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Abstract: We designed and investigated a passive synchronized mode-locked fiber laser. The device utilizes

a dual-cavity structure driven by the nonlinear polarization rotation (NPR) mechanism. Stable mode-locking

is  attained  by  synergistically  controlling  gain,  polarization  state,  and  optical  path  length  in  two  symmetric

sub-cavities.  Experiments  proved  that  repetition  rate  of  the  sub-cavities  can  be  adjusted  via  the  time  delay

line (TDL) to achieve synchronized mode-locking. The system stably generates multi-wavelength pulses at a

single  repetition  frequency,  evidenced  by  multiple  spectral  peaks  and  equidistant  pulse  sequences.  These

findings  facilitate  the  development  of  high-performance  multi-wavelength  ultrashort  pulse  sources,  crucial

for optical communications, spectral analysis, and remote sensing.
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同步锁模光纤激光器中的多波长脉冲

吴　琼1，高　博1 *，周璐瑶1，文红琳1，乔飞鸿1，吴　冰1，徐　婷1，李　祁1，

李莹莹1，吴　戈2 *，刘　列1

（1. 吉林大学 通信工程学院, 吉林 长春 130012；
2. 吉林大学 电子科学与工程学院, 吉林 长春 130012）

摘要：本文设计并提出了一种被动同步锁模光纤激光器。该系统采用了双腔结构，并以非线性偏振旋转（NPR）机制作为

锁模方式。通过协同控制两个对称子腔内的增益、偏振和光程长度，实现了稳定的同步锁模。实验表明，通过时间延迟

线（TDL）可以调节子腔的重复频率，以此来实现同步锁模。实验结果揭示了多个光谱峰和等间距的脉冲序列，证实了在

单一重复频率下稳定的多波长脉冲生成。这些研究在光通信、光谱分析和远程传感等领域具有广泛应用，为开发高性能

多波长超短脉冲光源奠定了基础。
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1    Introduction

Passive  mode-locking is  a  cornerstone   tech-
nique for  generating  ultrashort  laser  pulses,  garner-
ing significant  research interest  and widespread ad-
option  in  fiber  lasers.  The  method  offers  inherent
advantages by enabling self-starting and stable pulse
operation through  intracavity  nonlinear  optical   ef-
fects,  negating  the  need  for  external  modulation[1].
Fiber  lasers  themselves  are  highly  sought  after  due
to  their  superior  beam  quality[2-3],  high  conversion
efficiency, compact structure, operational stability[4],
and  broad  wavelength  tunability.  Consequently,
they  find  extensive  application  in  industrial  cut-
ting[5],  laser  welding,  fiber-optic  communication,
and  medical  diagnostics[6].  The  domain  of  ultrafast
optics  and  precision  micromachining[7]  also  heavily
relies on passively mode-locked fiber lasers for their
ability  to  deliver  femtosecond  pulses  characterized
by high stability and ultrahigh peak power[8].  While
single-wavelength  systems  are  prevalent,  multi-
wavelength fiber lasers offer a distinct advantage by
generating  multiple  ultrashort  pulse  trains  within  a
single cavity.  This  capability  is  particularly  benefi-
cial for applications requiring parallel processing or
multi-band  operation.  Single-wavelength  lasers  are
limited  in  multi-tasking  scenarios,  as  they  cannot
simultaneously  support  multi-band  detection  or
multi-channel  communication,  and  their  narrow
spectral range  restricts  nonlinear  frequency  conver-
sion.  In  contrast,  multi-wavelength  synchronized
mode-locked fiber lasers enhance system efficiency
and  information  capacity  by  generating  temporally
aligned  pulses  at  multiple  wavelengths  for  precise
multi-band  signal  matching[9]. These  advanced   sys-
tems  exhibit  broad  application  prospects,  including
distributed  fiber  sensing  for  simultaneous  multi-
parameter measurement[10], wavelength-division mu-
ltiplexed  communications,  multi-parameter  spectral
analysis,  and  multi-band  LiDAR.  For  instance,  in
Raman spectroscopy,  they  can  simultaneously   ex-
cite vibrational peaks of different molecules, allow-

ing  rapid  identification  of  complex  samples[11-13].
Therefore,  research  into  multi-wavelength  syn-
chronized  mode-locked fiber  lasers  holds   substan-
tial scientific significance and practical value.

