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Abstract

We experimentally analyze the self-starting operation of a figure-eight mode-locked fiber laser. The design is based on a power-bal-
anced nonlinear optical loop mirror (NOLM) with highly twisted low-birefringence fiber and a quarter-wave (QW) retarder in the loop.
The NOLM operates by nonlinear polarization rotation. Self-starting mode-locking requires a careful adjustment of the NOLM low-
power transmission, which is easily realized with our setup by adjusting the angle of the QW retarder. The laser is capable of generating
�20 ps pulses at the fundamental repetition frequency of 0.78 MHz.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nonlinear optical loop mirrors (NOLMs) [1] are very
versatile devices that have been investigated for various
applications including optical switching, demultipexing,
phase conjugation, and passive mode-locking of fiber
lasers. In most cases, the NOLM is formed by an asymmet-
rical coupler whose output ports are connected to form a
loop. In the loop there are thus two counter-propagating
beams traveling in opposite directions with different
powers. This power imbalance causes a difference in the
nonlinear phase shifts of these beams. This results in an
intensity-dependent transmission (switching) characteristic
of the NOLM. The polarization in many cases is not con-
trolled carefully. In some cases however highly birefrin-
0030-4018/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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gence fiber maintaining linear polarization are used. In
that case the polarization of the beams dos not contribute
to switching. If now we use a symmetrical coupler in the
loop, switching can still be obtained, however, through
the polarization dependence of the phase shift. It is then
necessary to create a polarization asymmetry between the
counter-propagating beams. In our previous investigation
we studied a scheme including a symmetrical coupler,
highly twisted low-birefringence fiber and a quarter-wave
(QW) retarder in the loop to break the polarization symme-
try [2]. High twist is applied to reduce the fiber residual
birefringence, which will vary with environmental condi-
tions and is a contributor to unstable NOLM behavior.
Actually, it was shown in Ref. [3] that twisted fiber behaves
like an ideal isotropic fiber. By dominating over the resid-
ual birefringence, the circular birefringence imposed by
twist (optical activity) substantially improves the robust-
ness of the device, as demonstrated in a previous paper [4].
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Passive mode-locked fiber ring lasers including a NOLM
are called figure-eight lasers (F8L). In many cases, a non-
linear amplifier loop mirror (NALM) is used instead of a
NOLM. A NALM consists of a NOLM including an
Erbium-doped fiber amplifier placed asymmetrically in
the loop [5]. Recently, we demonstrated that the symmetri-
cal NOLM with a highly twisted fiber and a QW retarder in
the loop is attractive for application as passive mode-locker
in fiber lasers [6–8]. A desirable feature of the laser is self-
starting operation, which means that after the laser is
turned on it automatically settles into pulsed operation
without the need for any further stimulation. The polariza-
tion dependence in a highly twisted low-birefringence fiber
may facilitate the self-starting operation with improved sta-
bility [3]. Self-starting pulsed operation of a passively
mode-locked laser occurs when a certain threshold value
of the intracavity power is reached [9–11]. There are several
papers reporting on self-starting using a passively mode-
locked fiber ring configuration [12–18] but no one clearly
states how it is possible to do it.

In this paper we experimentally investigated the condi-
tions for the self-starting operation of a novel F8L based
on a power-balanced NOLM with a twisted low-birefrin-
gence fiber and a QW retarder in the loop. We demonstrate
that the self-starting passive mode-locking operation of a
F8L can be obtained through simple and clear adjustments
using a symmetrical NOLM with highly twisted fiber in the
loop suggested by us before. Previously we have shown that
this NOLM configuration can be easily adjusted to have
desirable low power transmission and nonlinearity [2,8].
The necessary adjustment is achieved by the rotation of
only one QW retarder in the NOLM loop. In this work
we demonstrate experimentally that self-starting mode-
locking critically depends on the precise adjustment of
the NOLM, it was never done before. We determined
experimentally the QW retarder angle required for self-
starting operation and have found that the self-starting
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Fig. 1. Schematic of the fiber laser used in the experiment. FBG: fiber bragg gr
QW: quarter-wave retarder, FR: fiber rotator, and SMF: single-mode fiber.
operation is reproducible from day to day. The laser is
capable of generating �20 ps pulses at a repetition fre-
quency of 0.78 MHz. The adjustment procedure is straight-
forward. We achieved stable generation of picosecond
pulses with milliwatts of average output power.

