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Abstract—2-µm fiber lasers are of wide potential applications
in the fields of radar, sensing, and free-space communications. We
introduced a simple approach to generate passively mode-locked
pulse in thulium-doped fiber lasers based on nonlinear polariza-
tion rotation (NPR) in our previous work. The high repetition rate
of 1.78 GHz is obtained by both NPR and semiconductor saturable
absorption mirror. By using a polarization-maintaining fiber in
the experiment, a birefringence Lyot filter as a fiber comb filter can
be constructed, and then the tuning range of 94 nm can be obtained
for the mode-locked laser. In this paper, we also demonstrated our
recent research work, a square-wave mode-locked fiber laser at
2-µm band based on nonlinear amplifying loop mirror. The square-
wave noiselike pulse (NLP) at longer wavelength of 2-µm band can
be observed. With the increase of the pump power, pulse width can
be increased from 0.75 to 1.3 ns. The polarization vector charac-
teristics of the square-wave NLP were analyzed experimentally. In
addition, with the increase of the pump power, a kind of square-
wave mode-locked pulse with low-intensity multipulse bunches can
be observed, and these multipulse bunches can be operated at
the multipulse mode-locked state. The side-mode suppression ratio
decreased from 50 to 30 dB.

Index Terms—Fiber laser, 2 µm band, mode-locking, nonlinear
polarization rotation, nonlinear amplifying loop mirror.

I. INTRODUCTION

R ECENTLY, fiber lasers operating around 2 μm region have
been becoming research focus because of eye safe and

high transmissivity in organic gas. In addition, mode-locked
fiber lasers are becoming more and more popular. Although
most reports of mode-locked fiber lasers are about 1 μm and
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1.55 μm band, more important mode-locked fiber lasers at 2 μm
band have attracted great research interests because of their po-
tential applications in laser medicine, LIDAR, free space laser
communications, optical sensing, optoelectronic countermea-
sure and mid-IR supercontinuum generation [1]–[6]. Passively
mode-locking is an effective method to obtain mode-locked fiber
lasers at 2 μm band, and there are several typical techniques
to achieve passive mode-locking, including saturable absorber
[7], [8], nonlinear polarization rotation (NPR), nonlinear optical
loop mirror (NOLM) [9] and nonlinear amplifying loop mirror
(NALM) [10]–[15]. In recent years, 2 μm band mode-locked
fiber lasers develop rapidly, tunable multi-wavelength [9], har-
monic mode-locking [12] and single pulse train [15] can be
obtained while using mode-locked fiber lasers based on NPR
and NALM. Since 2 μm band fiber laser with simple struc-
ture and low maintenance cost can be achieved, it has obvious
advantages in industrial application.

Up to now, the most conventional approaches to achieve ra-
diation around 2 μm band are using pumped thulium-doped,
holmium-doped or thulium/holmium co-doped fibers, and the
related studies have been reported in the past few years
[16]–[18]. The use of the Tm3+ ion for 2 μm band fiber laser
applications has been wide spread mainly as a result of the con-
venient absorption band near 1.55 μm which allows for fiber
laser pumping. Similarly, Tm3+ /Ho3+ ion-pair can be pumped
by 1.55 μm lasers, and optical gain band can extend to longer
wavelengths.

In this paper, we introduce our previous works about 2 μm
band passively mode-locked thulium-doped fiber lasers based on
NPR in Section II. The high repetition rate with 1.78 GHz can be
observed, and furtherly, mode-locked fiber lasers can be tuned
with a range of 94 nm through adding a polarization maintain
fiber (PMF). Then, in Section III, we demonstrate a kind of
mode-locked thulium/holmium co-doped fiber laser by using a
NALM in our recent research work. A square-wave noise-like
pulse (NLP) can be observed at 2 μm band, and square-wave
mode-locked pulse with low intensity multi-pulse bunches can
be generated with high pump power.

II. MODE-LOCKED TM-DOPED FIBER LASERS BASED ON NPR

Nonlinear polarization rotation effect has been widely used
as saturable absorber due to its characteristics of intensity-
dependent transmission. Picosecond or femtosecond pulses can
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Fig. 1. Configuration of thulium-doped mode-locked fiber laser based on
NPR. PC, polarization controller; SMF, single-mode fiber; OC, optical cir-
culator; TDF, thulium-doped fiber; WDM, wavelength division multiplexer;
PD, photodetector; OSA, optical spectrum analyzer; ESA, electrical spectrum
analyzer.

be obtained by using spatial NPR structure since it was firstly
applied in passive mode-locked fiber lasers in 1992 [19]. There-
fore, the nonlinearity is important for mode-locked fiber lasers
based on NPR. As we know, increasing the length of the fiber in
resonant cavity is an effective way to improve the nonlinearity.
But using additional fiber length to enhance the nonlinear effect
always leads to pulse broadening. Thus dispersion management
has been widely investigated to achieve ultrafast optical pulses
in all-fiber NPR-based passive mode-locked fiber lasers. Even
so achieving 2 μm all-fiber ultrafast mode-locked laser is still
difficult due to the lack of dispersion management devices at
this region comparing with 1 μm and 1.55 μm band. NPR struc-
ture can affect the cavity loss, thus it has advantages to achieve a
widely tunable continuous-wave or mode-locked fiber laser [20],
[21]. In addition, NPR structure is sensitive to dispersion and
nonlinearity in the cavity. Therefore, by appropriately adjusting
parameters in the cavity, we can produce versatile pulse patterns
such as dissipative solitons [22], dissipative soliton resonance
[23], bound state pulses [24], vector solitons [25] and harmonic
mode-locked laser [26]. However, these related reports mainly
focus on 1.55 μm and 1 μm region.

