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ABSTRACT   

We study numerically and experimentally multiple-wavelength operation of an erbium-doped figure-eight fiber laser 
including a multiple-bandpass optical filter formed by two concatenated fiber tapers. Both continuous-wave and pulsed 
operations are considered. In the continuous-wave regime, stable long-term operation at multiple closely spaced 
wavelengths is only obtained if fine adjustments of the cavity losses are performed. Under these conditions, 
simultaneous lasing at up to four wavelengths separated by 1.5 nm was observed experimentally. Tunable single-
wavelength operation over more than 20 nm is also observed in the continuous-wave regime. In the passive mode 
locking regime, numerical simulations indicate that mechanisms involving the filter losses and the nonlinear 
transmission characteristic of the NOLM contribute in principle to stabilize dual-wavelength operation, allowing less 
demanding cavity loss adjustments. In this regime, the problem of synchronization between the pulse trains generated at 
each wavelength adds an additional dimension to the problem. In presence of cavity dispersion, the pulses at each 
wavelength tend to be asynchronous if the wavelength separation is large, however they can be synchronous in the case 
of closely spaced wavelengths, if cross-phase modulation is able to compensate for the dispersion-induced walkoff. 
Experimentally, fundamental and 2nd-order harmonic mode locking was observed, characterized by the generation of 
noise-like pulses. Finally, a regime of multi-wavelength passive Q-switching was also observed. We believe that this 
work will be helpful to guide the design of multiple-wavelength fiber laser sources, which are attractive for a wide range 
of applications including Wavelength Division Multiplexing transmissions, signal processing and sensing.   
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1. INTRODUCTION  
 
Fiber lasers are versatile low-cost sources that are attractive for many applications. In continuous-wave mode, tunable 
and multiwavelength laser sources are required for wavelength division multiplexing (WDM), fiber sensors and optical 
instrument calibration, for example. On the other hand, thanks to techniques like passive Q-switching and passive mode 
locking, fiber lasers are able to generate short and ultrashort pulses, respectively, whose peak power is much higher than 
the continuous-wave power, allowing in particular the use of these sources for studying and exploiting nonlinear effects 
in fibers, a framework in which supercontinuum generation deserves a particular mention. Although they are attractive 
for applications, passive pulsed multiwavelength fiber laser sources received relatively little interest in the literature.1-8 
 
Passively mode-locked figure-eight fiber lasers are simple, compact and low-cost sources of ultrashort pulses that are 
attractive for a wide range of applications.9 In such devices, the role of saturable absorber is played by a nonlinear 
optical loop mirror (NOLM),10 or alternatively by a nonlinear amplifying loop mirror (NALM),11 which is inserted in a 
ring structure. The nonlinear characteristic of a NOLM or NALM is due to the Kerr-induced nonlinear phase difference 
between the beams that counter-propagate in the loop, and takes the form of a smooth, sine-like function of input power. 
An inconvenient of conventional NOLMs however is the limited flexibility of the switching characteristic. 
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Whereas in conventional NOLM schemes, switching relies on a power imbalance between the beams that counter-
propagate in the loop, an alternative design was proposed,12 based on polarization asymmetry. As a 50/50 coupler is 
used, the device is power-symmetric, and polarization symmetry is broken by the use of a quarter-wave retarder (QWR) 
in the loop. Nonlinear polarization rotation (NPR) replaces self-phase modulation as the key nonlinear effect that 
provides switching. The fiber is twisted to eliminate random polarization evolution along the loop, and to increase the 
device robustness against environmental perturbations. Among the device advantages is the flexibility of its nonlinear 
switching characteristic, which can be adjusted through the orientation of the QWR or the choice of input polarization. 
Stable generation of sub-ps pulses by a figure-eight laser including such a NOLM architecture was demonstrated 
experimentally.13 It was also shown that a precise adjustment of the NOLM low-power transmission through the QWR 
orientation allows self-starting mode locking operation.14 By inserting an adjustable bandpass filter in the laser cavity, 
wavelength-tunable ps pulse generation was demonstrated.15 Finally, by controlling the angle of linear input polarization, 
the switching power can be adjusted continuously between a minimum value and infinity, without affecting the low-
power transmission.16,17 
 