2. Experimental results

The experimental setup is shown in Fig. 1. The NOLM
is formed by a 51/49 Coupler 1, whose output ports were
fusion-spliced with a 220 m loop of low-birefringence,
highly twisted Corning SMF-28 fiber and a QW1 retarder
in the loop to transform the counter-clockwise beam from
circular to linear polarization. A twist rate of 18 rad/m was
imposed to the fiber loop. Prior to the NOLM input, we
inserted a QW2 to polarize circularly the clockwise beam.
The Couplers 2 (coupling ratio of 85/15) and the Coupler
3 (coupling ratio of 99/1) were used to monitor the laser
power. A circulator was used to integrate a fiber Bragg
grating (FBG) as filtering element in the laser cavity. The
FBG with the maximal reflection close to 100% and the
bandwidth equal to 0.3 nm is centered on 1548 nm. For
pumping we used a 980 nm laser with a 100 mW maximum
output power. Pump power was injected into the system
through a WDM coupler.

The output signal of the NOLM was amplified by 10 m
of Erbium-doped fiber (with an Erbium concentration of
1000 ppm) and passed through a polarization controller
(PC) and the polarization dependent isolator (P1), which
acts as polarizer and isolator. The polarizer P1 and the
QW2 retarder provide stable circular polarization at the
Coupler 1 output arms. Because the NOLM acts as a half
wave retarder at low power, the polarization at the output
of the NOLM is also circular and orthogonal to the input
polarization. The PC is adjusted to have maximal transmis-
sion through P1 using cw operation of the laser. By doing
this we are selecting (with the maximal transmission
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Fig. 2. Low-power transmission amplitude dependence on the QW1
retarder angle when two peaks in a period of p rad: (a) have different
amplitudes and (b) have similar amplitudes.
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through the couple PC-P1) the NOLM output polarization
component that is orthogonal to the NOLM input polari-
zation. The proposed setup is very similar to, but still dif-
ferent from the one used in a previous study (Ref. [7]), in
which mode-locking was not self-starting as it required
an external stimulation.

In this new experimental setup we demonstrate that the
self-starting passive mode-locking operation of a F8L can
be obtained through simple and clear adjustments to have
desirable low power transmission and nonlinearity. The
necessary adjustment is achieved by the rotation of the
QW1 retarder in the NOLM loop. Self-starting mode-lock-
ing critically depends on the precise adjustment of the
NOLM. We determined the QW1 retarder angle required
for self-starting operation. Additional elements playing a
key role in the self-starting capability of the present setup
are the FBG as a filtering element and the MDT718-125
fiber rotators FR1 and FR2 included in the Coupler 1 out-
put arms. The fiber rotators allow fine adjustment of the
NOLM low-power transmission and their effect on the
self-starting operation will be explained below.

On the other hand, the role of the FBG is quite complex.
Although recent studies show that the filtering element can
play a crucial role in the mode-locking mechanism [19], its
main purpose here is to reduces the ASE noise in the laser.
As shown in Ref. [18], an interesting aspect of the self-start-
ing problem in mode-locking is the dual role that noise
plays in the mode-locking process: enabling the potential
barrier between the continuous-wave (cw) and mode-
locked states to be stochastically overcome, and the noisy
operation of the laser in the mode-locked state. The fluctu-
ations need to be strong enough to eventually ‘‘kick’’ the
laser out of the metastable cw state to the more stable
mode-locked state. Hence, by reducing intracavity noise,
the FBG reduces the strength of the fluctuations which
are needed to overcome this barrier. However, the FBG
high-frequency filtering still retains enough lower fre-
quency noise in the cavity for self-starting of our laser.
Reducing intracavity noise also tends to stabilize the
mode-locking state of operation of the laser. Finally, the
FBG rejects the side lobes in the spectrum that appear
due to modulation instability. Although modulation insta-
bility is not inconsistent with pulse formation and self-
starting mode-locking, in our particular case suppressing
the side lobes may help to avoid the break up of the pico-
second pulse, and thus to maintain single-pulse operation.
We experimentally found that the FBG creates favorable
conditions for self-starting in our configuration.

