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A novel harmonic mode-locked fiber laser based on nonlinear multimode interference (NL-MMI) in a microfiber-assisted
ultrafast optical switch is proposed in this Letter. The microfiber-assisted ultrafast optical switch can be obtained by taper-
ing the splicing point of the graded-index multimode fiber (GIMF) and single-mode fiber, which not only helps to shorten the
self-imaging period in GIMF to relax the strict requirement of NL-MMI on the length of multimode fiber, but also improves
the harmonic order. In the experiment, with the waist diameter of ∼15 μm, the repetition rates of the fiber laser can be
stably locked at 285 MHz, corresponding to the 16th-order harmonic mode-locking, with the pulse duration of 1.52 ps. Our
results provide novel insight into the design of a high-repetition-rate laser and the application of microfibers in the mode-
locking device.
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1. Introduction

Ultrafast fiber lasers of high repetition rate are of interest
because of their potential application in various fields such as
optical communication, frequency measurement, nonlinear
optics, high-speed optical sampling, and data storage[1–5].
However, the repetition rate of the normal ultrafast fiber lasers
can reach several tens of megahertz (MHz). Passive harmonic
mode-locking (HML) is an effective way to the gigahertz
(GHz) repetition rate. Compared with active HML fiber
lasers[6–9], the advantages of passive HML are the compact
all-fiber structure and high signal-to-noise ratio (SNR)[10,11].
The ultrafast optical switch is the core device of the harmonic

mode-locked fiber laser, which is divided into artificial and real
saturable absorbers. Nonlinear polarization rotation (NPR) and
nonlinear optical loop mirror (NOLM) are the most commonly
used artificial ultrafast optical switching, which requires a
polarization state of an intracavity fiber[12,13]. The saturable
absorption mechanism of the real saturable absorber leads to
a low damage threshold, and the real saturable absorber also
requires the polarization state in the cavity[14–19].
Recently, mode-locking based on nonlinear multimode inter-

ference (NL-MMI) has drawn much attention[20]. This nonlin-
ear saturable absorption mechanism is realized by changing
the coupling efficiency from the multimode fiber (MMF) to

the single-mode fiber (SMF) by controlling the incident optical
power. This ultrafast optical switch realized by changing the
coupling efficiency not only does this independent of polariza-
tion state, but also has a high damage threshold. Mode-
locking based on NL-MMI has been successfully applied to tra-
ditional mode-locking, dissipative soliton mode-locking, and
Q-switching[21–26]. In the previous study of our group, this
method is also used to achieve HML by introducing 150 m long
SMF in the cavity[27]. However, the long cavity seriously affects
the stability of HML, and the precise control of the length of
MMF limits the mode-locking based on the NL-MMI[28–30].
In this Letter, a harmonic mode-locked fiber laser based on a

tapered single mode fiber–multimode fiber–single mode fiber
(SMS) ultrafast optical switch is proposed. By tapering the splic-
ing point between the MMF and SMF, the period of the self-
imaging point is reduced, and the dependence of NL-MMImode
locking on the length of MMF is eliminated. In addition, the
tapered SMS helps to improve the nonlinear coefficient in the
cavity and realize HMLwithout increasing the fiber in the cavity.
In the experiments, due to the limitations of the fusion splicer,
high-stability HML with a maximum harmonic order of 16, cor-
responding to a repetition frequency of 285 MHz and a pulse
width of 1.52 ps, is achieved with a minimum waist diameter
of 15 μm. This optical switch based on the tapered SMS provides
a new way to realize highly stable HML.

Vol. 20, No. 1 | January 2022

© 2022 Chinese Optics Letters 010601-1 Chinese Optics Letters 20(1), 010601 (2022)

mailto:jinliang@cust.edu.cn
https://doi.org/10.3788/COL202220.010601


2. Theoretical Considerations

The tapered SMS ultrafast switch is fabricated by sandwiching a
piece of graded-index MMF (GIMF) (0.1 m length, GI 50/125,
YOFC) between two standard SMFs (SM28e, YOFC). The taper-
ing is implemented at the splicing point between the GIMF and
SMF, as illustrated schematically in Fig. 1. The incident light
from SMF excites a number of high-order modes in the
GIMF, the interference of which form self-imaging points peri-
odically in the transmission orientation. The period between
adjacent self-imaging points Lπ is called beat length.
According to Mafi, the length of a GIMF is chosen exactly as

the half-beat length Lπ or L = nLπ , where n is an odd integer, and
the relative power transmission is at its minimum value for the
linear case. As the injected power increases, the relative power
transmission increases as well until it reaches its maximum
value. Therefore, lower power signals are attenuated, while
higher-power ones are transmitted through, resulting in a
power-dependent transmission, which means the proposed
SMF-GIMF-SMF configuration has the potential to work as a
saturable absorber for mode-locking fiber lasers. The beat length
Lπ can be obtained from the formula Lπ = πR=

