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We present for the first time, to the best of our knowledge, the
pump-power-controlled, all-polarization-maintaining (all-
PM), all-fiber configured, wavelength-tunable mode-locked
fiber laser in the L-band (1565 to 1625 nm). A tuning range
over 20 nm (1568.2 to 1588.9 nm) is attained simply by vary-
ing the pump power between 45 and 115mW. Our work
represents the first demonstration of wavelength tuning in
all-PM configured nonlinear polarization evolution (NPE)
lasers. The non-mechanical and electrically controllable tun-
ing method offers ease of use and cost efficiency within
an advanced all-PM, all-fiber design, indicating promising
adaptability to diverse wavelength bands.
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Wavelength-tunable mode-locked fiber lasers (MLFLs) have
attracted increasing attention, notably for their applications in
various fields such as optical spectroscopy [1], bio-imaging [2],
and optical sensing [3]. L-band (1565 to 1625 nm) tunable mode-
locked lasers expand the communication capacity [4] and emerge
as a valuable light source for optical coherence tomography [5]
and Raman scattering microscopy [6]. Through the second har-
monic generation, they can produce 800 nm pulses, providing
a compact substitute for bulky tunable Ti:Sapphire lasers in
microscopy [7,8]. Various approaches have been investigated
to achieve wavelength-tunable mode-locking in the L-band,
including spectrum filters [9], intracavity loss control [10], and
intracavity birefringence control [11]. Additionally, a soliton
self-frequency shift (SSFS) has also been utilized for wavelength
tuning via the adjustment of the injected pulse energy [12]. How-
ever, the non-polarization maintaining (non-PM) configurations
of these lasers render them susceptible to environmental pertur-
bations. The use of a polarization controller (PC) in the laser
cavity further compromises the repeatability and reliability, lim-
iting real-world applications. To overcome these issues, recent
work has employed an all-PM, all-fiber setup with a built-in
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fiber Lyot filter. Although this setup allows for temperature or
strain-controlled wavelength tuning, the tuning range is limited
to 7nm in the L-band [13,14].

In those studies, the mechanical and thermal tuning
approaches introduce complexity to the laser setup, while a
pump-power-controlled method offers a simplified and effi-
cient alternative, promising for high-speed wavelength tuning.
In 2023, an all-PM configured figure-9 mode-locked laser with a
tuning method of pump power control was reported [15], though
the laser was limited to a 5 nm tuning range and included free-
space optical components. As of now, there is no report of
L-band tunable mode-locked lasers featuring both a wide tun-
ing range, all-fiber, all-PM design and pump-power-controlled
tuning mechanisms.

In this Letter, we report the first pump-power-controlled,
L-band tunable MLFL in an all-PM, all-fiber configuration,
achieving a wide tuning range of 20nm from 1568.2 to
1588.9 nm by simply adjusting the pump power between 45 and
115 mW. The mode-locking mechanism is based on a nonlin-
ear polarization evolution (NPE) within all-PM fibers (PMFs),
where the light pulse’s polarization state evolves as it moves
through angle-spliced PMF segments [16]. To our knowledge,
our work marks the first experimental demonstration of pump-
power controlled tunable MLFL using NPE in all-PMFs. We
believe our work holds significant promise for adaptation across
various wavelength bands for diverse applications.

The experimental setup of our all-PM NPE MLFL is illus-
trated in Fig. 1, and all the fibers and components are the
PM types. A fast-axis-blocked PM tap isolating wavelength-
division multiplexing (PM-TIWDM) acts as a polarizer, a
WDM, an isolator, and a 10% output coupler. A 1.4-m-
length of the PM-EDF (Nufern ESF-7/125) is backward
pumped by a 980nm laser diode (LD) and serves as the
gain medium. The remaining fibers within the laser cavity
are PANDA PM fibers (Fujikura SM15-PS-U25A). A fast-
axis-blocked PM circulator (PM-CIR) functions as both a
polarizer and an isolator, ensuring unidirectional propagation
of the laser in the clockwise direction. The NPE structure


https://orcid.org/0009-0004-9285-3832
https://orcid.org/0000-0002-6474-8654
https://orcid.org/0000-0001-8809-0925
https://orcid.org/0000-0002-1583-0811
https://orcid.org/0000-0001-7140-6452
https://orcid.org/0000-0002-0593-3243
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OL.518882
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.518882&amp;domain=pdf&amp;date_stamp=2024-04-29

