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ABSTRACT

An erbium-doped filtered mode-locked fiber laser is demonstrated in this
work. Mode-locked operation was achieved using the nonlinear amplifying
loop  mirror  (NALM)  technique  incorporating  a  filtering  effect.  The
proposed fiber laser employs a 1.8 m polarization-maintaining fiber (PMF)
in the NALM loop, yielding a free spectral range (FSR) of 3.6 nm. The high
birefringence of the PMF was utilized for optical filtering to construct the
fiber  laser.  Stable  filtered  soliton  pulses  were  obtained  with  a  central
wavelength of 1566 nm. Upon increasing the pump power to 304 mW and
precisely  adjusting  the  polarization  controller,  filter-induced  noise-like
solitons  centered  at 1562.6 nm  were  generated.  This  passively  mode-
locked  fiber  laser  features  a  simple  structure  and  stable  performance,
enabling switchable operation between two filtered soliton states, and thus
holds significant application potential in fields such as all-optical commu-
nication.

Keywords  Sagnac, filtered soliton, figure-9 fiber laser, erbium-doped
fiber laser
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 1   Introduction

Mode-locked fiber lasers have emerged as a highly effective
means  of  generating  stable  ultrashort  pulses,  owing  to
their  compact  structure,  high  efficiency,  and  superior
beam quality  [1].  Passively  mode-locked fiber  lasers  are
extensively  employed  in  a  variety  of  fields,  including
lidar  [2, 3],  fiber-optic  sensing  [4],  material  processing
[5],  and  medical  applications  [6, 7].  Current  passive
mode-locking mechanisms can be broadly classified into
two categories: material-based saturable absorbers [8, 9,
36] and artificial saturable absorbers.

Artificial  saturable  absorbers  can  be  implemented
through  various  technical  schemes,  including  nonlinear

polarization rotation (NPR) [10, 11], the nonlinear optical
loop mirror (NOLM) [12, 13], and the nonlinear amplifying
loop mirror (NALM) [14, 15]. Among these, NALM and
NPR  are  recognized  for  their  high  damage  threshold
[14], large modulation depth, and fast response time [16],
making  them  suitable  for  generating  high-performance
femtosecond  pulses  [17, 18].  In  2024,  Kitajima  et  al.
demonstrated  an  all-polarization-maintaining  figure-9
cavity erbium-doped fiber laser [17]. The integration of a
non-reciprocal phase shifter into the cavity enhances the
self-starting  capability  of  the  mode-locking  mechanism,
while the laser simultaneously exhibits high environmental
stability.  Compared  with  NPR,  passively  mode-locked
fiber  lasers  based  on  NALM  offer  distinct  advantages,
including full compatibility with polarization-maintaining
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systems  [14],  which  significantly  improves  the  overall
environmental  stability  [19].  Notably,  the  figure-of-nine
passively  mode-locked  fiber  laser  incorporating  an  inte-
grated  phase  shifter  [20]  enables  the  reliable  generation
of mode-locked pulses characterized by a high repetition
rate [21], narrow pulse width, and low noise [22]. More-
over, it achieves self-starting operation [23] and ensures
long-term  stability  [37],  thereby  providing  a  reliable
foundation for practical applications.

The  Sagnac  loop  is  based  on  the  Sagnac  effect  and
functions  as  a  filter  by  leveraging  the  phase  difference
generated between clockwise and counterclockwise prop-
agating  light  in  a  circular  optical  path  [24, 25].  It
features a simple and compact structure, flexibly tunable
filtering  characteristics  [26],  low  sensitivity  to  environ-
mental perturbations [27], and seamless integration into
all-fiber  systems  [28].  By  judiciously  designing  the
parameters of the Sagnac loop, such as the fiber length
and  coupler  splitting  ratio,  selective  transmission  or
reflection  of  light  at  specific  wavelengths  can  be
achieved, effectively suppressing noise and stray light in
the  spectrum  while  enabling  high-precision  spectral
shaping  and  wavelength  selection.  As  a  result,  it  holds
great  potential  for  applications  in  spectral  optimization
of ultrafast pulse fiber lasers [29], wavelength demodulation
in fiber-optic sensing systems [30], and channel selection
in optical communication systems [38].