Recent  advancements  in  nonlinear  optics  and
fiber  materials  have  broadened  the  capabilities  of
passively  mode-locked  fiber  lasers.  Their  operation
now  extends  beyond  simple  single-wavelength,
single-pulse generation  to  complex  dynamical   re-
gimes.  Recent  key  studies  on  multi-wavelength
mode-locked fiber lasers have explored diverse cav-
ity  designs.  These  include Mach-Zehnder  interfero-
meter integrated single cavities and nonlinear ampli-
fying loop mirror-based configurations. However, a
persistent  challenge  across  many  current  appro-
aches  is  achieving  a  simultaneous  balance  between
repetition  frequency  stability  and  multi-wavelength
synchronization.  In  response,  recent  research  on
dual-wavelength fiber lasers has focused on innovat-
ive cavity designs and advanced demodulation tech-
niques, such  as  microwave  photonics.  These   ad-
vancements have  enabled  flexible  wavelength   tun-
ing, adjustable  repetition  rate  differences,  and   en-
hanced  detection  sensitivity.  Consequently,  these
dual-wavelength systems are finding significant ap-
plications in  sensing  and  spectroscopy.  These   ad-
vanced  systems  exhibit  multi-wavelength,  multi-
pulse  operation  with  high  stability[14-16].  Conse-
quently,  synchronized  mode-locking  research  has
advanced  on  two  distinct  fronts.  One  path  focuses
on  developing  novel  technical  approaches,  such  as
synchronization  using  ultrashort  pump  pulses  or
semiconductor  lasers  coupled  with  high-speed pho-
todetectors. The other  path  targets  performance op-
timization  through  refined  techniques,  including
pre-feedback  locking[17-19]. In  this  evolving   land-
scape, dual-cavity structures have emerged as a par-
ticularly promising strategy for synchronized mode-
locked fiber lasers[20-21].

Dispersion  critically  influences  multi-wave-
length pulse  stability.  It  governs  the  phase   evolu-
tion  and  energy  distribution  across  diverse  wave-
lengths. The interplay of normal and anomalous dis-
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persion dictates relative pulse broadening and com-
pression,  and  in  turn,  impacts  their  round-trip  loss
balance  within  the  cavity[22-23].  Conventional  single
cavity  designs  present  challenges  for  achieving
stable  multi-wavelength  synchronized  mode-lock-
ing[24].  In  contrast,  dual-cavity configurations   lever-
age cooperative effects between two resonators. The
strategy  enhances  gain  coverage  and  optimizes
mode matching.  However,  the  fundamental   syn-
chronization  mechanisms  and  their  link  to  multi-
wavelength pulse properties are not fully elucidated.
Moreover, the nonlinear polarization rotation (NPR)
mechanism,  while  effective  for  passive  mode-lock-
ing,  is  highly  sensitive  to  polarization  states.  This
necessitates  precise  adjustment  of  a  polarization
controller  (PC).  Such sensitivity renders the system
susceptible  to  environmental  perturbations,  both  of
which can degrade stability. The NPR mechanism is
based  on  fiber  nonlinear  birefringence[25-27].  For  the
dual-cavity laser in this study, adjusting the PC and
time  delay  line  (TDL)  can  control  the  NPR  effect,
which  is  crucial  for  achieving  stable  synchronized
mode-locking.