2434 Vol. 49, No. 9/1 May 2024/ Optics Letters

— 10%tap ~ 30°splice  90° splice
Mgl AW ——
& : 4
= PM-CIR
=
A~ ——e
PM-FRM
— 0.25m — ) M 4m

Fig. 1. Setup of the wavelength-tunable all-PM configured NPE
MLFL. The PMF segment lengths are 0.25 m (orange), 2 m (purple),
and 4 m (blue).

consists of a PM Faraday rotation mirror (PM-FRM), a PM-
CIR, and a 21-m-length of PMF in between. The 21 m PMF
within the NPE structure ensures an adequate modulation
depth and suitably low saturation power for mode-locking
[17].

The 21-m-length of the PMF comprises 10 segments, with
the specific length of each segment in meters marked by dif-
ferent colors in Fig. 1. The angles at which each adjacent fiber
segment is spliced vary as follows: there is one splicing angle of
30°, denoted in red, while the splicing angles for the remaining
segments are all 90° (marked in black). The angle splicing is
conducted using a splicer (Fujikura FSM-100P), ensuring that
the loss at each splice point remains below 0.05dB. The all-
PM configured NPE lasers, with their angle splicing carefully
managed, exhibit robust environmental stability [17,18]. The
total cavity length is estimated to be 50 m, yielding a net group
velocity dispersion of —1.03 ps? at 1550 nm, which indicates the
operation of the laser is in the soliton regime.

The NPE structure functions as an artificial saturable absorber
(SA) [19]. The 30° angle splicing splits the linearly polarized
light into two orthogonally polarized components along PMF
principal axes, each with different pulse energies. Through-
out the 21 m PMF round trip, pulse peaks and wings of both
light components experience varied nonlinear phase shifts due
to cross-phase modulation (XPM) and self-phase modulation
(SPM), resulting in different nonlinear evolutions in polar-
ization states. The PM-CIR, acting as a polarizer, applies a
polarization-dependent loss—higher on pulse wings and lower
at the peak—thereby enabling the NPE structure to function as
an effective artificial SA for mode-locking. The FRM rotates
the two light components’ polarization by 90°, ensuring they
travel an equal distance along each axis of the PMF during a
complete round trip, thus offsetting the birefringence-induced
walk-off [19].

The laser operates at room temperature without specific tem-
perature or vibration control, with the 21 m PMF in the NPE
section looped into circles of approximately 30 cm in diameter.
The laser self-starts in a multi-pulse mode at a pump power
of ~250 mW. Gradually lowering the pump power to ~115 mW
induces a transition to a stable single-pulse operation, yield-
ing an average output of ~80uW at a central wavelength of
1588.9 nm. The multi-pulsing during self-starting, similar to that
observed in the C-band PM NPE laser [20], may stem from the
transmission characteristics of the reflected configured NPE arti-
ficial SA, which exhibits low nonlinear transmission at reduced
pulse peak powers [19].

As the pump power decreases, the central wavelength
blueshifts toward shorter values, reaching its shortest at
1568.22 nm at ~45 mW pump power. Figure 2 depicts the laser’s
performance at the initial and final points of the tuning range.
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Fig. 2. Laser output characteristics: (a), (b) optical spectrum; (c),
(d) RF spectrum (RBW, 100 Hz); (e), (f) AC trace (after 5 m PMF)
at 1588.9 and 1568.2 nm, respectively.