In ultrafast pulse fiber lasers, a filtered soliton represents
a  distinct  pulse  regime  formed  by  the  interplay  among
filtering, fiber nonlinear effects, and dispersion. Its defining
characteristic  is  a  narrowed  pulse  spectrum,  which
enables  stable  propagation  in  both  the  time  and
frequency domains. In contrast to conventional solitons,
which are primarily shaped by dispersion and nonlinear-
ity,  filtered  solitons  are  predominantly  governed  by
filtering  effects  during  nonlinear  evolution.  Conse-
quently,  they  find  extensive  application  in  high-power,
narrow-bandwidth ultrafast pulse sources.

This  study  presents  an  erbium-doped fiber  laser  that
integrates  a  figure-9  cavity  with  a  Sagnac  loop.  By
exploiting the structural properties of the figure-9 cavity
based on a NALM and incorporating the filtering effect
of the Sagnac loop, we constructed a fiber laser capable
of  generating stable mode-locked pulses.  Leveraging the
high birefringence of polarization-maintaining fiber, optical
filtering of the mode-locked pulses was achieved, with an
operating threshold of 200 mW and an unlocking threshold
of  6  mW.  When  the  pump  power  was  reduced  to
20.6 mW, stable filtered soliton pulses were successfully
generated,  exhibiting  a  central  wavelength  of  1566  nm.
The laser yielded an output power of 7.173 mW, a repetition
rate of 13.5 MHz, a pulse interval of 74 ns, and a SNR
of 63 dB. Upon increasing the pump power to 304 mW
and further fine-tuning the PC, an evolving filtered soliton
pulse  was  generated.  The  resulting  filter-induced  noise-
like soliton exhibited a central wavelength of 1562.6 nm,

a 3-dB bandwidth of 9.8 nm, and an SNR of 52 dB. This
passively mode-locked fiber laser features a simple device
structure, stable output characteristics, and holds signif-
icant potential for engineering applications in fields such
as all-optical communication systems.

 2   Experimental setup and principle

A  schematic  of  the  proposed  figure-9  passively  mode-
locked  fiber  laser  based  on  a  Sagnac  loop  is  shown  in
Fig.  1.  The  resonator,  designed  with  consideration  of
modulation depth and threshold pump power, consists of
a NALM and a linear arm, which are interconnected via
a  2×2  optical  coupler  (OC)  with  a  coupling  ratio  of
70:30.  The  NALM loop,  located  on  the  left  side  of  the
OC,  comprises  a  3.5  m  erbium-doped  fiber  (EDF),  a
polarization-maintaining phase shifter (PS), a PC, and a
wavelength-division  multiplexer  (WDM).  The  PC  is
utilized to adjust the polarization state and phase of the
light, whereas the PS introduces a fixed π/2 phase shift.
A 976 nm laser diode serves as the pump source and is
coupled into the cavity via a 976/1550 nm WDM. The
pigtail  of  the  polarization-maintaining  PS  is  a  1.8  m
PM1550  polarization-maintaining  fiber,  and  a  NALM
loop  incorporating  a  Sagnac  filtering  effect  is  thereby
established.  All  other  component  pigtails  are  single-
mode  fibers  (SMF-28e).  On  the  right  side  of  the  2×2
OC,  a  fiber  mirror  connected  to  the  70%  port  reflects
approximately  98%  of  the  light  back  into  the  cavity,
while  the  remaining  30%  port  functions  as  the  laser
output. The group velocity dispersion (GVD) parameters
of  the  EDF  and  SMF  are  12  ps2/km  and –23  ps2/km,
respectively, and the total cavity length is approximately
15 m.

An optical spectrum analyzer (Anritsu MS9710C) was
used  to  observe  the  real-time  changes  in  the  center
wavelength  and  spectral  width  of  the  laser  pulses,  as
well as to record and collect the spectral data. A 1 GHz
digital  oscilloscope  (Rigol  DS6104)  was  employed  to
observe  the  variation  in  the  output  pulses  and
record/collect  data on pulse  trains  and single  pulses.  A
6 GHz RF analyzer (Rohde & Schwarz FSC6) was used
to  detect  the  repetition  rate  of  the  intracavity  pulse
signals to monitor the stability of the output pulses.

