bolic secant pulse profile.

After the solitons observation our next step was to vary
slightly the position of QWR into the NOLM loop. This
adjustment was realized maintaining the polarization con-
trollers and pump power fixed, and only at the proper orien-
tation of the QWR angle, the mode-locked spectrum broad-
ened and the Kelly sidebands disappear. This behavior is ob-
served in our setup by incrementing the QWR angle to reach a
low-power transmission of 0.1. Figure 6a) depicts the output
spectrum, where it can be deduced from its spectral shape, a
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FIGURE 6. Noise-like pulse operation. a) Measured optical spec-
trum of the laser. b) Train of pulses generated at 0.8 MHz with 73
mW of pump power. c) Autocorrelation trace.

smooth and wide optical spectrum, that the F8L operates in
the NLP regime. A pump power of 73 mW was necessary to
achieve a stable train of NLPs. The spectrum reveals a−3
dB optical bandwidth of 8.5 nm with a central wavelength
of 1531.5 nm. The corresponding train of NLPs is depicted
in Fig. 6b), where the fundamental cavity repetition rate of
0.8 MHz is observed. An average output power of 0.96 mW
is measured. Figure 6c) shows the autocorrelation trace for
the NLPs, where a narrow coherent peak and wide shoulders
are observed. These results are in good agreement with the
intrinsic characteristics of the previously reported NLP fiber
lasers [19-22].

The above results demonstrate that, by a simple and clear
adjustment of the QWR it is possible to operate a mode-
locked F8L in the soliton and the NLP regimes. A soliton-
like pulse emission is observed when the QWR angle is ad-
justed to produce a NOLM low-power transmission close to
zero. This enables that a small amount of light at the NOLM
output will be amplified and feedback to the NOLM input to
initiate the mode-locking process. Besides if now the QWR is
adjusted to obtain a higher NOLM low-power transmission, a
single pulse is unstable and evolves toward a noise-like pulse
operation. In both reported cases, we emphasize the absence
of peaks or pedestals associated to a cw radiation.

4. Conclusion

A symmetrical NOLM with a polarization-dependent trans-
mission was analyzed to generate optical pulse emission in
a F8L. The results demonstrate that, by a simple and clear
adjustment of the QWR, it is possible to obtain a mode-
locking operation in both the soliton and the noise-like pulse
regimes. A single pulse operation is obtained when the QWR
is adjusted to have a NOLM low-power transmission around
0.05. But, if the QWR is adjusted to obtain a higher low-
power NOLM transmission of 0.1, the single pulse operation
evolves toward a noise-like pulse.
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