In this paper, we propose and study experimentally a figure-eight laser scheme based on a polarization-imbalanced 
NOLM whose switching characteristic is controlled through QWR angle and linear input polarization orientation. The 
device includes a periodic optical filter formed by two fiber tapers in series. Several modes of operation are evidenced in 
both continuous-wave and pulsed regimes. A numerical study is also performed that is useful for interpreting the 
experimental results in the pulsed regimes. 
 

2. EXPERIMENTAL SETUP 
 
The experimental setup is presented in Fig. 1. The figure-eight laser is formed by a ring laser cavity (left side of the 
figure) in which a NOLM is inserted (right part). The ring cavity includes a 4-m long Erbium-doped fiber (EDF) with 
1000 ppm erbium concentration, which is pumped by a 980-nm laser diode through a WDM coupler. The maximum 
pump power that can be coupled into the fiber is estimated to be ~300 mW. A polarizer is inserted in the loop, as well as 
a polarization controller (PC) consisting of two retarder plates, which is used to maximize the power transmission 
through the polarizer. An optical isolator ensures unidirectional laser operation. A half-wave retarder (HWR) plate 
controls the angle ψ of linear polarization at the NOLM input. Two output couplers (10% output coupling) provide the 
laser output ports. The ring also includes an optical filter, which consists of two concatenated fused fiber tapers (Fig. 
2(a)). The filter was fabricated in a Nufern 980HP fiber using a Vytran glass processor. The principle of the device is 
that of a Mach-Zehnder interferometer: at the first taper the fundamental core mode partially couples to cladding modes, 
and a fraction of the light guided in the cladding modes couples back to the core mode at the second taper.18 The 
transmission spectrum of the filter is thus a periodic pattern resulting from the interference between core and cladding 
modes of the fiber (Fig. 2(b)). For the device dimensions used in this work and given in Fig. 2(a), the interference pattern 
presents a period of 1.65 nm, a modulation depth of ~6 dB and an insertion loss of ~0.5 dB. It has to be noted that no 
bending was applied to the filter. 
 
The NOLM is formed by a 51/49 coupler, whose output ports were fusion-spliced with a 100-m loop of low-
birefringence, highly twisted Corning SMF-28 fiber. A QWR is inserted in the loop to transform the polarization of the 
counter-clockwise beam from linear to elliptic, the value of ellipticity depending on the relative angle α between the 
QWR and the polarizer. A twist rate of 5 turns/m is imposed to the fiber loop, which is used to eliminate residual fiber 
birefringence so that the fiber behaves like an ideal isotropic fiber.19 The fiber loop has an anomalous dispersion of ~17 
ps/nm/km and a nonlinear coefficient γ = 1.5 W-1km-1 for linearly polarized light (β = 2/3γ = 1 W-1km-1 for circular 
polarization). With these parameters, the minimum continuous-wave switching power of the NOLM is Pπ = 4π/βL ≈ 125 
W.16 The operation of the NOLM is based on NPR, and allows great flexibility of the device transmission characteristic, 
which can be adjusted through the orientation of the QWR and of input polarization. 
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Figure 1. Experimental setup. 