In this section, we introduce our previous research works
about mode-locked fiber laser in 2 μm region by using NPR.
In the experiments, a mode-locked fiber laser pulse with a high
repetition rate of 1.78 GHz can be observed, and a wide tunable
mode-locked fiber laser at 2 μm band with tuning range of 94 nm
can be obtained.

A. Experimental Setup and Principle

In passively mode-locked fiber lasers based on NPR, low in-
tensity light is absorbed and high intensity light gets through
when the light pass through NPR structure, and it is oscillated
continually in the cavity [27]. Therefore, the mode-locked prin-
ciple of NPR is similar to saturable absorber. The current ex-
perimental setup is schematically shown in Fig. 1. A segment
of single-mode thulium-doped fiber (TDF, Nufern, SM-TSF-
9/125) is used as gain medium, which is pumped by a 1565 nm
erbium/ytterbium co-doped fiber laser through a 1570/2000 nm
wavelength division multiplexer (WDM) [28]. The length,

numerical aperture, mode field diameter, and cut-off wavelength
of the TDF are 3 m, 0.15, 10.5 μm and 1700 ± 100 nm, respec-
tively. TDF has an absorption coefficient of 13 dB/m at 1570 nm,
and a dispersion parameter β2 of −0.0707 ps2/m at 1990 nm.
Additionally, a segment of 50 m single-mode fiber (SMF) is
spliced in the ring cavity to enhance the NPR effect. As a re-
sult, the mode-locked threshold can be decreased [29]. A 2 μm
band optical isolator (ISO) is also employed in the cavity to
ensure unidirectional operation. Except 3 m long TDF and 50
m long SMF, pigtails of the components in the cavity are all
SMF. Dispersion parameter β2 of SMF is −0.0679 ps2/m at
1900 nm. The total cavity length is about 67 m including pig-
tails of components, and the net cavity dispersion is calculated
to be −4.4898 ps2 at 1900 nm. The output of ISO is connected
to TDF and WDM, along with PC1, a 2 μm band polarizer and
PC2.

The 90% port of the 90/10 optical coupler is engaged to
feedback and the 10% port is output port. The output optical
signal is divided by a 3 dB coupler, one portion is observed
by an optical spectrum analyzer (YOKOGAWA, AQ6375) and
the other is sent into an oscilloscope (Agilent, DSO-X 93204A)
with 32 GHz bandwidth and 80 GSa sampling rate after a pho-
todetector with 12 GHz bandwidth and 28 ps rising time.

α1 is the angle between the polarization direction of the input
signal and the fast axis of the SMF, and α2 is the angle between
the fast axis of the SMF and the polarization direction of the po-
larizer. Both α1 and α2 can be altered by adjusting the PC1 and
PC2, respectively. The combination of PC-SMF-PC-polarizer
acts as an intensity-dependent loss (IDL) [30], [31]. The NPR
effect can be induced by two PCs and the polarizer in the cav-
ity. The linearly polarized light can be formed by the polarizer,
and then, it can be made elliptical polarized light by PC1. The
state-of-polarization of the light rotates as it propagates in SMF
due to Kerr effect. The angle of rotation is proportional to the
light intensity. The signal passes through PC2 before arriving
at the polarizer which allows only a certain polarization to pass
through. By adjusting PC2, central part of the pulse can pass
through the polarizer and the intensity of pulse wings can be
suppressed, obviously, the intensity of the pulse center can be
enhanced. As the pulse signals become narrower, the main non-
linear effects are self-phase modulation (SPM) and cross phase
modulation (XPM). Stimulated Raman scattering (SRS) and
self-frequency steepening, also acting as influence factors of
pulse shape, make less effect in this configuration. Because
these two effects are more sensitive to the pulses with short
wavelength and high peak power, and it does not fit in with our
experiment conditions.

In the experiment, maximum output power of the pump laser
can be up to 2 W. Mode-locked threshold can be achieved when
the pump power is increased to 800 mW, then we can observe
Kelly sidebands of the mode-locked laser spectrum which is
a typical feature of soliton, as shown in Fig. 2(a). The 3 dB
bandwidth is about 4.7 nm. Another natural feature of soliton is
the transform-limited sech2-shaped pulse [32]. Obviously, the
laser was operating in passively mode-locked state, and single
pulse train is shown in Fig. 2(b). The pulse interval is 326.8 ns,
corresponding to the repetition rate 3.06 MHz, and the repetition
rate can be also calculated by the equation f = c/nL [33], where
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Fig. 2. (a) Output spectrum of mode-locked soliton pulse with Kelly side-
bands. (b) Fundamental repetition rate pulse train obtained by NPR mode-
locking.