We demonstrated in a previous paper [8] that by select-
ing the NOLM output polarization parallel to the input
polarization, we have low-power transmission equal to
zero at any angle of the QW1 retarder. By contrast, when
the orthogonal component is selected, the value of low-
power transmission depends on the QW1 position, as
shown in Fig. 2. Through the QW1 orientation it is possible
to change the transmission at low input power from a max-
imum (80%) to a minimum (0%) (see Fig. 2a). The trans-
mission plot in Fig. 2a exhibits two peaks in a period of
p rad, whose amplitudes are substantially different. Maxi-
mum low-power transmission can be adjusted easily,
between 50% (see Fig. 2b) and 100%, by adjusting the bire-
fringence of the Coupler 1 output arms. This can be done
in practice by twisting and pressing the fiber arms using
the MDT718-125 fiber rotators FR1 and FR2 [20]. The
inclusion of these elements in our setup thus allows a pre-
cise control of the birefringence of the Coupler 1 output
arms, and thus of the low-power transmission, which is
crucial for self-starting mode-locking, as it will appear
from our experimental results.

We found the self-starting mode-locking when the posi-
tion of the QW1 is around the point A1 for the transmis-
sion presented on the Fig. 2a. As we can see in this
figure, the transmission at point A1 is around 11%. In the
case of self-starting mode-locked pulses, the transmission
is increased to 22%. At this point A1, when the pump power
is greater than 70 mW, we get self-starting mode-locked
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pulses. In the similar point A01 on the Fig. 2a the self-start-
ing operation was not found. When the two peaks have
similar amplitudes for low-power transmission (see
Fig. 2b), the nonlinear transmission for points A2 and A02
(dashed with circles curve in Fig. 3) are the same, and in
these conditions we found the self-starting mode-locked
operation in both positions. From these observations and
others we conjecture that self-starting mode-locked laser
operation requires a low-power transmission amplitude
that is different from zero.

Fig. 3 shows the simulated nonlinear transmission char-
acteristic of the NOLM for different positions (solid curve
represents point A1, solid with circles curve represents
point B1 and dashed curve represents point A01) of the
QW1 retarder when we have different amplitudes of the
two peaks for low-power transmission (see Fig. 2a). The
self-starting mode-locked operation was possible only at
point A1. As we can see in Fig. 2a, in terms of low-power
transmission, point B1 is similar to point A1. However,
these two points lead to distinct nonlinear dependence of
the NOLM transmission. At point A1 (see solid curve in
Fig. 3), the nonlinear transmission increases with the input
power whereas at point B1 (see solid with circles curve in
Fig. 3) the nonlinear transmission first decreases to zero
before it starts to increase. At B1 it was not possible to
observe self-starting mode-locking. The explanation of this
situation is quite clear: as intracavity power grows, it first
suffers from growing losses through the NOLM, until at
some point it cannot spontaneously grow any further, as
losses become higher than the gain. A similar nonlinear
behavior is observed in the second peak in Fig. 2a (point
A01), however in this case the values of nonlinear transmis-
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Fig. 3. Nonlinear transmission as a function of the normalized input
power Pn. The solid curve corresponds to point A1, the solid with circles
curve corresponds to point B1, and the dashed curve corresponds to point
A01 when the two peaks have different amplitudes in Fig. 2a. The dashed
curve with circles corresponds to points A2 and A02 when the two peaks
have similar amplitudes in Fig. 2b. Considering standard single-mode
fibers, the value Pn = 1 represents about 50–100 W at the NOLM input.
sion are smaller (see dashed curve in Fig. 3). In this case
cavity losses are higher for the pulses. The self-starting
mode-locking was not observed at this point either, proba-
bly because the required pump power is higher at point A01
than at point A1 (in our experiment available pump power
was limited to 100 mW), in spite of the lower value of crit-
ical power at point A01.