�������

2Δ
p

[31], whereΔ
is the index step, and R is the core radius of the GIMF. By taper-
ing the GIMF, the beat length Lπ will be shortened as the GIMF
diameter decreases, as shown in Fig. 2(a), when the diameter of
the taper reaches 15 μm, the beat length Lπ is about 270 μm,
which is nearly three times shorter than that of the taper waist
with the diameter of 40 μm. Accordingly, the relationship
between the number of self-imaging points per unit length
and the waist diameter can be expressed by the equation
p = λ0L=�nGIMFD2

GIMF�[32], where L is the length of GIMF, D is
the diameter of GIMF, nGIMF is the refractive index of GIMF, and
λ0 is the central wavelength of incident light. Figures 2(b) and
2(c) show the number of self-imaging points per unit length
of GIMF with different waist diameters, and the self-imaging
points become denser with the decrease of the waist diameter.
Themicrofiber is tapered from the splicing point using the arc

discharge method. To ensure the uniformity and relatively long
length of the microfiber waist, we optimized the discharge time
and intensity by a fiber fusion splicer (FSM-100 P+, Fujikura).
The advantage of using the fiber fusion splicer to taper the fiber
is that it can be accurately positioned at the splicing point for
tapering, and the waist diameter can be adjusted by controlling
the tapering speed. The diameter profile of the tapered fiber is

Fig. 1. Schematic diagram of the tapered SMS structure.

Fig. 2. (a) Relationship between the diameter of GIMF and the beat length.
(b) The number of self-imaging points. (c) Self-imaging points in the tapered
GIMF.

Fig. 3. (a) Microscope image of the tapered SMS. (b) Nonlinear transmission
curves of tapered SMS.
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shown in Fig. 3(a), and the minimum diameter can reach 15 μm;
by adjusting the tapering speed of the fusion splicer, the waist
diameter ranges from 15 μm to 40 μm.
To further investigate the nonlinear optical absorption of

tapered SMS, an ultrafast fiber laser source is used to excite
the NL-MMI. The tapered SMS with a waist diameter of
15 μm is connected with the test source, with the pulse duration
of 503 fs and the repetition rate of 15.25 MHz at 1560 nm. The
transmittance at ∼15 μm increases as the incident power inten-
sity becomes larger due to saturation of absorption, as shown in
Fig. 3(b). The saturable absorption curve of the device can be
fitted, which is the same as the equation T = 1 − ΔT ×
exp�−I=Isat� − αns, where T is the transmission, ΔT is the
modulation depth, I is the input light intensity, Isat is the satu-
ration intensity, and αns is the non-saturable loss. The absorp-
tion modulation depth is measured as 12.23%, and the value of
corresponding saturation fluence is ∼30.38MW ·cm−2. The
non-saturable loss is 60.26% due to the insertion loss introduced
by the taper. The fitting curve agrees well with the experimental
data; this shows that the tapered SMS structure has a nonlinear
saturable absorption effect.

3. Experiment Section

The ring cavity mode-locked all-fiber laser is schematically pre-
sented in Fig. 4. An 80 cm long heavily erbium-doped fiber
(Er80-8/125, Liekki) is the gain medium, and the absorption
of the gain fiber is 80 dB/m at 1530 nm. The pump source is
a single-mode semiconductor laser with the central wavelength
of 976 nm (LC96Z600-76, II-IV), which is coupled to the ring
cavity by a wavelength-division multiplexer (WDM). A polari-
zation-independent optical isolator (PI-ISO) is used to guaran-
tee the unidirectional propagation of light in the cavity, and a
90/10 fiber coupler couples 10% of the pulse light out of the cav-
ity and generates the laser emission. The output spectrum of the
laser is measured using an optical spectrum analyzer (AQ6370D,
Yokogawa) and an autocorrelator (FR-103XL, Femtochrome)
connected to an 8 GHz digital oscilloscope (DSOV084A,
Keysight).
The laser achieves lasing threshold at the pump power of

70 mW. By increasing the pump power gradually to 90 mW and
finely tuning the polarization controller (PC), the mode-locked

pulse can be obtained. The center wavelength of mode-locking
operation is 1558.38 nm, the 3 dB bandwidth is 2.53 nm, and the
full width at half-maximum (FWHM) of the pulse is approxi-
mately 1.18 ps. The fundamental repetition rate is ∼18.21MHz,
and the corresponding pulse interval between two adjacent
pulses is 54.06 ns. According to the time bandwidth product
(TBP) of the ultrashort pulse, the output pulse is very close to
the limitation of the pulse width (the theoretical limit width
of the pulse is 1.01 ps). This indicates that the tapered SMS
can not only reduce the period of the self-imaging point, making
it easy to achieve mode-locking operation, but also compensate
for the pulse broadening caused by dispersion chirp in the cavity.
To verify that the mode-locking is caused by the tapered SMS
ultrafast optical switch, the device is especially removed out of
the ring cavity, and no pulse trace can be observed from the
oscilloscope. This shows that the tapered SMS contributes to
the mode-locking operation.
Continuing to increase the pump power gradually, pulse split-