Fig. 3. (a) Single pulse time-domain waveform. (b) Compressed single pulse
time-domain waveform.

c is the speed of the light, n is the refractive index of the fibers,
L is the length of the ring cavity.

It is well known that fiber dispersion in the cavity is the
main reason of laser pulse broadening. Therefore, in order to
narrow the pulse width, a 4 m long dispersion compensation
fiber (DCF) is used to compensate the dispersion. The pulse
width can be compressed from 617 ps to 48 ps as shown in
Fig. 3. After compression, the single pulse energy is 1.63 nJ
and the peak power is about 34 W. The third-order dispersion
compression can be ignored if the compressed pulse signal is
more than dozens of picoseconds, and the oscillation at the tail
of the compressed pulse signal has a negative effect on quality
of the pulse signal presented by Qu et al. in [34].

B. High Repetition Rate Mode-Locked Fiber Laser

High repetition rate mode-locked fiber lasers have been inten-
sively studied because of their numerous applications in metrol-
ogy, spectroscopy and telecommunication [35], [36]. High rep-
etition rate mode-locked pulse trains generation by harmonic
mode-locking (HML) is considered to be effective. High-order
HML pulse trains can be easily obtained by using passively
mode-locked techniques.

HML can be understood as resulting from a weak repulsive
force attributed to the gain medium depletion and the recovery
time between subsequent solitons [37]. For the experimental
setup as Fig. 1, if we continue increasing the pump power,
the mono-pulse signal can be divided into multi-pulse signals,
and then high-order harmonic mode-locked pulse train can be
formed.

Further reduction of the pulse width is limited due to the
generation of soliton sideband spectrum. In the steady state,
whether the peak power of soliton reaches the maximum value is

Fig. 4. (a) Harmonic mode-locked spectrum. (b) Harmonic mode-locked pulse
train. F: fundamental frequency.

determined by the saturated additive pulse mode-locking
(APM). Since the mode-locked soliton pulse energy has quan-
tum effect, the optical pulse energy of soliton in fiber ring cavity
cannot be rising continuously with the increasing of the pump
power. Therefore, it results in multi-soliton oscillations in the
cavity on the contrary. Also, there are mutual repulsion inter-
actions between the solitons, as a result, high-order harmonic
mode-locked pulse trains can be observed. The NPR effect can
reach saturation when the pump power continues increasing, the
transmission degrades with further enhancing of light intensity,
and multi-wavelength output can be observed because of the
intensity-dependent loss induced by NPR effect.

In the process of high-order harmonic mode-locked pulse
train, the fundamental frequency mode-locked pulse train is
formed firstly, and then a mono-pulse signal split into multi-
pulse signals. Finally, high-order harmonic mode-locked pulse
train can be formed. In the experiment, the spectrum of har-
monic mode-locked pulse sequence is shown in Fig. 4(a) and the
3 dB bandwidth is about 0.3 nm, which is much narrower than
Fig. 2(a) and other conventional soliton such as [32] and [38].
In the experiment, the spectrum bandwidth is always narrower
when the number of HML increases. Because passive mode-
locked fiber laser with narrower spectrum bandwidth or nar-
rower additional filtering bandwidth has stronger ability to hold
a multi-pulse state. The related theoretical and experimental
models have been verified by using additional filtering method
[39]. As a result of spectrum bandwidth becoming narrower, the
Kelly sidebands become weaker even disappear. Similar results
are also proposed in [40]. The pulse amplitude can be observed
by an oscilloscope and the harmonic mode-locked pulse train is
shown in Fig. 4(b).

Then high-order harmonic mode-locked pulse trains are
formed by different methods, and the repetition rate is integer
times of fundamental frequency. In addition, with further in-
creasing of pump power, the pulses of the output laser perform
complex transformation while adjusting PCs.

The passively mode-locked fiber lasers can adopt combina-
tion of two mechanisms to enhance the repetition rate [41]–[44].
Semiconductor saturable absorption mirror (SESAM) is an ex-
cellent mode-locked device for fiber lasers, its mode-locked
mechanism uses mainly intensity-dependent loss to narrow the
pulses [45]. Then, in the following experiment, a SESAM is
connected into the ring cavity by an optical circulator between
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Fig. 5. (a) 1.78 GHz HML pulse train. (b) RF spectrum of HML pulse train
obtained by hybrid mode-locked. (c) Wavelength drift. (d) Power fluctuation.

the coupler and SMF in Fig. 1. The modulation depth, the re-
covery time and the saturation fluence of SESAM are 1.2%,
30 ps, and 70 μJ/cm2 , respectively. Peak of pulses can pass
through SESAM with low loss while wings are cut off due
to higher loss. Therefore, pulses can be narrowed to generate
mode-locked pulse trains.