In  the  filter  spectrum,  the  wavelength  interval
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Fig. 1  Schematic diagram of the laser experimental setup.
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between two adjacent valleys — calculated as the difference
between  their  corresponding  wavelengths  —  represents
the free spectral range (FSR) of the filter. It is expressed
by Eq. (1) [31]:
 

FSR =
λ2

BL
, (1)

λ

where B is the birefringence of the polarization-maintain-
ing fiber, L is the length of the polarization-maintaining
fiber, and  is the operating wavelength of the filter.

∆φ

The  Sagnac  loop  in  this  fiber  laser  acts  as  a  filter,
enabling the fine filtering of the pulse spectrum passing
through the ring cavity. When the pulse travels through
the PMF, the phase delay accumulated by adjusting the
intracavity  polarization  state  via  the  PC  is  denoted  as

:
 

∆φ =
2πBL

λ
. (2)

3.77× 10−4

In  our  experiment,  the  birefringence  of  the  PMF  is
, and the length of the PMF is 1.8 m.

JOC

The Sagnac filter in the experiment was composed of
a  2×2  OC with  a  70:30  splitting  ratio,  PC,  and  PMF.
Without  considering  the  inherent  loss  of  the  device
itself, the Jones matrix expression for the OC is denoted
as [32]:
 

JOC =

(√
1− k i

√
k

i
√
k

√
1− k

)
, (3)

where k is  the  coupling  coefficient  of  the  OC  with  the
value of 0.7.

Based  on  Eqs.  (1)  to  (3)  and  combined  with  the
parameters  of  the  components  used  in  the  fiber  laser
construction  process,  the  overall  transmittance  function
of this fiber laser can be derived as follows:
 

T = (1− k)
2
+ k2R2 + 2k (1− k)Rcos

(
∆φ+

π
2

)
,

(4)

π
2

where R represents  the  reflectivity  of  the  fiber  mirror
with  the  value  of  0.98,  and  is  the  fixed  phase  shift
provided by the phase shifter.

When  the  pulse  enters  the  Sagnac  loop  through  the
2×2 OC, the laser propagates in clockwise and counter-
clockwise  directions.  After  passing  through the  PC and
PMF separately, the lasers from the two directions enter
the OC again, resulting in interference. Numerical simu-
lations  were  conducted,  and  the  relationship  between
transmittance and wavelength is shown in Fig. 2. When
the  coupling  ratios  are  0.5,  0.6,  0.7,  0.8,  and  0.9,  the
transmittance exhibits periodic oscillations with changes
in  wavelength,  which  is  a  typical  interference
phenomenon.  It  can  also  be  observed  that  the  period
remains  unchanged  for  different  coupling  ratios,  as
shown in Fig. 2. This is because the period is determined
by factors such as the optical path difference of the loop
structure,  and  the  coupling  ratio  does  not  change  the
period.  From  0.5  to  0.9,  the  amplitude  of  the  extreme
points (peaks and valleys) of the transmittance changes
significantly.  When the coupling ratio  is  0.9,  the trans-
mittance curve is relatively flat, with a weak interference
effect  and  low  modulation  depth.  As k decreased,  the
oscillation  amplitude  of  the  transmittance  gradually
increased,  indicating  a  stronger  interference  effect  and
higher modulation depth.

Figure  3 shows  the  variation  in  transmittance  with
wavelength when the PMF lengths are 1.2, 1.5, 1.8, and
2.1 m. As the PMF length increased, the FSR gradually
decreased. The FSR is related to the optical path difference
of  the  Sagnac  loop,  and  the  optical  path  difference
increases with increasing PMF length. This is consistent
with Eq. (1), which shows the FSR is inversely proportional
to the PMF length. This conclusion is helpful for analyzing
the influences  of  the relevant PMF parameters  and the
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Fig. 2  Relationship between transmittance and wavelength
under different coupling ratios.
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Fig. 3  Relationship between wavelength and transmittance
for different lengths of PMF.
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coupling  ratio  of  the  OC on  the  Sagnac  loop  transmit-
tance.