To overcome  these  obstacles,  this  work   intro-
duces  a  passively  synchronized  mode-locked  fiber
laser  featuring  a  dual-cavity structure.  We  meticu-
lously design  the  intracavity  gain  medium,   nonlin-
ear absorption  elements,  and  dispersion   manage-
ment  components.  Furthermore,  we  leverage  the
synchronization  and  mode-matching  mechanisms
between  the  two  sub-cavities  to  achieve  stable
multi-wavelength  synchronized  mode-locking.  The
study  systematically  investigates  the  underlying
mechanisms  and  control  strategies  for  multi-wave-
length  pulse  generation  in  these  systems.  It  offers
both theoretical  insights  and  experimental   valida-
tion.  Our findings contribute to  the development  of
high-performance multi-wavelength ultrashort pulse
sources. The proposed design introduces novel con-
cepts for achieving stable, synchronized operation in
fiber  lasers.  It  is  anticipated  to  benefit  applications
in ultrafast optics, optical communications, and pre-
cision spectroscopic measurements. 

2    Experimental setup

Fig. 1 (color online) illustrates the experiment-
al setup of the passively mode-locked fiber laser. It
employs  a  dual-cavity  configuration,  comprising
sub-cavity  1 and  sub-cavity  2.  The  dual-cavity  sys-
tem  consists  of  individual  branches  and  a  common
combining  path.  Sub-cavity  1 includes  a  980 nm
pump  source  (pump  1)  and  a  wavelength  division
multiplexer  (WDM1)  for  pump  coupling.  A  gain
fiber  (EDF-1)  provides  optical  amplification.  Sin-
gle-mode fiber (SMF-1) transmits the signal.  A po-
larization-dependent  isolator  (PD-ISO) ensures  uni-
directional propagation  and  suppresses  back   reflec-
tions. In contrast to sub-cavity 1, sub-cavity 2 incor-
porates a TDL. The TDL allows for precise control
of  optical  path  length.  It  facilitates  mode-matching
between  the  two  sub-cavities.  Mode  coupling  and
coordinated control of two sub-cavities are achieved
via  WDM3,  WDM4,  a  PC,  and  a  20%  output
coupler  (OC).  Passive  mode-locking  is  realized
through an  NPR  mechanism.  The  approach   by-
passes the  need  for  a  conventional  saturable   ab-
sorber (SA), relying on fiber nonlinearity and polar-
ization  evolution.  The  lengths  of  EDF-1,  EDF-2,
SMF-1,  and  SMF-2 are  4.5 m,  2 m,  4.25 m,  and
6.75 m,  respectively,  yielding  a  total  cavity  length
of 12 m. The net dispersion of sub-cavity 1 is about
−0.090 ps2,  and  that  of  sub-cavity  2 is  −0.113 ps2,
indicating  that  the  laser  operates  in  the  anomalous
dispersion regime.  Output  pulses  were   character-
ized  using  an  optical  spectrum  analyzer  (OSA),  an
oscilloscope (OSC), and a radio frequency analyzer
(RFA).

The unequal gain fiber lengths in the two sub-
cavities  lead to  differing net  dispersion values.  The
difference  results  in  a  variation  in  the  optical  path
lengths of the output light. Precise matching of this
path  length  difference  is  achieved  by  adjusting  the
TDL.  The  adjustment  equalizes  the  longitudinal
mode  spacing  between  the  two  sub-cavities,  thus
satisfying  the  fundamental  mode-locking  condition.
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Furthermore,  both  WDM3 and  WDM4 function  as
filtering components in this experiment. They merge
the  light  from  the  two  branches  into  a  single  path.
Their  specified  parameters  are  1 550 nm/1 570 nm,
maintaining  a  20 nm  bandwidth.  Concurrently,  the
PC cooperatively regulates the polarization states of
the two sub-cavities. This cooperation optimizes the
polarization  characteristics  of  the  different  wave-
length  modes.  The  optimization  further  enhances
the  synchronism  among  the  multi-wavelength  pul-
ses.
 