Since there are two mode-locked mechanisms in the laser,
pulses experience twice amplitude modulation per round trip,
though which, the pulse wings are cut down more effectively
than single mode-locked mechanism, then the width of pulses
become narrower. While slowly increasing the pump power in
the experiment, the high-order harmonic increases stepwise as
the pump power increases. The passive HML can keep oper-
ating stably. In the experiment, the maximum repetition rate is
1.78 GHz corresponding to 588th-order HML pulse train with
1 W pump power, the time domain waveform and radio fre-
quency (RF) spectrum are observed in Fig. 5(a) and (b). The
pulse interval is 0.562 ns corresponding to 588 times of cav-
ity round-trip-time. The supermode suppression ratio is about
18 dB. Fig. 5(c) and (d) show the wavelength drift and the
power fluctuation in 60 min, i.e., ±0.49 nm and ±0.5 mW re-
spectively. Therefore, we believe that it can be acceptable for
a GHz level mode-locked fiber laser without any external stabil-
ity mechanism. Neither multi-wavelength output nor pulse split
is appeared, indicating that SESAM plays a leading role in the
generation of mode-locking, and NPR is mainly used for pulse
shaping and enhancement of nonlinear effects. In the experi-
ment, we do not observe the split of wavelength and pulse be-
cause the intensity dependent loss induced by NPR can suppress
the mode competition and guarantee the stable HML operation
[46]–[48]. In order to prevent the damage of SESAM, the pump
power cannot be increased continuously. Therefore, we cannot
observe higher order (higher than 588th-order) harmonic pulse
in this experiment.

In the experiment, we found that repetition rate can be ad-
justed by increasing pump power or polarization state in the
cavity. In fact, the repetition rate of the pulse is mainly affected

by the ellipticity of mode-locked fiber lasers [49]. By increas-
ing the pump power in conjunction with minor adjustments to
the PCs, resulting in a wider ellipticity range can accommo-
date mode-locked operation [50]. Therefore, high-order HML
pulse trains are obtained by both increasing the pump power and
adjusting the PCs.

C. Widely Tunable Mode-Locked Fiber Laser

Both TDF and HDF have a quite wide spontaneous emis-
sion band, which has the obvious advantage to achieve widely
tunable lasers in 2 μm region. It is of great use especially in free-
space optical communications due to its high transmissivity and
insensitive character to Rayleigh scattering. It is also more con-
venient and cost-effective comparing to using multiple lasers
with different operating wavelengths. The tunable mode-locked
fiber laser, to be a new research direction, has been studied re-
cently. In previous works, a tunable pulse ytterbium-doped fiber
laser is obtained, through fabricating a few-layer molybdenum
disulfide (MoS2) polymer composite saturable absorber and a
tunable band-pass filter [51]. A 75 nm tunable mode-locked state
around 1550 nm based on a variable attenuator and NPR effect
to control the intra-cavity loss was reported [52]. NPR effect can
induce wavelength or intensity dependent loss of the cavity to
alleviate the mode competition caused by the homogeneous gain
broadening [14], [53]. Liu et al. demonstrate a bandwidth and
wavelength-tunable fiber laser with an intracavity FBG. Even
more, the pulse width can be accurately tuned from 7 to 150 ps
in this novel configuration [40]. However, these researches are
more concentrated on 1 μm and 1.5 μm band. Yan et al. demon-
strate widely tunable Tm-doped mode-locked fiber lasers and it
verifies that nonlinear polarization evolution (NPE) effect is an
effective technique to achieve widely mode-locked fiber laser at
2 μm band [20], [21].

In the experimental setup of Fig. 1, a segment of 3.1 m polar-
ization maintaining fiber (PMF) is inserted between the polar-
izer and PC1 [54]. Therefore, a birefringence Lyot filter can be
consisted of PMF, polarizer and PC1. In order to obtain wider
gain region, a 7 m long TDF is introduced in this experiment.
Including the pigtails, the total cavity length is about 65 m. Bire-
fringence Lyot filter, as a comb filter, can be effectively used to
expand the tuning range of mode-locked fiber laser [55], [56].

The tunability of pulsing lasers results from the NPR structure
combining with two PCs, polarizer and pigtails of components.
When the light propagates through the polarizer, linearly polar-
ized light is formed. The angle between polarization direction
of the light and the fast axis of the pigtails comes to α1 as
light pass through PC1, and it alters to α2 as the light spreads
along fibers to PC2 due to the Kerr effect. Adjusting angles of
PC1 and PC2, α1 and α2 can be modified, so the loss of cavity
can be changed. The power transmission of the cavity is given
by [57]

T = cos2 α1 cos2 α2 + sin2 α1 sin2 α2

+
1
2

sin 2α1 sin 2α2 cos (ΔΦL + ΔΦN L ) (1)

here, ΔΦL and ΔΦN L are linear and nonlinear phase shift
between the polarization components, respectively, and they
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Fig. 6 (a) Mode-locked spectrum. (b) Tunable single-wavelength mode-
locked spectrum from 1835 nm to 1929 nm. (c) Pulse repetition rate of single
wavelength mode-locked output. (d) FWHM of single pulse.

can be expressed as

ΔΦL = 2πL(ny − nx)/λ (2)