Fig. 4 shows the laser output pulses measured by a
10 GHz fast detector and a 20 GHz sampling oscilloscope.
Although the short pulse can not be precisely resolved in
this measurement, these data were used to simulate the
autocorrelation trace (inset in Fig. 4). Self-starting mode-
locking appears when pump power is around 70 mW.
Mode-locking is maintained if we decrease the pump power
down to 20 mW. The scope trace consists of a 30 ps peak
and a long tail. We demonstrated that this tail is part of
the pulse and not an artifact of the detector [21]. When
the pump power is decreased below 20 mW, mode-locking
disappears. The pulse repetition frequency is 0.78 MHz.
The average power at output 2 is 1 mW for a pump power
of 70 mW, giving 5.66 mW of average power entering the
NOLM. The optical spectrum of the pulses is shown in
Fig. 5, where solid curve is the spectrum for mode-locked
operation and dashed curve is the spectrum for cw opera-
tion. We centered the spectrum at the maximum of the
broad band line. The cw measured spectrum is centered
at the FBG maximum wavelength at 1548 nm. This figure
reveals a sharp spike (peak a) along with the broad spec-
trum of the mode-locked signal. This spike is found to
occur at specific frequencies, independently of the QW1
retarder angle. The presence of a frequency-shifted nar-
row-band peak (a) in our case most probably is due to
the tail after the peak. We attribute the narrow-band peak
to spurious cw oscillation associated with the long tail of
the pulse, which contains a substantial part of the pulse
energy. The cw spectrum is not stable and fluctuates
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Fig. 4. Pulse waveform monitored with a high-speed photodetector. The
inset is the autocorrelation trace calculated using the data of the measured
pulse.
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around the maximum of the mode-locked spectrum. The
full width at half maximum (FWHM) spectrum bandwidth
of the mode-locked signal is Dk = 0.19 nm. The autocorre-
lation function of the output pulses measured by a
FR-103XL autocorrelator is plotted in Fig. 6. The autocor-
relator has a time window of about 200 ps. To extend the
time range of the autocorrelation function we adjusted
the peak at the cut of the window and measured the half
of the autocorrelation function. The complete autocorrela-
tion function was reconstructed using the fact that the
autocorrelation function is always symmetrical. This figure
is in good qualitative agreement with the simulation inset
in Fig. 4, showing a wide pedestal that is related to the tail
appearing in the waveform. The FWHM of the autocorre-
lation trace is about 30 ps corresponding to a FWHM
pulse duration Ds = 21.21 ps (if a Gaussian profile is
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Fig. 6. Measured autocorrelation trace of the output pulses.
assumed) giving DmDs = 0.504 where Dm is FWHM of the
frequency spectrum. This value is close to the value
expected for transform-limited pulse shapes, indicating that
the pulse has a low chirp.

3. Discussion of the results

The present F8L includes a NOLM with a symmetrical
coupler, highly twisted fiber in the loop, and a quarter-wave
(QW1) retarder to break the polarization symmetry. Previ-
ously, we demonstrated switching through the polarization
dependence of the phase shift with this NOLM and, in this
paper, we verified its application in a mode-locked laser
design. For this goal we inserted a polarizer into the cavity,
which is unnecessary for the laser operation, but enables the
selection of the polarization component orthogonal to the
input at the NOLM output. Under these conditions, the
nonlinear transmission of the NOLM+P1 combination is
particularly attractive for mode-locking operation. The
present laser has the advantages that self-starting mode-
locking can be observed by adjusting only one element,
the QW1 retarder in the NOLM, in a very clear and repeat-
able way. The adjustment procedure is straightforward, the
QW1 retarder must be around the positions A1 in Fig. 2.
After that, we only have to increase the pump power up to
70 mW to get the self-starting mode-locking operation.
When we decrease the pump power until 20 mW, the laser
still supports mode-locked pulses in the cavity.

