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1. Introduction

Ultra-short pulse lasers with high repetition rates are widely
used in nonlinear frequency conversion, lidar, optical frequency
combs, and material micro-processing[1"4]. Thus far, mode-
locking has been well understood and developed as an important
method for the generation of ultra-short optical pulses,
including passive mode-locking and active mode-locking.
Comparatively speaking, passive mode-locking is simpler in
structure and can be realized by both real absorbers™® and
Kerr-effect-based artificial saturable absorbers!”), with which,
however, it is not that easy to generate ultra-high repetition rate
(> 1 GHz) pulses because of the requirement of very short cavity
length, although it is not impossible. In contrast, active mode-
locking is more straight-forward for high repetition rate gener-
ation, which usually works at the harmonic mode-locking state
and is based on the employment of electro-optical modulators or
acoustic-optical modulators. In addition, the pulse repetition
rate can be tunable and controlled by the adopted radio-fre-
quency (RF) sources.

However, tuning of the pulse duration is not easy in approx-
imately gigahertz (GHz) actively mode-locked fiber lasers. In
active mode-locked lasers, there are usually three ways to tune
the pulse width, one of which is detuning the repetition rate of
the laser from the repetition rate of the RF source. For example,
Qin et al. reported linear pulse width tuning from 310 ps to 1 ns
in the case of the fundamental frequency (14.6 MHz) by

© 2022 Chinese Optics Letters

071402-1

An actively mode-locked fiber laser with controllable pulse repetition rate and tunable pulse duration is presented, in which
an optical delay line (0DL) is used to adjust the cavity length precisely for regulating the repetition rate, and a semicon-
ductor optical amplifier (SOA) is introduced for enabling the pulse duration control. Experimentally, continuous tuning of the
repetition rate from 2 GHz to 6 GHz is realized, which is limited by the availability of an even higher repetition rate radio-
frequency (RF) source. Specifically, when the repetition rate is fixed at 2.5 GHz, the pulse duration can be tuned from 4 ps to
30 ps, which is, to the best of our knowledge, the widest tuning range of pulse duration ever achieved in a gigahertz (GHz)
repetition rate actively mode-locked 1.5 pm fiber laser oscillator.

Keywords: active mode-locking; semiconductor optical amplifier: tunable pulse duration; high repetition rate.

precisely adjusting the degree of detuning'®, in which, however,
the pulse repetition rate also changes with the detuning
frequency. The second way is to adjust the pulse width of the
RF signal. Chen et al. reported changing of pulse width
from 33 ps to 910 ps at the fundamental frequency of
13.12 MHz!), which, however, has higher requirements for
the modulation signal source and does not work well when
the harmonic order increases. A tuning range of just a few pico-
seconds could be realized when the repetition rate was at
6.2 GHz. Except for that, the third method is the introduction
of other devices into the cavity for pulse width tuning, such
as the semiconductor optical amplifier (SOA), which is a com-
monly used device in actively mode-locked lasers. It can be
directly used as an electro-optical modulator or as an opto-
optical modulator in optical injection actively mode-locked
lasers"®~**). The nonlinear effects in SOA, such as nonlinear
polarization rotation (NPR) and cross gain modulation
(XGM), enable itself to be used not only for passively mode-
locked lasers!”, but also to improve the pulse quality in actively
mode-locked lasers!'®*?!, There are two options for using SOA
to tune the pulse duration. One is to use XGM in SOA to build an
optical injection mode-locked laser, and the other one is to
directly insert the SOA into the laser cavity. In the optical injec-
tion SOA fiber laser, the pulse width can be adjusted by changing
the waveform of the injected light, and the pulse width adjust-
ment of 12-15 ps has been realized"*. SOA can be used to
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realize pulse width tuning in electro-optic modulated actively =~ was used to select the target wavelength. Finally, the pulse
mode-locked lasers. For example, by varying the driving current ~ was coupled out by a 3 dB coupler.
of SOA in an erbium-doped fiber (EDF) ring laser, the pulse
width changing from 12 ps to 16 ps was achieved'”. There
are also reports on theoretical research on the influence of 3. Result and Discussion
SOA on pulse width>*~**!, However, these pulse width tunings
using SOA have a small range of only a few picoseconds, which is
quite limited. To the best of our knowledge, there is no report on
pulse duration tunable ~GHz actively mode-locked fiber lasers.
In this Letter, an actively mode-locked laser with tunable
pulse repetition rate and pulse width is demonstrated. The rep-
etition rate of the fiber laser is able to tune from 2 GHz to 6 GHz
by adjusting the optical delay line (ODL) and RF signal gener-
ator. Besides, the pulse width can be continuously tuned within
the range from 4 ps to 30 ps at the repetition rate of 2.5 GHz by
using the NPR in the SOA and the polarization sensitivity of the
lithium niobate (LiNbO;) intensity modulator. The output
power is increased from 7 mW to 24 mW due to the change
in the SOA input current.