ΔΦN L = 2πn2PL cos (2α1)/λAeff (3)

where nx and ny are refractive indices of fast and slow axes of
the birefringence fiber, respectively. L is the length of the bire-
fringence fiber. In the proposed fiber cavity, the birefringence
fiber consists of a SMF, pigtails of fiber components and a PMF
in the Lyot filter. λ is the operating wavelength, n2 is the non-
linear (Kerr) coefficient, P is the instantaneous power of light,
and Aeff is the effective fiber core area. In the equals, the peak
transmission can reach 100% when α1 and α2 are orthogonal.
SPM and XPM in cavity can cause phase shift of two orthogonal
polarization lights. The phase shift causes intensity modulation
on the cavity net gain. Stable mode-locking can occur at a par-
ticular wavelength in gain bandwidth of TDF under orthogonal
condition. If the angle between α1 and α2 is offset from 90°, the
mode-locking still exists but it becomes less stable with some
continuous-wave components. NPR can cause the variation of
intensity dependent loss at different wavelengths. This inho-
mogeneous loss can be used to alleviate the mode competition
induced by the homogeneous gain broadening of TDF and real-
ize tunable operation at both continuous-wave and mode-locked
state. The threshold of the mode-locked state is higher than that
of the continuous-wave state. Consequently, output spectrum of
the mode-locked pulse can be tuned by adjusting PCs to above
the mode-locked threshold.

Fixing pump power at 1 W, the laser can reach mode-locked
threshold. Further increasing pump power to 1.5 W, output spec-
trum broadens with about 20 nm full width at half maximum
(FWHM), and it is observed through an OSA with the resolution
of 0.05 nm as shown in Fig. 6(a). The spectrum presents Kelly
sidebands abundantly, which is the representative characteristic
of soliton in anomalous dispersion fiber lasers [58]. By adjust-
ing PCs attentively, the tunable mode-locked spectrum can be
observed, with center wavelength from 1835 nm to 1929 nm,

as shown in Fig. 6(b). As we know the tuning effect is resulted
from the inhomogeneous loss in the cavity by adjusting PCs.
The Lyot filter consisting of a PC and PMF can expend tun-
ing range because the comb filtering can reduce the self-start
threshold of continuous and mode-locked state. Therefore the
laser can oscillate at sideband of the ASE spectrum (1820–
1840 nm and 1920–1940 nm). The intensity and bandwidth of
spectrum reach maximum at about 1870–1890 nm during the
tuning process. It is resulted from the uneven gain spectrum
of TDF. Mode-locked state around center wavelength tends to
achieve higher intensity and wider bandwidth. Fig. 6(c) shows
that the pulse interval is 324.1 ns corresponding to the repetition
rate 3.085 MHz which is determined by the totally cavity length
of 65 m. The pulse width seems broader comparing with NPR
based passively mode-locked fiber laser pulses in 1.55 μm and
1 μm region. It is attributed to the strong anomalous dispersion
of the SMF for 2 μm band. The mode-locked laser pulses can be
compressed through administrating the net dispersion with dis-
persion compensating components. Pulse width of the tunable
mode-locked fiber laser is about 75 ps measured by an oscillo-
scope through a photo detector with the bandwidth of 10 GHz
in Fig. 8(d).

III. MODE-LOCKED TM/HO-CO DOPED FIBER LASER

BASED ON NALM

Nonlinear amplifying loop mirror is a straight forward exten-
sion of the nonlinear optical loop mirror (NOLM) and it can im-
prove the mode-locked fiber laser apparently due to its saturable
absorption and fast switching. Theoretically, NALM structure
can output femtosecond pulse [59], [60]. Recent years, NALM
passively mode-locking technology has been widely used in
ultra-short pulse fiber lasers. In the past decade, high power
pulse fiber lasers have been gradually improved by NALM struc-
ture and the popularity of all-fiber lasers. NALM structure can
produce new high power dissipative pulse laser types such as
dissipative soliton resonance (DSR) [61]–[63] and rectangular
noise-like pulse (NLP) [64]–[66]. The high energy dissipation
pulse with NALM structure relies heavily on the combined effect
of laser gain, loss, dispersion and fiber nonlinearity. It should
be noted that there is no polarization discrimination compo-
nent in NALM structure. Thus, a variety of vector pulses can
be observed in NALM mode-locked fiber laser according to
references [67], [68].

Mode-locked fiber lasers based on NALM in 1 μm and
1.55 μm region are often reported, just as our research work
about square-wave pulse at 1.55 μm [69]. However, mode-
locked square-wave pulse fiber lasers at 2 μm band with NALM
are seldom reported. Therefore, we have been studying mode-
locked fiber lasers based on NALM recently. In this section,
we would like to demonstrate our recent research works about
the square-wave mode-locked fiber laser at 2 μm band and its
characteristics.

A. Experimental Setup and Principle

The basic mode-locked fiber laser based on NALM structure
is shown in Fig. 7. In this experimentally setup, a segment of
4 m long thulium/holmium co-doped fiber (THDF, INO,
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Fig. 7. Configuration of mode-locked thulium/holmium co-doped fiber laser
based on NALM. THDF: thulium/holmium co-doped fiber; OC: optical coupler.

Fig. 8. Amplified spontaneous emission (ASE) of the THDF and TDF pumped
by 1570 nm laser with different pump power. Inset: ASE of the TDF under the
same pump condition with THDF.