 
The QWR allows the adjustment of the NOLM low-power transmission, and also allows operating the NOLM as either 
saturable absorber or intensity limiter.16 Moreover, in the saturable absorber mode, adjusting the NOLM low-power 
transmission is of key importance for mode locking operation, and to allow self starting.14 On the other hand, when input 
polarization is linear, the adjustment of the orientation of input polarization allows adjusting the NOLM switching 
power. Let us assume for example that the QWR angle is adjusted for zero low-power transmission. Then, for linear 
input polarization forming an angle ψ with respect to the QWR axes, the NOLM transmission writes as T = 0.5 – 
0.5cos(πPin/Pπψ), where Pin is the NOLM input power and Pπψ = Pπ/sin(2ψ) is the switching power, which can be 
adjusted between Pπ and infinity by adjusting the angle ψ. This mode of operation of the NOLM under linear input 
polarization was previously demonstrated theoretically16 and experimentally.17 Although these results are valid strictly 
speaking in the continuous-wave approximation only (case of large, ns pulses), they still apply qualitatively when 
ultrashort pulses are considered.20 It has also to be noted that the same behavior is found even if the QWR angle departs 
from zero low-power transmission. Hence, QWR and input polarization adjustments allow a large flexibility of the 
NOLM switching characteristic, which in turn is responsible for the diversity of regimes observed experimentally. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Optical filter formed by two identical fiber tapers in series: (a) schematic design and (b) transmission 
spectrum in the 1550 nm region. Device parameters are: tapers separation L = 25 cm, total tapers length Ltaper = 5 
mm, waist diameter ρw = 65 μm and waist length Lw = 1 mm. 

 

3. EXPERIMENTAL RESULTS 
 
When the pump power is set to its maximal value, for most positions of the wave retarders, continuous-wave operation is 
obtained in the 1550 nm region. As expected, the highest output power is observed at output 1, where it reaches up to ~4 
mW. Adjustments of the retarder plates allows tuning single-wavelength laser oscillation over more than 20 nm, between 
1546 nm and 1568 nm, by steps of 1.65 nm, corresponding to the filter spectral period (Fig. 3(a)). Single-wavelength 
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operation in the 1530 nm region was also observed. In contrast, lasing in the 1540 nm region was never observed. This 
has to be related to the slight depression in the amplification spectrum occurring in this region, as observed in the 
spontaneous emission spectra of Fig. 3. The possibility to tune the lasing wavelength is due to two mechanisms. First, 
remembering that the QWR angle allows adjusting the NOLM low-power transmission, and considering that in 
continuous-wave regime the intracavity power can be seen as low-power (i.e., much smaller than the NOLM switching 
power), then in this case the NOLM works as a simple attenuator, whose attenuation can be adjusted between 0 and 0.5 
by the QWR.16 By adjusting in this way the laser intracavity loss, one can modify the balance between absorption and 
emission that determines the gain spectrum of the EDF,21 and thus the position of the gain maximum where lasing will 
take place. Secondly, the residual birefringence present in the cavity and the polarizer are responsible for a coarse 
filtering effect or wavelength-dependent loss, which can be adjusted through the wave plates and contributes to the 
selection of the operating wavelength.22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Optical spectra in continuous-wave regime: (a) tunable single-wavelength and (b) four-wavelength 
operations. 

 
Multiple-wavelength continuous-wave operation was also observed, although in most cases it involved lines with a large 
wavelength separation between them, whose coexistence is allowed by the homogeneously broadened erbium gain. 
More interesting and challenging is the observation of simultaneous lasing at closely spaced wavelengths, which are 
competing for the homogeneously broadened gain. In this study we were able to observe two-, three- and up to four-
wavelength operation in the 1530 nm region, with a wavelength separation of 1.65 nm in all cases. Fig. 3(b) shows the 
laser output spectrum in the case of four-wavelength operation. Four-wavelength operation typically remained stable 
during a few minutes, after which the lower-amplitude line disappeared and the laser operation followed in three-
wavelength mode, if no further adjustment was performed. The mechanisms of adjustment of the gain and loss spectra 
described previously and allowing wavelength tuning are also those that allow adjusting precisely the net gain at 
different wavelengths, a necessary condition to observe simultaneous lasing of several contiguous lines, in spite of the 
severe competition between them.23 
 
Although self-starting mode locking operation was not observed in this study, for some particular positions of the HWR 
and QWR, a mechanical stimulation (a kick) results in a sudden widening of the spectrum to a bandwidth of several tens 
of nm, which indicates the onset of mode locking. The optical signal detected by a 2-GHz photodetector and monitored 
using a 200-MHz oscilloscope reveals a periodic pulse train whose repetition rate in most cases is ~1.6 MHz (period = 
600 ns), indicating fundamental frequency mode locking of the ~120-m long laser cavity (Fig. 4(a)). 
 