 3   Experimental results and discussion

Under  standard  experimental  conditions  with  a  pump
wavelength  of  976  nm,  pulse  self-starting  was  achieved
at  a  pump  power  of  200  mW.  When  the  pump  power
was decreased to 20.6 mW, a stable filtered soliton was
formed; however, mode-locking was lost when the power
was further reduced to 6 mW. A 1.8 m section of polar-
ization-maintaining fiber (PMF) was integrated into the
nonlinear  amplifying  loop  mirror  (NALM)  to  form  the
Sagnac loop. Figure 4(a) presents the output spectrum,
which  exhibits  a  central  wavelength  of  1566  nm  and  a
free spectral range (FSR) of 3.6 nm. The high birefringence
of  the  PMF  induces  a  significant  phase  difference
between the fast and slow axis modes as light propagates
through the loop, resulting in high-contrast interference
fringes  and  sharp  spectral  sidebands. Figure  4(b)
presents the oscilloscope trace of the output pulse train.
The  measured  time  interval  between  adjacent  pulses  is
74 ns, corresponding to a fundamental repetition rate of
13.5  MHz,  which  agrees  well  with  the  cavity  length  of
15  m.  The  uniform  pulse  intensities  observed  on  the

oscilloscope  indicate  stable  pulse  operation. Figure  4(d)
presents the autocorrelation trace of  the output filtered
soliton.  Six  lower-intensity  peaks  are  symmetrically
distributed  on  either  side  of  the  central  peak,  which
exhibits a pulse width of 631 fs. The distances between
the central peak and the adjacent lower-intensity peaks
are 1.49 ps and 1.64 ps, respectively. The uniform bire-
fringence  distribution  in  the  PMF leads  to  linear  accu-
mulation of phase differences between the clockwise and
counterclockwise propagating waves, ultimately producing
symmetric  interference  fringes  in  the  frequency  domain
at the coupler. According to the Fourier transform duality
principle,  such symmetric  frequency-domain modulation
corresponds to symmetric sidelobe structures in the time
domain. The filtering process disrupts the Fourier trans-
form symmetry, causing the time-domain pulse to deviate
from  the  standard  sech2 shape  and  potentially  exhibit
features  such  as  steep  edges  or  trailing  tails.  The
symmetrically distributed low-amplitude peaks represent
temporal sidelobes induced by the filtering effect. These
structures are not independent solitons but rather inherent
sidelobe features of the same filtered soliton pulse, with
their symmetry arising from the modulation characteristics
of  the  Sagnac  filter  in  the  frequency  domain.  Further
analysis of the RF spectrum, shown in Fig. 4(c), reveals
a SNR of 63 dB, confirming that the proposed fiber laser
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Fig. 4  Output  pulse  characteristics  of  the  Sagnac  loop  with  a  1.8  m  PMF. (a) Spectrum; (b) Pulse  train; (c) Radio
Frequency spectrum; (d) Autocorrelation curve.
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operates  stably  with  excellent  mode-locking  perfor-
mance.

A  filtered  soliton  is  a  type  of “non-ideal  soliton”
formed by introducing an additional filtering mechanism
based on the formation conditions of traditional solitons.
When the seed pulse propagates in the cavity, the high-
frequency  or  low-frequency  components  at  the  edges  of
its  broad  spectrum  are  truncated,  and  the  spectrum  is
narrowed  into  a  shape  within  the  filtering  bandwidth.
As  the  filtered  pulse  continues  to  propagate,  the  SPM
effect attempts to broaden the spectrum again; however,
the filter truncates the newly generated edge components
once more during the next round trip [33]. This process
is  repeated,  and  the  stability  condition  shifts  from  the
GVD-SPM  balance  to  the  GVD-SPM-filtering  triple
balance,  where  filtering  becomes  a  key  factor  in
suppressing  spectral  broadening  and  maintaining  pulse
stability.

To verify the temporal stability of the proposed mode-
locked  fiber  laser,  the  central  wavelength  and  output
power were recorded every 10 minutes at a pump power
of  20.6  mW,  as  shown  in Fig.  5(a).  Over  a  50-minute
period, the central wavelength and output power varied
by only  0.6  nm and 0.003  mW, respectively,  indicating
no  significant  fluctuations  and  confirming  stable  pulse
operation.  The  PC  in  the  cavity  was  held  at  a  fixed