TH-540) pumped bidirectionally by two fiber lasers operating
at 1570 nm through two 1570/2000 nm WDMs is spliced into
a fiber loop. Obviously, a typical thulium/holmium co-doped
fiber amplifier (THDFA) can be constructed.

As shown, NALM consists of the THDFA, a PC (PC1) and a
30 m SMF used to improve nonlinear effects. A unidirectional
fiber loop (UL) including an ISO and a PC (PC2) connects the
NALM by a 50/50 optical coupler. A 10/90 optical coupler is
used as output coupler, and 10% power is output meanwhile 90%
power is feedback. The ISO can ensure that the light transmits
in single direction in UL, and PC1 and PC2 can be used to adjust
the polarization state in NALM and UL respectively.

Total length of the intra-cavity fiber is about 46 m including
SMF, THDF, fiber devices and their pigtails. Both SMF and
THDF in the experiment are negative dispersion fiber at 2 μm
band, therefore, the laser can operate in a strong negative dis-
persion region. The output laser can be observed by an optical
spectrum analyzer for the output spectrum and the pulse se-
quence in time domain can be observed by an oscilloscope with
a photo detector.

In the experiment, the numerical aperture (NA) and cut-off
wavelength of the THDF are 0.019 and 1800 nm, respectively.
THDF has an absorption coefficient of 85 dB/m at 1570 nm. As
we know, longer wavelengths optical gain at 2 μm band can be
generated because THDF has higher pump efficiency than TDF.
Fig. 8 shows the amplified spontaneous emission (ASE) of 4 m
long THDF, and the insert figure shows ASE spectrum of 4 m

Fig. 9. (a) Mode-locked spectrum of fiber laser based on NALM. (b) Oscillo-
scope trace of mode-locked pulse sequence.

long TDF. In the experiment, we use the same pump powers,
obviously, the emission wavelength can be extended to longer
band and the pump efficiency can be improved due to higher
absorption efficiency of the THDF comparing with the TDF.

With low input power of NALM, it operates in the linear
regime, and a pulse coupled in at port1 is reflected and amplified
back to port1. No light emerges from port2. Since the THDFA is
placed at one end of the loop, the nonlinear refractive index n2
leads to a change in the optical path lengths for light propagating
clockwise and counter clockwise around the loop at high optical
input power and to phase changes of δφc and δφcc , respectively.
If the THDFA and the pulse lengths are shortly compared with
the total loop length, and the individual pulse does not saturate
the amplifier, the phase delays can be given by [70]

δφc =
π

λs
n2gIs0L (4)

δφcc =
π

λs
n2Is0L (5)

where Is0 is the signal intensity launched into port1, L is the
fiber length, λs is the signal wavelength, and g is the gain of
the THDFA. The reflectivity and transmittance of NALM can
be expressed respectively by the transfer matrix method

R =
1
2
[1 + cos(δϕc − δϕcc)] (6)

T =
1
2
[1 − cos(δϕc − δϕcc)] (7)

Therefore, according to the transmission characteristics,
transmissivity of the NALM can be enhanced with the increas-
ing of the incident light power, and reflectivity can be decreased
with the increasing of the incident optical power. Obviously,
NALM is a fast optical switch similar to the saturable absorber,
called like-absorber, and it can be used as an ultrafast mode-
locked device in fiber laser.

B. Noise-Like Square-Wave Pulses at 2 μm Band

Firstly, in the experiment, power of pump1 is enhanced gradu-
ally without pump2. When power of pump1 reaches 1 W, mode-
locked self-starting condition can be met due to the generation of
the saturable absorption effect in NALM. The output broadband
spectrum of the mode-locked fiber laser at 2 μm band is shown
in Fig. 9(a), the 3 dB bandwidth can be broadened to 15 nm. As
we know, the output spectrum of a typical mode-locked soliton
pulse must have Kelly sideband at the center peak wavelength.
However, it is easy to see that the mode-locked pulse spectrum is
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Fig. 10. Details of square-wave pulse at 2 μm band with the pump2 from
250 mW to 1W. (a) Waveform. (b) Single pulse energy and peak power.

very smooth, and we cannot observe any modulation sidebands
in spectrum of the mode-locked pulse laser. The smoother and
broader spectrum is the typical spectral characteristic of noise-
like pulse (NLP) [71] as shown in Fig. 9(a). Obviously, this
mode-locked laser pulse is a kind of NLP according to [72].

As we know, generation of NLP in the mode-locked fiber laser
needs higher pump power, therefore, normally it is difficult to
observe NLP fiber lasers in 2 μm region. In the experiment, due
to higher pump efficiency of the THDF, NLP can be observed at
2 W pump power. Fig. 9(b) shows the pulse sequence of mode-
locked fiber laser, the amplitude is balanced and round trip time
of the cavity is 0.227 ns corresponding to the 4.4 MHz repetition
rate.