A closer analysis of the generated pulses reveals their nature of noise-like pulses. Noise-like pulses are large collections 
of ultrashort pulses with randomly varying amplitudes and durations, which were observed and studied in a number of 
previous works.24-32 Fig. 4(b) shows the measured optical autocorrelation of the pulses. It consists of a narrow sub-ps 
peak riding a wide pedestal that extends beyond the 200-ps measurement window of the autocorrelator. The central spike 
(~160 fs) scales as the average duration of the pulses in the bunch, whereas the pedestal extension (a fraction of a ns) is 
related to the total duration of the noise-like pulse. The duration of the pulse was measured with more precision using a 
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fast photodetector and a sampling oscilloscope, yielding a value of ~200 ps at half maximum (Fig. 4(c)). Finally, Fig. 
4(d) presents the optical spectra measured at both laser outputs using an optical spectrum analyzer. The very smooth and 
wide spectrum (~30 nm at half maximum) is a common feature of noise-like pulses. Apart from their different left-right 
asymmetry, which is due to intracavity Raman self-frequency shift, the most noticeable difference between the two 
spectra is the presence of a ripple due to the filtering element in the spectrum measured at output 2 (which is located just 
after the filter output), whereas this ripple is not observed at output 1. This tends to demonstrate that, besides causing 
substantial loss, the periodic filter has little influence on this mode of operation of the laser, as its effect is completely 
wiped out after one round-trip in the ring section of the laser. In fact, except for the solid curve in Fig. 4(d), the 
measurements shown in Fig. 4 present no fundamental difference with respect to those obtained from the filterless laser 
operating in the same mode.32 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Pulses measured in mode locking regime: (a) pulse train observed with a 2-GHz photodetector and a 
200-Mz oscilloscope; (b) optical autocorrelation; (c) single pulse observed with a 25-GHz photodetector and a 
sampling scope; (d) optical spectrum at output 1 (dashed) and 2 (solid). 

 
A noticeable difference with respect to the filterless case was observed for some adjustments, however, in the form of a 
second-harmonic mode locking regime. In this case, not one but two noise-like pulses appear in each 600-ns round-trip 
period (Fig. 5). During most of the time, a stable train of uniformly spaced pulses with a period of ~300 ns is observed 
on the scope (Fig. 5(a)), however, typically after a few seconds the second pulse disappears from its central position and 
reappears immediately close to the first pulse position, then sweeps quickly in time to recover its initial central position 
where it stabilizes again for a few seconds (Fig. 5(b-d)). This walkoff lasts for a fraction of a second. A different spectral 
composition between the two pulses propagating in the dispersive cavity could account for this temporal sweeping, 
however the spectra of the pulses could not be measured individually. The optical spectra measured at outputs 1 and 2 in 
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this regime are not different from those of Fig. 4(d) for fundamental mode locking, and the autocorrelation trace is 
similar to that of Fig. 4(b). 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5. 2nd-harmonic mode-locked pulse train observed with a 2-GHz photodetector and a 200-Mz oscilloscope, 
at different times. 