rotation  angle  while  the  pump  power  was  gradually
increased  in  30  mW increments. Figure  5(b)  illustrates
the  spectral  evolution  as  the  pump  power  was  raised
from 174 mW to 278 mW. Throughout this power range,
the spectral sidebands remained largely unchanged, indi-
cating that the cavity maintained a stable state with no
substantial alterations in gain characteristics or intracavity
optical  conditions.  This  observation  underscores  the
robustness  of  the  laser  design  against  environmental
variations. As shown in Fig. 5(c), with the pump power
increasing from 174 mW to 278 mW, the pulse width of
the central  peak remained essentially  constant,  and the
temporal  separation  between  the  central  peak  and  the
two  low-intensity  side  peaks  also  stayed  nearly
unchanged. These results confirm that the system operated
in  a  stable  mode-locked  soliton  regime.  Within  this
specific power range, increasing the pump power primarily
enhanced  the  pulse  energy  and  peak  power,  while  the
pulse  width  remained  constant,  leading  only  to  an
increase in the intensity of the side lobes. The invariant
temporal  separation  between  the  side  peaks  and  the
central peak is attributed to the fact that this spacing is
determined by the cavity round-trip time, which is inde-
pendent of the pump power.

When  the  pump  power  was  increased  to  291.6  mW,
the  output  spectrum  evolved  as  the  PC  was  adjusted.

 

1584
(a) (b)

(c)

7.194

7.161

7.128

1576

1568

0 1450

−20 −10 0 10 20

1.0

0.5 182

208

234

260
286

0.0
1500 1550 1600 165010 20

Time (min)

Time (ps)

W
av

el
en

gt
h 

(n
m

)

Wavelength (nm)

In
te

ns
ity

 (a
.u

.)

1.0

0.5

0.0In
te

ns
ity

 (a
.u

.)

Pu
m

p 
(m

W
)

182

208

234

260
286

Pu
m

p 
(m

W
)

O
ut

pu
t p

ow
er

 (m
W

)

30 40 50

 
Fig. 5  Output stability of the Sagnac-Filtered pulses with a 1.8 m PMF. (a) Stability measurement of central wavelength
and output power; (b) Evolution diagram of spectrum with pump power; (c) Evolution of autocorrelation trace with pump
power.
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Specifically,  as  the  PC  was  progressively  rotated  from
position PC1 to PC6, the spectrum transitioned from a
sharp  sideband  profile  to  a  smoother  distribution,  as
illustrated in Fig. 6. This behavior arises because adjust-
ments to the PC alter the polarization state within the
resonant  cavity.  Consequently,  the  loss  experienced  by

certain polarization modes  may decrease,  while  the loss
of  others  may  increase  due  to  polarization-dependent
attenuation. This redistribution of loss leads to a shift in
the dominant polarization mode, ultimately resulting in
the observed evolutionary states of the filtered soliton.

At a pump power of  304 mW, fine-tuning of  the PC
resulted  in  the  generation  of  a  filter-induced  noise-like
soliton.  Mode  locking  was  maintained  until  the  pump
power  was  reduced  to  200  mW,  at  which  point  it  was
lost. Figure  7(a)  shows  the  optical  spectrum  of  the
output noise-like soliton, which features a central wave-
length  of  1562.6  nm and  a  3-dB  bandwidth  of  9.8  nm.
The  oscilloscope  trace  presented  in Fig.  7(b)  reveals  a
pulse interval of 74 ns, corresponding to a fundamental
repetition rate of 13.5 MHz and a cavity length of 15 m.
The RF spectrum in Fig. 7(c) displays a SNR of 52 dB,
confirming  stable  mode-locked  operation. Figure  7(d)
presents  the  autocorrelation  trace,  which  features  a
broad  pedestal  with  a  width  of  41.2  ps  and  a  narrow
coherent peak superimposed upon it. Fitting the coherent
peak yields a pulse width of approximately 305 fs. At an
elevated pump power of 304 mW, the intracavity gain is
significantly enhanced, and SPM becomes the dominant
nonlinear  effect.  This  substantially  broadens  the  spec-
trum,  obscuring  the  periodic  sidebands  induced  by  the
Sagnac  filter  and resulting  in  a  continuous  and smooth
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Fig. 7  Output Characteristics of filter-induced noise-like soliton. (a) Spectrum; (b) Pulse train; (c) Radio Frequency (RF)
spectrum; (d) Autocorrelation curve.
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spectral profile. Adjusting the PC alters the intracavity
phase  difference  and  polarization  states,  partially
suppressing  the  loss  for  specific  polarization  modes.
Consequently,  the  energy  originally  distributed  among
discrete  sidebands  merges  into  a  continuous  spectral
component,  eliminating  the  spectral  basis  necessary  for
forming  discrete  temporal  solitons.  According  to  the
Fourier  transform  duality,  a  continuous  and  smooth
spectrum corresponds not to discrete solitons in the time
domain but rather to a broad temporal pedestal. Owing
to  their  high  stability  and  superior  output  characteris-
tics,  filter-induced  noise-like  solitons  hold  significant
potential  for  applications  in  laser  precision  machining,
optical  communications,  spectroscopy,  and  biomedical
engineering.