Fig. 10(a) shows details of the mode-locked laser pulse at
2 μm band, and the shape of the pulse is approximately square-
wave. Then, power of pump2 is increased from 250 mW to 1 W,
and meanwhile, the pulse width in time domain can be extended
from 0.75 ns to 1.3 ns. Fig. 10(b) shows the variations of single
pulse energy and peak power. The single pulse energy changes
from 1.363 to 2.622 nJ with pump2 power increasing from 250
to 1000 mW. However, peak power of the pulse is always around
1.82 W and cannot be changed with the increasing of the pump
power. Although the top of this waveform cannot be as flat as
the square-wave pulse in our previous work in 1.55 μm region
[69], we can conclude that it must be a real square-wave pulse
at 2 μm band.

In our previous report on mode-locked fiber lasers at 1.55 μm
band, a square-wave noise-like pulse with pulse width of 1.5 ns
can be observed [69], and the back edges of the pulse is steeper
than the square-wave pulse in this experiment. As we know,
the back edge of the pulse is mainly composed of red shift
components (longer wavelength) in fiber, and the fiber has a
larger negative dispersion in 2 μm region than in 1.55 μm region.
Therefore, the propagation velocity of red shift components
in 2 μm fiber system is slower than that in 1.55 μm system.
Obviously, the square-wave pulse in 1.55 μm mode-locked fiber
laser has a steeper back edge.

Square-wave NLP has been reported in the study of mode-
locked erbium-doped fiber laser (EDFL) at 1.55 μm band for
the last three years, and it is the first time to our knowledge that
square-wave NLP in 2 μm region is observed.

Frequency spectrum of the square-wave mode-locked pulse
is shown in Fig. 11. The frequency spectrum is recorder from 0
to 50 MHz with the resolution of 200 kHz. The repetition rate of
mode-locked is 4.4 MHz corresponding to the cavity length of

Fig. 11. Corresponding RF spectrum. Inset: Fundamental frequency RF
spectrum.

Fig. 12. Differences between square-wave NLP and DSR. (a) Spectrum of
NLP. (b) Pulse profile of NLP. (c) Spectrum of DSR. (d) Pulse profile of DSR.

46 m. In addition, details of the fundamental frequency spectrum
are also shown in the inset figure with the resolution of 1 Hz.
More additional structure can be revealed with high resolution
and the side-mode suppression ratio (SMSR) is about 50 dB in
frequency range of 6.5 MHz and no sideband appears. Therefore,
we can conclude that noise of laser is relatively low.

As we know the specific autocorrelation trace with a spike
on each scanning curve is a common feature to judge the NLPs.
Here we cannot provide the autocorrelation trace, limited by
our experimental conditions. However we can judge the square
NLPs from the profiles of spectrum and pulse. The 3 dB spec-
trum in our experiment reaches 15 nm, as shown in Fig. 12(a).
For a conventional soliton pulse or DSR, such broad spectrum
bandwidth corresponds to hundreds or even dozens of fs pulse
width and it is impossible to be achieved in an all fiber 2 μm
band fiber laser with 44 m long cavity without any compression
mechanism, as silica fiber has a much strong negative disper-
sion than 1.55 μm. The NLPs are formed by discrete multiple
ultrashort pulses with ultra broad spectrum in a large number
previous reports. The unsmooth top and slanted back edge also
show the discrete distribution characteristics of NLPs, as shown
in Fig. 12(b). Actually, the squae-wave NLPs and DSRs can be
transformed from each other by carefully adjusting the PCs in
our experiment. The specific spectrums and pulse shapes are
shown in Fig. 12(c) and (d). The 3 dB spectrum bandwidth of
DSR is only 6nm and the DSR has a much steeper back edge,
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Fig. 13. Vector pulse emission fiber laser spectrum. Black line: the total laser
emission without passing through a polarizer. Red and Blue lines: the two or-
thogonal polarization components resolved with an external cavity polarization
beam splitter.

which are the main differences between the NLPs. In this paper
we only focus on the NLPs and more detailed analysis on DSRs
will be discussed in our following report.

In order to further observe the vector characteristics of the
square-wave NLP, we connect a polarization beam splitter (PBS)
at the output port to analyze pulse states of two orthogonal po-
larization directions of the square-wave pulse. A polarization
controller is inserted between the output port and the polariza-
tion beam splitter in order to balance the fiber pigtail induced
linear polarization rotation. The polarization resolved spectrums
of the square-wave pulse are shown in Fig. 13. It can be seen
that the spectrum bandwidth of the two orthogonal polarization
components is almost unchanged and the intensity decreases af-
ter PBS in comparison with the output pulse spectrum without
polarizer.

On the polarization resolved spectrum, there are peaks, the
other set of spectrum displays neither as a peak or a dip, between
the two orthogonal polarization components there is always a
peak-dip relationship. When the PCs in the cavity are adjusted,
the intensity of the peak and dip are slightly varied and the rela-
tionship cannot be broken, indicating the existence of coherent
energy exchange [73]. Additionally, there are dips in all the
three lines much deeper and narrower, the dips always locate
at the same wavelength and the depth hardly changes when ad-
justing the PCs. We deduce that the deeper dips are caused by
the absorption of water. Time-domain pulse traces of the two
orthogonal polarization components are presented in Fig. 14.
They have uniform and equal pulse amplitudes. Being different
from the polarization rotation vector pulse, the obtained pulses
have exactly the same polarization and it can remain unchanged
during propagation in the cavity. The results can prove that the
square-wave pulse has typical polarization-locked vector char-
acteristics [74].