ODL plays a key role in repetition rate management by adjusting
the cavity length, which can be changed from about 16.5 m to
16.65 m, corresponding to fundamental repetition rates of
12.42 MHz and 12.54 MHz, respectively. Experimentally, it is
necessary to adjust both modulation frequency and cavity length
of the cavity to enable the continuous tuning of the pulse rep-
etition rate, by which the output repetition rate equals an integer
multiple of the fundamental repetition rate. Meanwhile, ODL
can also improve the short-term stability of the actively
mode-locked laser system by precisely matching the cavity
length to the modulation frequency. Figure 2 shows the phase
noise at the repetition frequency of 2.5 GHz. It can be seen from
the figure that after ODL precisely controls the cavity length the
phase noise is —60.84 dBc/Hz at the offset frequency of 10 Hz,
and the phase noise is —113.87 dBc/Hz at the offset frequency of
1 MHz. After calculation, the jitter is 0.373 ps. Figures 3(al)-
2. Experiment Setup 3(f1) show the mode-locked pulse trains at the repetition rates

of 1 GHz, 2.5 GHz, and 6 GHz, respectively, which were detected
The schematic diagram of the experimental setup of the high .4 recorded by a high-speed photodetector (New Focus,
repetition rate pulse width tunable actively mode-locked fiber 1554 B 12 GHz) and an oscilloscope (Keysight, DS090804A,
laser is illustrated in Fig. 1. A wavelength-stabilized 976 nmsin- g GHy). To achieve ultra-high repetition rates, the actively
gle-mode fiber coupled laser diode was used as pump source,  ode-Jocked laser operated at the harmonic mode-locking state.

and the gain medium was a piece of 50-cm-long EDF (Liekki, ~ The corresponding harmonic orders of the pulse trains in Fig. 3
Er-110). A polarization-independent isolator was used to ensure ;e 80th, 200th, and 480th, respectively.
the unidirectional laser operation. A LiNbO; Mach-Zehnder In fact, SOA is multi-functional in this experiment. Firstly,

intensity modulator (MZIM) was driven by a signal generator g4 is responsible for the pulse width tuning. Secondly, due
with adjustable RF ranging from 0 GHz to 6 GHz (SRS ¢, gain saturation of SOA, the main mode consumes most of
SG386). A polarization controller (PC) was inserted before  the carriers, which reduces the gain of the side mode, thus reduc-
the MZIM to control the polarization state of the laser light ing super-mode noise['*2°!. Also, part of the gain in the cavity is
entering the modulator. An SOA (Thorlabs, SOA1117S) was uti- provided by the SOA. During the pulse width tuning process, the
lized to control the pulse width. The cavity length can be regu- QDL is changed to keep the laser in a stable mode-locked state,
lated by an ODL with a maximum delay time of 500 ps. A and, then, the input current of the SOA is adjusted to 500 mA.
1545 nm bandpass filter with a 3 dB bandwidth of 1.4 nm  The minimum pulse width can be obtained by rotating the

PC carefully. Afterwards, the pulse width was controllable by

changing the input current of the SOA. As shown in Figs. 3(a2)-

1SO EDF  WDM oc Output 3(f2), autocorrelation curves are measured by autocorrelators
— - -
MZIM - - : - ;
- \ < -60 ——Phase Noise| {0 4
’ Pump i;hé Filter I —— Timing Jitter o
~ RF 1 8 o e
- = 103 5
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Fig. 1. Sghematic diagram of the experimer}tal se(tup of the actively modg- 10 100 1Kk 10Kk 100k 1M
locked f|ber. laser. MZIM, Mach—Zghnder |ntenS|ty4 modulator;.RF, radio- Offset Frequency (Hz)
frequency signal generator; IS0, isolator; EDF, erbium-doped fiber; WDM,
wavelength division multiplexer; OC, optical coupler; ODL, optical delay ling; Fig. 2. Phase noise when the repetition rate is 2.5 GHz and the pulse width is

SOA, semiconductor optical amplifier; PC, polarization controller. 4 ps.
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Fig. 3. Output pulse trains of the laser with repetition rate and SOA current of (a1) 1 GHz, 500 mA, (b1) 1 GHz, 174 mA, (c1) 2.5 GHz, 500 mA, (d1) 2.5 GHz, 174 mA,
(e1) 6 GHz, 500 mA, (f1) 6 GHz, 260 mA, (a2)-(f2) the corresponding pulse width fitting curve, and (a3)-(f3) the corresponding RF spectra.