ting can be observed by the power clamping effect. HML is
obtained by finely adjusting the PC in the cavity. With the pump
power increasing to 125 mW, 160 mW, 190 mW, 230 mW, and
300 mW, the harmonic order varies monotonically from funda-
mental to 2nd, 4th, 6th, 7th, and 16th and corresponds to the
repetition rates of 36 MHz, 72 MHz, 104 MHz, 127 MHz,
and 285 MHz, respectively. There are four different harmonic
orders shown in Fig. 5(a). Figure 5(b) is the pulse width corre-
sponding to each harmonic order. When the pulse splits from
the fundamental repetition rate to low-order harmonics, the
chirped broadening pulse in the cavity is slightly due to the
decrease of the single-pulse energy. However, with the increase
of harmonic order, the average power in the cavity also grows,
and the pulse broadening caused by the intracavity chirp is seri-
ous. Therefore, the harmonic order is proportional to the pulse
broadening. Figure 5(c) shows the SNR of the 16th HML when

Fig. 4. Diagram of fiber laser based on SMS-tapered ultrafast optical switch.

Fig. 5. (a) Pulse trains of various harmonic orders. (b) Pulse profiles of various
harmonic orders. (c) RF spectrum of 16th harmonic order. (d) Repetition rates
of 16th HML observed at different times.
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the waist diameter of the tapered SMS is 15 μm, and the SNR can
be stabilized at about 51 dB. Figure 5(d) shows the repetition
rates of 16th HML observed at the different times, which verify
the stability of the HML.
To investigate the influence of waist diameter on mode-lock-

ing, the tapered SMSs with the waist diameters of ∼30 μm and
∼40 μm are fabricated and introduced in the cavity, with the
experiment of HML using tapered SMSs with different waist
diameters (other conditions are uniform), and the results are
shown in Table 1 and Fig. 6. As can be seen, the pump power
is linearly correlated with the harmonic order, and the harmonic
order for the waist diameter of 15 μm is higher than that for
waist diameters of 30 μm and 40 μm under the same pump
power. However, the fundamental repetition rate mode locking
can only be realized at the tapered waist diameter of 40 μm. This
is mainly because the tapered diameter is inversely proportional

to the nonlinear coefficient, and the nonlinear coefficient is pro-
portional to the harmonic order. Therefore, the microfiber pro-
motes the realization of high-order harmonic mode-locking. In
this experiment, the waist diameter is limited by arc discharge,
and the minimum taper diameter can only reach 15 μm.
Figure 7 shows the mode-locked spectra at different waist

diameters of tapered SMS, and all other conditions are identical
except for the tapered waist diameter. It can be seen that the
tapered waist diameter has little effect on the central wavelength
of mode-locking operation. An interesting phenomenon can be
found according to the spectra, as the tapered waist diameter
decreases, the Kelly sidebands of the spectra gradually disappear.
One reason that cannot be ignored is that the tapered fiber in the
negative dispersion region can play the role of dispersion com-
pensation. With the decrease of the waist diameter of tapered
SMSs, the larger positive dispersion compensation value is pro-
vided in the cavity, and the decrease of intracavity dispersion
suppresses the generation of Kelly sidebands[33,34]. On the other
hand, the CW component exists at the center of the spectrum
due to the insufficient modulation depth of the tapered SMS
with the waist of 15 μm that was introduced by the insertion loss
of tapering[35,36]. It provides a constant phase difference between
the solitons to guarantee a stable harmonic mode-locked
state[37–39]. The laser cavity can get a high stable harmonic order
by further decreasing the diameter of the waist, reducing the
insertion loss of tapering, and increasing the pump without
the limit of the experimental conditions.

4. Conclusion

In conclusion, a new method of HML based on tapered SMSs is
demonstrated in this experiment. Tapering the splicing point
between GIMF and SMF not only reduced the period of the
self-imaging point, but also relaxed the restriction of mode-lock-
ing on the accurate requirement of fiber length. Moreover, the
nonlinearity in the cavity is increased, the intracavity dispersion
is compensated by tapering of the fibers, and the stable HML is

Table 1. Pump Threshold for Harmonic Orders at Different Waist Diameters.

Harmonic Order

Pump Threshold (mW)

15 μm 30 μm 40 μm

1 90 110 140

2 125 140

3 185

4 160 230

5 300

6 195

Fig. 6. Relationship between pump power and harmonic order at different
waist diameters of tapered SMS.

Fig. 7. Spectra of laser with various waist diameters.
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obtained. In this experiment, the tapered SMS with the waist
diameter of 15 μm is introduced as an optical switch to achieve
stable HML. The central wavelength of HML fiber laser is
1558.38 nm, with the pulse width of 1.52 ps. The maximum har-
monic order can reach 16, and the corresponding repetition rate
is 285 MHz. This HML based on tapered SMSs provides a new
idea for the application of an all-fiber mode-locking laser in the
harmonic regime.
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