 
Finally, a regime of multi-wavelength passive Q-switching was also observed with the figure-eight laser. This regime 
appears spontaneously for some adjustments of the retarders. In this case, a train of long, highly unstable pulses with 
duration in the order of 10 μs is typically generated. As shown in Fig. 6(a), the amplitude, duration and periodicity of 
these pulses are highly variable. Fig. 6(b) shows the scope trace of the top of a Q-switched pulse, which presents an 
amplitude modulation in which the cavity fundamental frequency and its 12th harmonic are clearly visible, and which is 
due to the beat note between resonant cavity modes. The optical spectrum, shown in Fig. 6(c), reveals the multi-
wavelength character of the signal. Indeed, it includes a relatively large number of closely spaced spectral components 
with 1.65 nm separation. It is noteworthy that their number is typically larger than four, the maximum number of 
consecutive wavelengths that were observed simultaneously in the continuous-wave regime. One spectral component (at 
1556 nm in Fig. 6(c)) is usually much higher than the others, which is most likely due to the continuous-wave signal 
accompanying the pulses (see Fig. 6(a)). The 3-dB bandwidth of each line is ~0.65 nm, except for the higher one, which 
is significantly narrower due to the continuous-wave component. This relatively large bandwidth would be compatible 
with mode locking, however the formation of mode-locked pulses was never observed below the envelope of the Q-
switched pulses. Finally, for slightly different adjustments of the wave retarders, the pulses become narrower (duration ~ 
1 μs) and higher, and their occurrence becomes less frequent (Fig. 6(d)). 
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Figure 6. (a) Scope traces of the Q-switched pulse train at different times; (b) detail of a single pulse; (c) optical 
spectrum; (d) scope trace of irregular giant pulses. 

 

4. NUMERICAL STUDY AND DISCUSSION 
 
The purpose of the numerical study presented here is only to get an insight on the mechanisms that could lead to 
multiple-wavelength operation in the mode-locked regime of a figure-eight fiber laser, and is not an attempt to reproduce 
numerically in all their diversity and complexity the experimental results presented above. The scheme under study is 
similar to the experimental scheme shown in Fig. 1 (with same values of dispersion, nonlinear coefficient, etc), although 
the NOLM length is substantially shorter (3 m) in order to reduce computational time. Moreover, the optical filter is 
modeled as a double-bandpass filter, so that the multi-wavelength problem is reduced to only two wavelengths for 
simplicity. The filters are Gaussian, with a wavelength separation Δλ and 3-dB bandwidth δλ. The gain is assumed to be 
homogeneously broadened. It is uniform along the EDF and saturates on pulse energy. Numerical simulations are carried 
out using the nonlinear Schrödinger equations including dispersion, Kerr nonlinearity and gain for the EDF section. The 
Split-Step Fourier method is used for integration. After a few tens of integration cycles, for properly chosen parameters 
relatively stable pulses tend to form in regime (although amplitude fluctuations usually remain). Double-wavelength 
operation is observed in most cases. Note that conventional (i.e., not noise-like) ultrashort pulses are formed, which is to 
be expected in the case of a short cavity. 
 
Two typical situations are illustrated in Fig. 7, when the wavelength separation is large and small. Dual-wavelength 
operation is obtained in both cases. In the first case (Fig. 7(a,b)), two pulses coexist, one at each wavelength. Due to 
fiber dispersion, they are unsynchronized and they present a walkoff that increases after each round-trip. The coexistence 
of two nearly equal-amplitude pulses can be explained by the filter losses: indeed, a single pulse that would carry the 
same energy as the two pulses would be higher and shorter, and its spectrum wider, so that it would suffer higher loss 
through the filter. Two equal-amplitude pulses tend to form because this configuration minimizes the cavity loss (the 
saturable absorber action of the NOLM has an opposite effect, however it has to be assumed that the filter effect is 
dominant in this case). In the case of a smaller separation, dual-wavelength operation is again observed, however in this 
case the walkoff is sufficiently small to be compensated by cross-phase modulation, so that the pulses are synchronized 

(a)

(c) (d)

0

0.1

0.2
0.3

A
m

pl
itu

de
(V

)

0 50 100 150 200 250
0

0.5

1

Time (μs)

A
m

pl
itu

de
(V

)

(b)

0 0.5 1 1.5

0.3

0.4

0.5

0.6

0.7

0.8

Time (μs)

A
m

pl
itu

de
(V

)

1520 1530 1540 1550 1560 1570 1580

-60

-40

-20

0

Wavelength (nm)