(APE-Pulsecheck) under different SOA currents and different
repetition rates. At the 1 GHz repetition rate, the pulse width
increases from 10 ps to 60 ps as the SOA current decreases from
500 mA to 174 mA. Similarly, the pulse width is increased
from 4 ps to 30 ps at the 2.5 GHz repetition rate with a
326 mA reduction in SOA current. Limited by the gain in the
cavity, Figs. 3(f1)-3(f3) show parameters measured at 260 mA,
which is the minimum SOA current that can generate pulses at
6 GHz. The pulse width at this current is 20 ps. The higher
threshold current is also the reason why the pulse width tuning
range is only 15 ps at the 6 GHz repetition rate. Figure 4 shows
the autocorrelation curve of pulse width of different SOA cur-
rents at 2.5 GHz repetition rate under the same PC condition,
which also proves that the pulse width varies continuously with
SOA current.

Figure 3 also shows the waveform and RF spectrum of differ-
ent SOA currents at different repetition rates. By comparing
Figs. 3(al) and 3(bl), it can be seen that the pulse waveform

expands significantly with the increase of pulse width, which
can also be seen in Figs. 3(c1) and 3(d1). It should be noted that
the 6 GHz waveforms shown in Figs. 3(e1) and 3(f1) are not real
waveforms because the bandwidth of the oscilloscope is 8 GHz.
Figures 3(a3)-3(f3) show the RF spectra corresponding to each
repetition rate and pulse width. As shown in these figures, the
pulse signal-to-noise ratio (SNR) is higher than 45 dB. In addi-
tion, due to the noise reduction capabilities of the SOA, the SNR
is relatively small at low SOA currents, as is the side mode rejec-
tion ratio (SMR). When the repetition rate is 1 GHz, the SMR
increases from 56 dB to 64 dB with the increase of SOA current.
Similarly, the SMR also increases by 7 dB and 2 dB at the rep-
etition rates of 2.5 GHz and 6 GHz, which also verifies that SOA
shows different levels of super-mode noise suppression capabil-
ities under different currents!'””),

As the pulse width varies, the spectrum also changes. Figure 5
shows the relationship between the spectra and the SOA cur-
rents under the same PC condition at a repetition rate of
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Fig. 4. Autocorrelation curves of different SOA currents at the repetition rate
of 2.5 GHz.

2.5 GHz. The spectrum is characterized by an optical spectrum
analyzer (Yokogawa Q6370D). When the current of the SOA is
500 mA, the 3 dB spectral width is the widest, which is 0.85 nm.
When the current decreased, the laser changed from dual-wave-
length mode-locking to single-wavelength mode-locking, as
shown by the green line in Fig. 5, and the spectral bandwidth
was also reduced, which may be due to the enhancement of
mode competition. SOA is an inhomogeneous broadening
medium that can inhibit super-model competition. But, SOA
does not provide sufficient gain to suppress super-model noise
at low current. When the spectral bandwidth was reduced to
0.19 nm at 300 mA current, it started to increase again and
finally became 0.37 nm at the current of 200 mA. During this
process, a slight red shift of the center wavelength also occurred,
for which the refractive index changes in the SOA should be
responsible!?*>28],

The variations in pulse width and bandwidth also bring
changes to the time bandwidth product (TBP). Figure 6 shows
the pulse width and TBP for different input SOA currents at the
2.5 GHz repetition rate. When the current is higher than
250 mA, the change trend of pulse width is approximately linear,
and the variation of TBP is small. However, at the current of
200 mA, the pulse width is widened rapidly, and the spectral
bandwidth is stretched as well, resulting in the rapid increase
of TBP to 1.44, which indicates the existence of a large number
of chirps at 200 mA. In fact, in the process of pulse width tuning,

1542 1544 1546 1548 1550 O
Wavelenghth (nm)

Fig. 5. Spectra of the laser at different SOA currents at the repetition rate of
2.5 GHz.
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Fig. 6. Pulse width and TBP at different SOA currents.

the TBP of pulse is greater than the Lorentz fitting pulse trans-
formation limit of 0.142, which indicates that the output pulses
exhibit different chirp at different SOA input currents. This phe-
nomenon is caused by the dynamic chirp of SOA*). The chirp
of SOA is usually negative and can be used to compensate intra-
cavity positive chirp®>*!!. When the current is less than 250 mA,
the SOA cannot work properly. The effect on the pulse is to pro-
duce a lot of chirps. The gain of the SOA also affects its refractive
index, thus triggering self-phase modulation (SPM). This results
in red shift and chirp changes in the pulse spectrum'**). The
chirp change and red shift caused by the refractive index change
can account for the pulse width change in the previous
research!'®?*?*!. However, the pulse width variation due to
the refractive index change is usually not exceeding 5 ps, while
the pulse duration can be tuned from 4 ps to 30 ps in the experi-
ment. Moreover, SPM usually leads to an increase in pulse width
as the current increases, which is contrary to the results of this
experiment. Therefore, some other reasons affected the pulse
width besides the SPM.