The optical spectra, acquired by an optical spectrum analyzer
(Yokogawa AQ6370D), are depicted in Figs. 2(a) and 2(b). The
tuning range initiates at 1588.9 nm and concludes at 1568.2 nm,
with a full-width-at-half-maximum (FWHM) spectrum band-
width of 2.56 and 2.48 nm, respectively. The RF spectrum
shown in Figs. 2(c) and 2(d), is measured with a photodetector
(New Focus 1611) and an electrical spectrum analyzer (RIGOL
RSA3045), confirming high pulse stability with signal-to-noise
ratios (SNR) of 75 and 71 dB, respectively. The 3.9 MHz center
frequency aligns with the ~50 m cavity length. The autocorre-
lation (AC) trace of the output pulse after a Sm fiber pigtail
is captured by directly recording the original output with an
autocorrelator (Femtochrome FR 103XL) and an oscilloscope
(RIGOL MSO08104), configured in an average mode with 16
times of averaging. Figures 2(e) and 2(f) show the estimated
pulse widths of 1.69 ps at 1588.9 nm and 1.692 ps at 1568.2 nm,
assuming a squared hyperbolic secant (sech?) profile. Given the
low pulse peak power, only the chromatic dispersion is consid-
ered for the output pulse propagation in the 5m PMF pigtail.
With a dispersion parameter of 23 ps/(nm-km) near 1.6 um [21],
the FWHM pulse width is estimated to broaden by 0.059 ps
at 1588.9nm and 0.057ps at 1568.2nm after 1 m of PMF
propagation. Thus, intracavity FWHM pulse widths are esti-
mated to be 1.395ps at 1588.9 nm and 1.407 ps at 1568.2 nm,
with time—-bandwidth products of 0.424 and 0.425, respectively,
indicating a slight chirp.

The L-band lasing is achieved through a gain profile shift
using a longer PM-EDF and lower pump power [17,22]. Fig-
ure 3(a) presents the center wavelength tuning spectra, with the
laser maintaining mode-locking across the 20 nm range. How-
ever, reducing the pump power below 40 mW leads to a loss
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Fig. 3. Laser tuning performance. (a) Optical spectra at different
pump powers; (b) center wavelength versus pump power; (c) FWHM
spectral width and the corresponding pulse width; (d) output average
power and intracavity peak power at different wavelengths.
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Fig. 4. Simulated overall phase difference at different pulse peak
powers; the red dashed line marks the assumed optimal phase
difference.

of mode-locking. Figure 3(b) illustrates a nonlinear relation-
ship between the center wavelength and the pump power, as
evidenced by a quadratic polynomial fitting with an R-square
(R?) of 0.98. This nonlinearity likely arises from variations in
the gain profile at different pump powers. In the NPE mode-
locking, the nonlinear phase accumulation depends on both the
pulse peak power and the center wavelength. The change in
pump power nonlinearly affects the pulse peak power, which
in turn influences the center wavelength. Figure 3(c) displays
FWHM spectral widths (2.3 to 2.66 nm) and pulse widths (1.38
to 1.5 ps) at different wavelengths. Given the minimal repetition
rate variation (0.03%) across the 20 nm tuning range, we con-
sider it constant for pulse power calculations. Figure 4(d) depicts
the output average power and estimated intracavity peak pow-
ers, suggesting a relative stable pulse output with only a 1.4%
standard deviation in average power throughout the tuning.

Our laser maintains mode-locking for a week at room tem-
perature without special isolation, showing strong resilience to
external disturbances. In the wavelength tuning repeatability
tests, we consistently observed a stable 20 nm tuning range by
pump power adjustment between ~45 and ~115 mW in each test,

Vol. 49, No. 9/1 May 2024/ Optics Letters 2435

indicating the laser’s robust reliability. Center wavelength vari-
ations, around 0.06 nm near 1589 nm and 0.4 nm near 1568 nm,
likely stem from pump power instability at lower currents,
suggesting potential improvements with more advanced laser
drivers and pump lasers. The low output power and efficiency
could be attributed to the EDF’s limited gain in the L-band, a
small output ratio, and high insertion loss of the CIR and FRM.
Enhancing the output power and repetition rates can be achieved
by minimizing intracavity losses, using couplers with higher out-
put ratios and shortening the PMF in the NPE structure [23]. The
tuning range could be broadened by optimizing EDF gain pro-
files [24], and the power stability is improved by shielding the
laser from ambient temperature and vibration turbulence.