 

980 nm
pumpl

ISOWDM1EDF-1SMF-1

Sub-cavity1

WDM3 PC OC
80:20

WDM4

Output
Sub-cavity2

SMF-2 EDF-2 WDM2 ISO
TDL

980 nm
pump2

 

Fig. 1    Schematic diagram of a fiber laser with passive syn-
chronous mode-locking 

3    Experimental results  and   discus-
sion

We began  by  independently  characterizing  the
two sub-cavities, as seen in Fig. 2 (color online). For
sub-cavity 2,  pump  2 was  switched  on  and  its   out-
put power was set to 393 mW. The PC was adjusted
to  achieve  mode-locking,  and  the  output  per-
formance  was  measured.  Fig.  2(a)  shows  the  opti-
cal  spectrum  achieving  a  central  wavelength  of
1 548.87 nm,  exhibiting  a  3 dB  bandwidth  of
5.55 nm.  The  oscilloscope  trace  in  Fig.  2(b)  recor-
ded  a  72.7 ns  pulse  interval,  and  the  corresponding
repetition  frequency  of  13.75 MHz  is  plotted  in
Fig.  2(c).  Subsequently,  we  turned  off  pump  2 and
activated  pump  1 at  157 mW  to  characterize  sub-
cavity  1.  The  spectrum  shown  in  Fig.  2(d)  was
centered  at  1 567.53 nm  with  a  3 dB  bandwidth  of
4.65 nm. Fig.  2(e) displays the oscilloscope record-
ing with a 73.1 ns interval, and Fig. 2(f) depicts the
resulting  13.687 5 MHz  repetition  frequency.  The
results  indicate  that  the  optical  soliton  in Fig.  2(d),
with  a  central  wavelength  of  1 567.53 nm,  is  left-
right  asymmetric,  and  its  left  sideband  is  truncated
due to bandwidth limitation.
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Fig. 2    Outputs of sub-cavity 1 and sub-cavity 2. Sub-cavity 1: (a) optical spectrum; (b) pulse sequence measured by oscillo-
scope; (c) radio frequency (rf) spectrum with a span of 20 MHz. Sub-cavity 2: (d) optical spectrum; (e) pulse sequence
measured by oscilloscope; (f) RF spectrum with a span of 20 MHz

 

Following  independent  characterization,  pump
1 and  pump  2 were  simultaneously  activated.  The
power of pump 1 was adjusted to 157 mW, and the
power of pump 2 was adjusted to 393 mW. Adjust-
ing  the  PC  successfully  induced  mode-locking  in
two  sub-cavities. The  resulting  output   characterist-
ics  were  then  measured,  which  are  indicated  in
Fig. 3 (color online).  As illustrated in Fig. 3(a),  the
combined optical  spectrum shows two distinct  cen-
ters: 1 548.91 nm and 1 567.86 nm. The correspond-
ing 3 dB bandwidths were measured as 5.29 nm and
2.56 nm. The oscilloscope trace in Fig. 3(b) reveals
a  periodic  pulse  sequence,  yet  the  intra-pulse  spa-
cing  is  irregular.  The  observed  time  intervals  are

72.7 ns  and  73.1 ns.  Fig.  3(c)  displays  the  RF  spe-
ctrum  spanning  25 MHz,  while  Fig.  3(d)  shows
a  zoomed-in  view  spanning  0.5 MHz.  The  repeti-
tion  frequencies  observed  are  13.75 MHz  and
13.687 5 MHz. The repetition frequencies match the
individual  outputs  of  the  two  sub-cavities,  with  a
difference  of  0.062 5 MHz between  them.  The   fre-
quency discrepancy  arises  directly  from  the   inher-
ent,  slight differences in the physical lengths of the
two  sub-cavities.  Consequently,  the  time  intervals
are unequal.  The disparity confirms that  the system
operates  in  an  asynchronized  mode-locked  state
within the combined resonator.
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Fig. 3    Asynchronized mode-locked output of the laser. (a) Optical spectrum; (b) pulse train measured by an oscilloscope; (c)
RF spectrum with a span of 25 MHz; (d) RF spectrum with a span of 0.5 MHz

 