In Fig. 2a the two peaks have different amplitudes. It is
possible to adjust the birefringence of the Coupler 1 output
arms (using FR1 and FR2) to have two similar peaks
reaching around 50% of maximal low-power transmission
(in theory, this occurs when the birefringence in the fiber
arms is cancelled, Fig. 2b). Fig. 7a shows the simulated
transmission characteristic of the NOLM for different posi-
tions of the QW1 retarder in the region around point A1 in
Fig. 2a (nonlinear transmission at point A1 is represented
by the dashed curve). As we can see in Fig. 7a, when the
low-power transmission is too high (say >50%), the nonlin-
ear dependence is mainly decreasing with power (see solid
with circles curve). This intensity-limiting action of course
does not favor mode-locking. On the other hand, if low-
power transmission is too small (i.e. close to zero), then
nearly all low-power oscillation is absorbed by the NOLM
and the laser can not initiate, at least without an external
stimulation. At intermediate points like A1, transmission
grows substantially with power, so that saturable absorber
action is obtained, which allows mode-locking, whereas
low-power transmission is still different from zero, making
initial lasing possible. It is then understandable that, if
intracavity power is sufficient, random positive fluctuations
of the power level will be favored through the NOLM, and
grow, leading to spontaneous pulse formation, or self-start-
ing mode-locking. Self-starting mode-locking thus requires
a precise adjustment of the NOLM low-power transmis-
sion, which is easily realized with our setup with the
QW1 retarder.
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Fig. 7. Nonlinear transmission in function of the normalized input power
Pn for different positions of the QW1 retarder in the region around points:
(a) A1 when the two peaks have different amplitudes as in Fig. 2a (QW1
retarder angle = 0, 0.25, 0.5, 0.7 and 0.8 rad, from a to e, respectively); and
(b) A2 when the two peaks have similar amplitudes as in Fig. 2b (QW1
retarder angle = 0, 0.3, 0.5 and 0.75 rad, from a to d, respectively). The
dashed curves correspond to points A1 and A2 in both cases. The solid line
with circles corresponds to a QW1 position for which the low-power
transmission is too high (>50%). Considering standard single-mode fiber,
Pn = 1 represents about 50–100 W at the NOLM input.
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Fig. 7b displays the simulated nonlinear transmission
characteristics of the NOLM for different positions of the
QW1 retarder, when the two peaks are similar, as in
Fig. 2b, the NOLM transmission at point A2 is represented
by the dashed curve. Self-starting mode-locking is still
observed for about the same positions of QW1 (point A2

in Fig. 2b), however more pump power (90 mW) is
required. The higher pump power requirement could be
related to the lower values of nonlinear transmission of
the NOLM obtained when maximum low-power transmis-
sion is decreased, as shown in Fig. 7 by comparing (b) and
(a) curves. However the values of maximal nonlinear trans-
mission at points A1 and A2 (dashed curves) are not sub-
stantially different, according to the simulation. We also
investigated the laser operation at point A02 after adjusting
the Coupler 1 output arms birefringence (with the adjust-
ment of FR1 and FR2) to have nearly equal peak ampli-
tudes in Fig. 2b. The simulations showed that a nonlinear
characteristic very similar to the dashed curve of Fig. 7b
is obtained in this case, and the self-starting mode-locking
was observed at this point in the same conditions as at
point A2. The stability of the laser is limited by environ-
mental effects on the fiber, which over days required some
minor adjustments of the QW1 retarder.
4. Conclusions

In conclusion, we experimentally demonstrate the oper-
ation of a self-starting mode-locked figure-eight fiber laser
based on a symmetrical NOLM with a highly twisted low-
birefringence fiber and a quarter-wave (QW) retarder in the
loop. The mode-locking operation is achieved by the polar-
ization dependence of the phase shift in the NOLM. Self-
starting mode-locking requires a careful adjustment of
the NOLM low-power transmission, which is easily real-
ized with our setup by adjusting the angle of the QW retar-
der. The pulse repetition frequency is 0.78 MHz. The
FWHM of the autocorrelation function is 30 ps. The
adjustment procedure is straightforward. We achieved sta-
ble generation of picosecond pulses with milliwatts of aver-
age output power.
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