Figure 8(a) illustrates the evolution of the laser spectrum
as  the  pump  power  is  increased  from  253  mW  to
384 mW. The polarization controller (PC) rotation angle
was held constant while the pump power was increased,
and  spectra  were  recorded  at  30  mW  intervals.  As
shown in Fig. 8(a), the spectrum becomes smoother with
increasing pump power, while its overall profile remains
unchanged, indicating that the cavity maintains a stable
mode-locked  state. Figure  8(b)  illustrates  the  central
wavelength  and  3-dB  bandwidth  of  the  output  pulses,

recorded at 10-minute intervals under a constant pump
power of 291.6 mW. Over a 50-minute period, the variations
in the central wavelength and 3-dB bandwidth were 0.2
nm  and  0.4  nm,  respectively,  demonstrating  the  stable
operation of the fiber laser. Table 1 compares the perfor-
mance  of  recently  reported  figure-9  mode-locked  fiber
lasers and Sagnac filters.

 4   Conclusion

This study proposes and experimentally demonstrates an
erbium-doped fiber laser that integrates a figure-9 cavity
with a Sagnac loop. By exploiting the structural properties
of the figure-9 cavity based on a NALM and incorporating
the  filtering  effect  of  the  Sagnac  loop,  stable  mode-
locked pulse generation was achieved. The high birefrin-
gence  of  the  polarization-maintaining  fiber  (PMF)
enables effective optical filtering, and the precise filtering
of  the  Sagnac  loop  results  in  strong  modulation  of  the
spectral  sidebands.  The  laser  exhibits  a  self-starting
threshold of 200 mW. At a pump power of 20.6 mW, a
stable filtered soliton centered at 1566 nm was obtained.
The  output  exhibited  a  repetition  rate  of  13.5  MHz,  a
pulse interval of 74 ns, and a SNR of 63 dB. The central
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Fig. 8  Output Characteristics of filter-induced noise-like soliton. (a) Evolution of spectrum with pump power; (b) Stability
measurement of central wavelength and 3-dB bandwidth.

 

Table  1 Data on figure-9 mode-locked fiber lasers and Sagnac filters in recent years.

Core structure Signal-to-noise
ratio (dB)

Pulse width
(ps) Stability Center

wavelength (nm) Ref.

Long Loop NALM + Sagnac filter 50 2.7 Power output within 60 minutes
±0.056 mW 1556.4 [19]

9-cavity + chromatic aberration
compensation 60 0.2-13.7 Not mentioned 1570 [34]

9-cavity + Sagnac filter 50 0.535 Power output within 120 minutes
±0.027 mW 1027 [21]

Sagnac filter 22.82 Not
mentioned

Central wavelength within 12 minutes
±0.068 nm 1562.744 [35]

Sagnac filter integrated 9-cavity
63 0.631 Power output within 50 minutes

±0.003 mW 1566
This
work

52 0.305 Central wavelength within 50 minutes
±0.2 nm 1562.6
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pulse width was measured to be 631 fs, with time sepa-
rations of 1.49 ps and 1.64 ps between the central peak
and  its  adjacent  side  peaks.  By  increasing  the  pump
power to 304 mW and finely adjusting the polarization
controller  (PC),  a  filter-induced  noise-like  soliton  was
generated, centered at 1562.6 nm with a 3-dB bandwidth
of 9.8 nm, an SNR of 52 dB, and a coherent peak width
of 305 fs. This passively mode-locked fiber laser features
a  simple  architecture,  robust  operational  stability,  and
the  capability  to  switch  between  two  distinct  filtered
soliton states. It holds significant potential for applications
in all-optical communication, signal processing, ultrafast
laser  processing,  supercontinuum  generation,  and  low-
coherence spectral measurements.
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