The pump-power-dependent wavelength tuning does not orig-
inate from the EDF gain curve shift, while the gain peak typically
redshifts to longer wavelengths with decreasing pump power
[25]. However, in our laser, the center wavelength experiences
a blueshift to shorter values as the pump power reduces. Given
this is the first demonstration of wavelength tuning in the all-PM
configured NPE lasers, we present a plausible and reasonable
theoretical explanation for the observed phenomena. The wave-
length tuning is likely due to the mode-locking mechanism,
which is the NPE in our laser. Wavelength tuning is character-
ized by a shift from mode-locking at one wavelength to another.
This implies that both the original and new wavelengths meet the
criteria for effective mode-locking by the NPE, which is based
on the nonlinear evolution in the polarization state. Given that
the evolution depends on the overall phase difference between
the two orthogonal light components, it is suggested that a con-
sistent or similar overall phase difference is maintained across
both the original and new wavelengths. For a simplified anal-
ysis, we assume the overall phase difference between the two
light components is preserved throughout the tuning process
and focus on the center wavelength solely. The nonlinear phase
shifts of the two polarized components, accumulated via XPM
and SPM, are denoted as follows [20]:

2
©s = yL(|Es|2 + §|Ef|2)
] (1)
Yr = VL(|Ef|2 + §|E\'|2)7

where, the nonlinear parameter y = 27tn,/(1A,4), n, is the non-
linear refractive index, and A is the effective mode area. L
represents the fiber length. E; and E; denote the electrical ampli-
tudes of the light components along the slow and fast axes,
respectively. The ratio of E| to E; is determined by the 30° angle
splicing [26]. In our reflected all-PM NPE setup, both the two
light components travel equal distances along the PMF axes,
resulting in the same value of L and identical linear phase shifts
for each component. Therefore, any difference in their overall
phase is solely due to variations in the nonlinear phase shift. The
overall phase difference can be expressed as

2L, (|E|* - |E)
3 AAy

Ap=¢,— ¢ = (2

Given the 20 nm spectrum tuning range, the n, varies minimally,
allowing us to treat the factor (27tLn,/3) on the right-hand side
as constant during the tuning process. Under the assumption that
the overall phase difference (A¢) remains constant throughout
the wavelength tuning process, the factor ((|E,|* — |E;|*)/AA 4)
should also remain constant. Given that A 4 is proportional to A
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[27], in our analysis, we consider 14,4 to be proportional to A°.
Therefore, a reduction in pump power leads to a decrease in pulse
peak power, subsequently causing a reduction in (|E,|*— |E;|*).
This in return, results in a corresponding decrease in A, ensuring
the factor Ag remains consistent throughout the tuning process.
This mechanism likely accounts for the phenomenon observed
in the experiment, where the reduced pump power correlates
with a blueshift of the center wavelengths.

Figure 4 shows the simulated overall phase difference at var-
ious pulse peak powers. The key parameters include a splicing
angle of 30°, and a fiber length of 42 m. The nonlinear parame-
ter vy is treated as inversely proportional to A3, set at 2 W~'km™
at 1.55um [21]. To reflect experimental conditions, the simu-
lation’s pulse peak powers are set near the experimental values
at the initial and end wavelengths in the tuning process, being
145 and 140 W, respectively, and includes an additional set-
ting of 135W for demonstration. The A, corresponds to the
initial experimental wavelength at 1588.9 nm, and the optimal
phase difference (red dashed line) in the simulation is deter-
mined at this wavelength when the peak power is 145 W. Under
the assumption that a consistent phase difference (Ay) is kept
between the original and new wavelengths during the tuning,
the simulation yields a 19.5nm tuning range. This is calcu-
lated by A, minus A, as the pulse peak power decreases from
145 to 140 W, closely approximating the 20.7 nm tuning range
observed in the experiment. The center wavelength shifts from
A, to A3 as the pulse peak power reduces from 145 to 135W,
clearly indicating a blueshift trend in the center wavelength as
the pulse peak power decreases. Given the NPE effect’s key role
in tuning, our findings could extend to NPE-based lasers across
multiple wavelength bands.

In summary, we present the first L-band MLFL with an
all-PM, all-fiber setup, achieving over 20nm tuning range
(1568.2 to 1588.9nm) by adjusting the pump power between
45 and 115 mW. Our work marks the first wavelength tuning
in the all-PM configured NPE lasers, indicating adaptabil-
ity across various wavelength bands. Contrary to traditional
methods reliant on optical filters, loss control or birefringence
adjustment, our all-PM, all-fiber laser utilizes the pump-power-
controlled method, avoiding mechanical or thermal adjust-
ments for a robust, reliable, and cost-effective wavelength
tuning.
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