N
or

m
al

iz
ed

sp
ec

tru
m

(d
B

)

0 50 100 150 200 250
0

1

2

3

4

5

Time (μs)

A
m

pl
itu

de
(V

)

(a)

(c) (d)

0

0.1

0.2
0.3

A
m

pl
itu

de
(V

)
0

0.1

0.2
0.3

A
m

pl
itu

de
(V

)

0 50 100 150 200 250
0

0.5

1

Time (μs)

A
m

pl
itu

de
(V

)

0 50 100 150 200 250
0

0.5

1

Time (μs)

A
m

pl
itu

de
(V

)

(b)

0 0.5 1 1.5

0.3

0.4

0.5

0.6

0.7

0.8

Time (μs)

A
m

pl
itu

de
(V

)

0 0.5 1 1.5

0.3

0.4

0.5

0.6

0.7

0.8

Time (μs)

A
m

pl
itu

de
(V

)

1520 1530 1540 1550 1560 1570 1580

-60

-40

-20

0

Wavelength (nm)

N
or

m
al

iz
ed

sp
ec

tru
m

(d
B

)

1520 1530 1540 1550 1560 1570 1580

-60

-40

-20

0

Wavelength (nm)

N
or

m
al

iz
ed

sp
ec

tru
m

(d
B

)

0 50 100 150 200 250
0

1

2

3

4

5

Time (μs)

A
m

pl
itu

de
(V

)
0 50 100 150 200 250

0

1

2

3

4

5

Time (μs)

A
m

pl
itu

de
(V

)

Proc. of SPIE Vol. 8433  843306-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/31/2012 Terms of Use: http://spiedl.org/terms



 

 

(Fig. 7(c,d)). The pattern observed in Fig. 7(c) corresponds to the beat note between the two wavelength components. 
Again, the two wavelength components carry nearly the same energy. In this case, dual-wavelength operation is 
observed because for the same pulse energy (limited by gain saturation) and duration (limited by filter bandwidth), the 
amplitude-modulated pattern of Fig. 7(c) has a peak power about two times higher than the single-wavelength pulse 
(dashed line), and thus suffers lower loss through the NOLM. Again, the loss is minimized when the spectral 
components have nearly equal amplitudes (corresponding to 100% modulation of the pulse envelope). In summary, 
mechanisms involving the filter losses and the nonlinear transmission characteristic of the NOLM tend to favor dual-
wavelength mode locking against single-wavelength operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. (a,c) Temporal profile and (b,d) optical spectrum of the laser output signal for Δλ = 20 nm, δλ = 2.4 nm 
and for Δλ = 4 nm, δλ = 1 nm, respectively. 

 
Although the numerical study presented above is by far simplified, it is still useful to shed some light on the 
experimental results obtained in section 3 in the pulsed modes. Although the generation of noise-like pulses has been 
studied in various works,24-32 no general consensus seems to emerge on the mechanisms involved in their formation. One 
difficulty is that several proposed mechanisms are able to reproduce the same experimental results (in particular, the 
double-scaled autocorrelation trace and the wide and smooth optical spectrum). In this context, even more challenging 
would be to investigate the mechanism of second-harmonic noise-like pulse mode locking that was observed in this 
work. However, two observations could be helpful: first, considering the wide and smooth spectrum of the noise-like 
pulses, they suffer high loss through the filter at each round-trip (compare curves of Fig. 4(d)). Secondly, second-
harmonic noise-like pulse mode locking was never observed in the filterless laser.32 This suggests that second-harmonic 
mode locking could develop as a mechanism to minimize loss through the filter, which could present some similarity 
with the mechanism described in the numerical study, in the case of asynchronous pulses. The transitory walkoff in the 
dispersive cavity that was observed experimentally suggests a different spectral composition of the two pulses. However 
the study is complicated by the large variability of the noise-like pulses: although their global features (total waveform 
duration, average peak power) remain roughly constant, the details of their inner structure vary widely after successive 
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round-trips. In particular, the optical spectrum of individual pulses is a very irregular spiky and highly variable pattern, 
the stable and smooth spectrum that is observed experimentally being obtained only after strong averaging. 
 