C. Square-Wave Noise-Like Pulses With Multi-Pulse

When two pump powers are all at 1 W, a kind of square-
wave noise-like pulse with low intensity pulse bunches can
be observed by adjusting PC1 in the experiment, and the

Fig. 14. Oscilloscope traces of the pulse train in a polarization-locked vector
pulse operation state. Black line: the total laser emission without passing through
a polarizer. Red and Blue lines: the two orthogonal polarization components
resolved with an external cavity polarization beam splitter.

Fig. 15. (a) Mode-locked spectrum of fiber laser with multi-pulse. (b) Oscil-
loscope trace of mode-locked pulse sequence.

measurement spectrum is shown in Fig. 15(a). We can observe
typical wideband spectrum of square-wave noise-like pulses
without any sideband components, but some irregular burrs on
the spectrum can also be found. Fig. 15(b) shows the pulse se-
quence of time domain measured by an oscilloscope, obviously,
the interval of the pulses can maintain 0.227 ns. However, in
each round trip time, there are a series of lower intensity pulse
bunches adjacent to the left side of mode-locked square-wave
pulses. These pulse bunches only occupy a small part of resonant
round trip time in the time domain.

Fig. 16 shows the details of a single square-wave pulse and its
following pulse bunches in time domain observed by an oscil-
loscope with the sample rate of 100 GSa/s. These low intensity
pulse bunches are comprised of a large number of randomly dis-
tributed bound pulses, and they are accompanied by the mode-
locked noise-like pulse signal. Therefore, we can conclude that
these low intensity pulse bunches are operating at multi-pulse
mode-locked state with high pump power, and the repetition rate
is just corresponded to the repetition rate of the mode-locked
fiber laser. The generation of these multi-pulse bunches is re-
sulted from nonlinear effects in the fiber under the condition of
high pump power.
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Fig. 16. Details of square-wave pulse with multi-pulse.

Fig. 17. RF spectrum of the square-wave mode-locked pulse with multi-pulse
bunches. Inset: RF spectrum of the fundamental frequency.

However, the width of square-wave pulse is narrowed from
1.3 ns to 0.8 ns compared with Fig. 10 because the energy
of square-wave pulses is clamped by the multi-pulse bunches.
As we know, since the pulse bunches comprise several tens
of pulses and they have intra-cavity interactions, these mode-
locked multi-pulse belong to the category of multi-pulsing dy-
namics. Multi-pulsing is the typical result of conjunction of a
relatively strong pumping power with propagation in an anoma-
lous dispersive cavity. Intra-cavity pulses have erratic relative
motions, stabilize themselves at more or less random relative
positions, or distribute themselves regularly all along the cavity
[75]. These multi-pulse bunching is corresponding to the abil-
ity of several identical pulses to group themselves in a stable
and tight packet whose duration is much shorter than the cavity
round-trip time [76], [77].

Fig. 17 shows the corresponding frequency spectrum with the
resolution of 200 kHz, and the repetition rate of the mode-locked
NLP is still 4.4 MHz. Detail of the fundamental frequency spec-
trum is also shown in the inset of figure with the resolution of
1 Hz. We can see a large numbers of side-modes on both sides of
the center frequency, the SMSR is only 30 dB. The side modes
correspond to the frequency components of many low intensity
bound pulses, multi-pulse bunches, indicating that these pulses

have different group velocities. This characteristic can also be
shown by the property of the optical spectrum and the irregular
burrs on the spectrum as shown in Fig. 14(a).

Based on experimental results, we can conclude that the dy-
namics of the square-wave NLP with low intensity multi-pulse
bunches can be understood as an intermediate regime simi-
lar to a soliton rain [78]. In this intermediate regime, mode-
locked square-wave NLPs and continuous wave (CW) compo-
nents of comparable strength not only coexist but also interact
in a dramatic way [79]. With higher pump power, new pulses
form from a noisy background spontaneously. The existence
of a CW component is also known to mediate interactions be-
tween pulses, thus strongly affecting multi-pulsing dynamics
[80]–[82]. At high pump power, mode-locking is readily associ-
ated with multi-pulsing. We refer to this intermediate regime as
one of weak mode-locking, since low-intensity waves cannot be
as efficiently filtered out as they are in usual mode-locking. This
intriguing finding in our experiment, we intend to investigate in
depth through future experiments.

IV. CONCLUSION

In conclusion, we introduced mode-locked fiber lasers oper-
ating at 2 μm band based on NPR in previous research work and
NALM in recent research work. We also introduced the current
state of passively mode-locked fiber lasers at 2 μm band. In
our experiments of thulium-doped fiber lasers based on NPR,
high repetition rate of 1.78 GHz with combination of HML
and SESAM, and mode-locked pulse tuning range of 94 nm
can be observed. In this paper, a square-wave NLP at 2 μm
band based on NALM and a kind of square-wave mode-locked
pulse with low intensity multi-pulse bunches are observed and
analyzed. Mode-locked fiber lasers at 2 μm band have many
potential applications in radar, remote sensing, and free-space
optical communications. Future work will include further study
of the mode-locked pulse compression in 2 μm region.
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