In the dual-cavity structure, minor optical path

length  differences  between  the  sub-cavities  lead  to

small discrepancies in their pulse repetition frequen-

cies. By adjusting the TDL in sub-cavity 2, its time
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interval  and repetition frequency are regulated.  The
axis spans in all figures are consistent, allowing for
direct comparison of  the  repetition  frequency  inter-
val.  The  RF spectrum consistently  shows a  peak  at
13.687 5 MHz across  figures,  indicating that  the re-
petition  frequency  of  sub-cavity 1 remains   un-
changed  at  13.75 MHz.  Fig.  4(a)  (color  online)
shows  the  output  repetition  frequency  when  the
TDL is set to 0 ps, at which point the repetition fre-
quency of sub-cavity 1 is 13.75 MHz, and the differ-
ence  between  the  repetition  frequencies  of  the  two
sub-cavities  is  0.062 5 MHz.  The  state  represents
an  asynchronized  mode-locked  state.  As  shown  in
Fig.  4(b)  (color  online),  increasing  the  TDL  to

300 ps  shifts  the  repetition  frequency  of  sub-cavity
2 to 13.687 5 MHz. The frequency domain then ex-
hibits a single, narrow-linewidth peak, signifying to
the  synchronized  mode-locked  state.  As  shown  in
Fig.  4(c)  (color  online),  further  increasing the  TDL
to 600 ps causes the repetition frequency of sub-cav-
ity 2 to decrease to 13.625 MHz. The frequency dif-
ference  becomes  0.062 5 MHz.  This  re-establishes
an  asynchronized  mode-locked  state.  At  a  TDL  of
650 ps, as shown in Fig. 4(d) (color online), the re-
petition  frequency  of  sub-cavity  2 further  drops  to
13.615 MHz. The frequency difference between the
two sub-cavities expands to 0.072 5 MHz.
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Fig. 4    (a)-(d) The changes in the RF spectrum as the TDL in sub-cavity 2 is adjusted; (e) variation of the repetition frequency
of sub-cavity 2 with the change in the TDL

 

We now elaborate  on  the  physical  mechanism
responsible  for  the  temporal  alignment  of  pulses
from  the  two  sub-cavities,  which  is  achieved
through optical  path  matching.  This  process   in-
volves  analyzing  the  relationship  between  optical

path adjustment induced by the TDL and longitudin-
al  mode  synchronization.  The  longitudinal  mode
spacing of  a  fiber  laser  cavity  is  fundamentally  de-
termined by the cavity length. The governing equa-
tion is given by:
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∆ f =
c

2nL
, （1）

∆ f

c

n

L

where    is  the  repetition  frequency  difference
between the two sub-cavities，  is the speed of light
in vacuum,   is the effective refractive index of the
fiber, and   is the cavity length difference between
the two sub-cavities. For sub-cavity 1, which main-
tains  a  fixed  length,  its  longitudinal  mode  spacing,
remains  constant  at  approximately  13.687 5 MHz.
As  the  TDL  varies,  the  resonant  cavity  transitions
between  asynchronized  and  synchronized  mode-
locked  states.  The  repetition  frequency  of  sub-
cavity  2 continuously  decreases  with  increasing
TDL,  exhibiting  a  linear  relationship,  as  shown  in
Fig.  4(e)  (color  online).  The  frequency  difference
between  the  two  sub-cavities  initially  decreases,
reaches a minimum at synchronization, and then in-
creases again.  The TDL is  crucial  for  mode match-
ing within the resonator cavity. Precise TDL adjust-
ment accurately  aligns  the  longitudinal  mode   spa-
cing  of  both  sub-cavities.  It  ensures  synchronized
oscillation  of  multi-wavelength  pulses.  Improper
TDL  adjustment  leads  to  dual-cavity mode   mis-
match.  The  mismatch  degrades  the  synchronization
of multi-wavelength pulses and can trigger unstable
phenomena like mode hopping.