Although the physics beyond passive Q-switching is fundamentally different from that of mode locking, the numerical 
study presented above is still helpful to understand the experimental results in the Q-switching mode. Like passive mode 
locking, passive Q-switching requires saturable absorber action, however in this case the key action that yields self-
pulsing behavior is likely to be due to erbium clusters in the highly doped erbium fiber.33 In spite of this, the systematic 
coexistence of a large number of contiguous lines in the Q-switched mode (Fig. 6(c)) can still tentatively be explained 
considering the NOLM, in the same way as dual-wavelength mode locking in the synchronous case: the beat note 
between multiple spectral components increases the pulse peak power and thus reduces the loss through the NOLM. The 
same principle can be evoked to explain the large bandwidth of the lines in each filter window, each of which includes a 
large number of cavity modes. Although the highest peak power is reached when all these modes are locked in phase 
together, i.e., when a train of mode-locked ultrashort pulses is formed under the Q-switched pulse envelope, mode 
locking was never observed, probably because the Q-switched pulse duration (corresponding to 10-15 cavity round-trips) 
is too short to allow the beat note between modes to evolve into a well formed pulse train starting from spontaneous 
emission. Finally, another factor may favor the multiwavelength operation in the Q-switching mode: in the case of 
smooth monochromatic pulses much longer than the time of travel through the NOLM (which is slightly smaller than the 
round-trip time in the cavity), the signal can be viewed as a continuous-wave signal, and in this case the cross-phase 
modulation between counter-propagating signals in the loop (which grows with the signal duty cycle) severely alters the 
NOLM operation,34 in particular switching power is strongly increased. In contrast, in the case of multiwavelength long 
pulses, the beat note between the different spectral components reduces the duty cycle, so that cross-phase modulation is 
more moderate, and the switching power is lower compared to the single-wavelength case. Hence, again 
multiwavelength operation reduces the loss through the NOLM, by reducing the effect of cross-phase modulation. 
 

5. CONCLUSION 
 
In this work we study numerically and experimentally a novel figure-eight laser scheme including a polarization-
imbalanced NOLM with linear input polarization and a periodic filter based on two concatenated fiber tapers. Thanks to 
the flexibility of the switching characteristic of this NOLM architecture, several modes of operation of the laser were 
demonstrated experimentally. In the continuous-wave regime, single wavelength operation tunable over more than 20 
nm was demonstrated, as well as simultaneous lasing at up to four contiguous wavelengths with 1.65 nm separation. 
Four-wavelength operation was maintained for several minutes without any stabilization mechanism. Non-self-starting 
mode locking was also observed, in the form of noise-like pulses generation. Both fundamental and second-harmonic 
mode locking were obtained, with in the latter case a transient walkoff between the two pulses. Finally, an unstable 
multi-wavelength Q-switching behavior was also demonstrated. A shorter version of the figure-eight laser was simulated 
numerically, including a double-bandpass filter. The study focused on mode-locked operation. It appeared that dual-
wavelength mode-locked operation was obtained in most cases, with the generation of two ultrashort pulses, one at each 
wavelength, which can be synchronous or asynchronous in the dispersive cavity depending on the wavelength 
separation. This study suggests that mechanisms involving the filter losses and the nonlinear transmission characteristic 
of the NOLM contribute to favor dual-wavelength operation with respect to single-wavelength mode locking. Although 
the numerical study does not reproduce the complexity of the experimental results, it offers some elements to help 
understanding the processes of second-harmonic noise-like pulse mode locking and even multiwavelength Q-switching 
that were observed experimentally. We believe that this work will be of interest in the study of multiple-wavelength fiber 
lasers in both continuous-wave and pulsed regimes, which are attractive for a wide range of applications. 
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