In this experiment, in addition to the SOA current, the rota-
tion of PC also can result in variation of the pulse waveform and
pulse width. Autocorrelation curves were measured under dif-
ferent PC states and different currents in the SOA at a repetition
rate of 2.5 GHz, respectively. As shown in Fig. 7, with the change
of PC state, the pulse width at 500 mA current changes from
4.4 ps to 45.8 ps; in contrast, the pulse width at 190 mA current
changes from 25.2 ps to 11.4 ps. It can be seen that the pulse
width change is largely related to the polarization state. The
polarization state of the light changed for the NPR effect of
the SOA when the light passed through the SOA. MZIM is a
polarization sensitive device whose modulation depth is greatly
affected by the polarization state of the light. When the repeti-
tion frequency of the modulated signal is 2.5 GHz and the SNR is
60 dB, the SNR of the modulated light can be changed from
50 dB to 3 dB by changing the polarization state of the injected
laser. The modulation depth has a great influence on the pulse
width, and the pulse width can be tuned by changing the modu-
lation depth!®***), As shown in Fig. 7, the pulse width increased
from 4.4 ps to 45.8 ps with the PC state changing, while the
modulation depth decreased obviously.

An experiment was designed to verify that changing the SOA
current can change the polarization state of the output light.
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Fig. 7. Pulse width under different PC states at 2.5 GHz repetition rate. The

blue line represents the SOA current of 500 mA, and the black line represents
the SOA current of 190 mA.

Figure 8 shows the schematic diagram of the experimental setup.
A 1550 nm distributed feedback laser with an output power of
5 mW was connected to the input port of the SOA, and the out-
put beam of the SOA was coupled into a PBS through a collima-
tor. The laser passing through the PBS was split into two beams
with different polarization states, i.e., P-polarized light and S-
polarized light. Recording the intensities of the two lights under
different SOA currents, Fig. 9 shows the intensity changes of P-
polarized light, S-polarized light, and total laser light when the
current changes. As the current increases, the gain of the SOA

DFB las

N

SOA 09lllmator

PBS

Fig. 8. Schematic diagram of the experiment setup investigating the influ-
ence of SOA on the laser polarization state. DFB laser, distributed feedback
laser; SOA, semiconductor optical amplifier; PBS, polarization beam splitter; P,
P-polarized light; S, S-polarized light.
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Fig. 9. Trends of the power of P-polarized light, S-polarized light, and extinc-
tion ratio (P/S) with current change.

increases, so the total laser light increases linearly. What is more,
Fig. 9 shows the variation of the extinction ratio of the output
light (the ratio of optical powers of P-polarized light and
S-polarized light, P/S) as the current changes. It can be seen that
the polarization extinction ratio decreases with the SOA current
increasing, which indicates that SOA current can affect the
polarization state of the laser in the experiment. Therefore, based
on the results shown in Figs. 7 and 9, the polarization state of the
laser changes when adjusting the SOA current. The change of
the laser polarization state leads to the variation of the modula-
tion depth of the modulator, which finally affects the pulse width
of the high repetition rate mode-locked laser.

4. Conclusion

In conclusion, a high repetition rate actively mode-locked fiber
laser is demonstrated, in which pulse width and repetition rate
can be continuously tuned. Especially, the pulse width tunable
range exceeds 25 ps at an ultra-high repetition rate. Through
the adjustable RF signal source and ODL, the repetition rate
within the range from 2 GHz to 6 GHz can be continuously
tuned. At the repetition rate of 2.5 GHz, the pulse width adjust-
ment from 4 to 30 ps is demonstrated. The nonlinear polariza-
tion of the SOA can be changed by changing the SOA current.
The NPR effect of the SOA causes the intracavity light polariza-
tion state to change, and finally the pulse width varies based on
the polarization sensitivity of the MZIM. We have realized a new
type of pulse width tuning method, which can tune the pulse
width in a larger range under the ultra-high repetition rate.
This study provides new ideas for tunable mode-locked lasers.
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