Pump  powers  for  sub-cavity  1 and  sub-cavity
2 were  set  to  157 mW  and  393 mW,  respectively.
By  tuning  the  TDL  to  300 ps,  the  entire  resonator
reached  synchronized  mode-locking  and  the  output
power  was  18.7 mW. Fig.  5(a) (color  online)   illus-
trates  the  synchronized  mode-locked  spectrum.
It  displays  two  peaks  at  center  wavelengths  of

1 549.08 nm  and  1 567.52 nm, with  3 dB   band-
widths  of  4.55 nm  and  4.28 nm,  respectively.  The
observation  confirms  stable  multi-wavelength  syn-
chronized  mode-locking.  The  oscilloscope  trace  in
Fig. 5(b) (color online) records a constant pulse in-
terval  of  73.1 ns,  indicating  precise  optical  path
matching  in  the  dual-cavity configuration  and   suc-
cessful synchronization. In the synchronized regime,
balanced gain across the two wavelength channels is
evident.  Cooperative  gain  dynamics,  coupled  with
PC  tuning  in  the  dual-cavity,  effectively  mitigated
output  intensity  imbalance.  Compared  with  the
asynchronized state, the synchronized pluses exhib-
it more  regular  spectral  peaks  and  temporally   peri-
odic  structures.  The  experimental  results  indicate
that the TDL exerts no adverse effect on the laser’s
stability  under  the  tested  conditions.  These  results
demonstrate  that  the  dual-cavity  structure  sustains
stable  multi-wavelength  synchronized  mode-locked
operation  through  gain  cooperation,  path  matching,
and  polarization  management.  Although  both  our
system  and  other  recent  dual-cavity  mode-locked
fiber lasers produce dual-wavelength pulses, our ap-
proach offers  significantly  enhanced  repetition   fre-
quency stability. Specifically, our system achieves a
remarkably low variation of ±0.005 MHz. A distinc-
tion  further  lies  in  the  mode-locking  mechanism.
While the systems (in References [18, 20], and [21])
employ  external  saturable  absorbers,  our  proposed
design  leverages  NPR.  This  SA-free  configuration
inherently simplifies the overall system architecture
and critically improves long-term operational stabil-
ity.
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Fig. 5    Synchronized mode-locking of a fiber laser. (a) Optical spectrum; (b) pulse sequence measured by oscilloscope
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4    Conclusion

This  study  investigates  passively  mode-locked
fiber  lasers  employing  a  dual-cavity  structure.  Our
primary  focus  was  realizing  synchronized  mode-
locking  and  characterizing  multi-wavelength  pulse
generation.  Through  the  integration  of  an  NPR
mechanism, coupled with precise tuning of both the
TDL and  PC,  we  achieved  stable  multi-wavelength
synchronized  mode-locking.  The  observation  of
multiple  spectral  peaks  confirms  multi-wavelength
oscillation.  Concurrently,  the  equally  spaced  pulse
sequence at  a  single  repetition  frequency   demon-
strates  precise  optical  path  matching  and  balanced
gain  within  the  dual-cavity  design.  These  findings
highlight  the  dual-cavity  structure’s  capability.  It
enables  robust  generation  of  multi-wavelength syn-
chronized  mode-locked pulses.  Such  success  is   at-

tributed to synergistic gain management, refined op-
tical  path  control,  and  optimized  polarization.  The
approach  offers  significant  advantages.  It  enhances
transmission  capacity  by  expanding  wavelength
channels.  Furthermore, it  mitigates inter-symbol in-
terference  through  the  generation  of  ultrashort
pulses. It also improves the efficiency and precision
of wavelength-division multiplexing. Consequently,
this work  presents  a  promising  strategy  for   advan-
cing  high-capacity and  stable  optical   communica-
tion systems.  Despite  these  advancements,  the   cur-
rent system retains inherent limitations.  A key con-
straint  is  its  restricted  scalability  beyond  dual-
wavelength  operation.  Extending  to  more  wave-
lengths  inevitably  induces  severe  mode  competiti-
on,  driven  by  the  homogeneous  broadening  of  the
gain  fiber  which  tends  to  suppress  weaker  spectral
components. Further  optimization  remains   neces-
sary.
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