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We demonstrate a compact femtosecond fiber laser system based on all polarization-maintaining (PM) fiber and
fiber components integrated structure. The figure-9 oscillator which incorporated a nonlinear amplifying loop
mirror in the cavity features a 103.4-MHz high repetition rate with up to 93.1 dB signal-to-noise ratio of the radio
frequency spectrum, 0.0056% [1 Hz, 1 MHz] integrated root-mean-square amplitude noise at the fundamental
repetition rate and 63.7-fs timing jitter [100 Hz, 1 MHz]. Meanwhile, the fundamental repetition frequency was
also locked to a stable radio frequency reference by using a self-designed frequency actuator and a relative
frequency stability of 2.1 x 1072 at 1-s gate time was obtained. Moreover, benefitting from the large positive
group-velocity dispersion and negative third-order dispersion at 1.5-pm wavelength band, we also achieved 48.2
fs compressed pulse duration as well as an amplified average power of 199 mW via one-stage all-PM fiber
amplifier and compressor. At last, as a performance proof, by directly splicing 38-cm long PM highly nonlinear
fiber to the pulse compressor, a broadband coherent supercontinuum spanning from 950 nm to 2150 nm was
generated. Our all-PM fiber laser system is suitable for the further buildup of a low noise PM fiber optical fre-

quency comb.

1. Introduction

In recent years, with the significant progress of fiber laser and
amplifier, the ultrafast femtosecond laser systems with high average
powers play a critical role in many applications such as high precision
machining [1,2], clinical surgery [3,4], optical frequency comb (OFC)
[5,6], high-harmonic generation [7,8], attosecond science [9,10],
supercontinuum (SC) [11] and so on. For instance, in the process of SC
generation, femtosecond pulses with a pulse duration of usually shorter
than 100 fs and a peak power of 10 kW level are adopted to pump a short
piece of highly-nonlinear fiber (HNLF) [11], a broadband coherent SC
with low intensity noise can then be generated [12]. Generally speaking,
an ultrashort pulse fiber laser system consists of a mode-locked fiber
oscillator and the subsequent pulse amplification and compression
modules. The noise property of the oscillator has a pivotal role in the
noise performance of the whole system. According to the research re-
sults, we know that the shorter the pulse width, the higher the pulse
energy can lead to much lower timing jitter level of the output laser
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pulse train [13]. The dispersion effects on the performances of the fiber
lasers have also been studied [14-17]. In 2011, Lora Nugent-Glandorf
et al. experimentally demonstrated that, for a stretched-pulse Yb:fiber
oscillator with a near zero cavity dispersion, a reduced relative intensity
noise (RIN), narrowest linewidth of the carrier-envelope offset (CEO)
frequency (feeo) and less feeo frequency noise could be obtained [14]. In
the same year, Youjian Song et al. further studied the impact of pulse
dynamic on timing jitter of nonlinear polarization evolution (NPE)
mode-locked Yb: fiber lasers. The quantum-limited timing jitter spectra
over the full Nyquist frequency of soliton, stretched pulse and self-
similar regimes were all characterized by using the balanced optical
cross-correlation (BOC) method. It was indicated that, for a near zero
cavity dispersion or stretched pulse operation, the smallest integrated
root-mean-square (rms) timing jitter could be obtained. More impor-
tantly, the research results showed that, in addition to the intracavity
dispersion, the pulse dynamic could also significantly affect the timing
jitter spectrum and, in soliton regime with relatively high negative
intracavity dispersion, an amplified spontaneous emission (ASE)
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quantum-noise-limited timing jitter comparable to the one in stretched-
pulse regime could also be realized [15]. In 2021, Laszczych et al.
characterized the output spectra and power under different net intra-
cavity dispersion [16]. The net dispersion ranging from —0.065 ps® to
+0.038 ps? was tailored by using a Martinez-type compressor. The
experimental results showed that the broadest spectra could be realized
by tailoring the net cavity dispersion to near zero. Meanwhile, in both
the soliton and dissipative soliton regimes, for a constant pump power,
when the net dispersion was varied, mode locking states with slightly
different output power could be obtained. In 2020, Mayer et al. sys-
tematically studied five mode-locked states of an all polarization
maintaining (PM) nonlinear amplifying loop mirror (NALM) Yb:fiber
laser by incorporating a grating pair, three waveplates and a Faraday
rotator in the oscillator cavity [17]. The mode-locked spectra, radio
frequency spectra, RIN, phase noise/timing jitter and linewidths of the
free running CEO frequency corresponding to net intracavity dispersion
values ranging from —0.035 ps? to +0.015 ps? were all carefully char-
acterized. The research results showed that, restricted by the soliton
effects, the spectral width was narrow (e. g., smaller than 10 nm) when
the central wavelength located in the anomalous dispersion region. A
broader spectral width together with a higher output power could be
realized when the central wavelength lay in the near-zero and normal
dispersion region. Moreover, when the laser operated in the close to zero
dispersion regime, much smaller RIN and timing jitter values could be
obtained.

Because of the replacement of the external modulation elements
necessary for the active mode-locking lasers and the real saturable ab-
sorbers often used in the passive mode-locking lasers, the lasers mode-
locked based on unbalanced nonlinear process resulted artificial fast
saturable effect can operate in low noise states together with simple and
compact structures. Up to now, three most popular artificial saturable
absorbers named nonlinear polarization rotation (NPR) or NPE [18-23],
nonlinear optical loop mirror (NOLM) and NALM [24-26] are used to
fabricate mode-locked fiber lasers. All of these mechanisms could help to
generate sub-picosecond laser pulses. However, NPR and NPE rely on
the polarization effect of the fiber and thus are sensitive to various kinds
of environmental perturbations. This is the main reason why this kind of
lasers are not proper for the outdoor applications. Instead, when the
NOLM and NALM mode-locked fiber lasers are designed with an all-PM
structure, the stabilities can be greatly improved. In 2016, N. Kuse et al.
firstly demonstrated an 83-MHz fully stabilized all-PM Er:fiber OFC with
aNALM [27]. The linear arm part of the figure-9 oscillator consisted of a
spatially coupled graphene modulator and a bulk electro-optic modu-
lator. These modulators were adopted to realize a fast control of the fe,
and optical beat frequency (fpeat)- A piezoactuator transducer (PZT) was
attached to a fiber in the NALM loop for slow control of fyeat. The linear
arm and NALM loop were bridged through a 2 x 2 fiber coupler with a
splitting ratio of 50:50. Few milliwatts femtosecond mode-locked pulses
were delivered through one port of the fiber coupler. In 2017, W. Hansel
et al. reported on a novel architecture of figure-9 fiber laser with a
nonreciprocally biased NALM [28]. The nonreciprocal beam splitter and
phase shifter (PS) in the linear arm part of the laser was constructed by
the bulk components including two polarizing beam splitters (PBSs), a
45° Faraday rotator and a waveplate. Based on this configuration, the
splitting ratio could be fine-tuned away from 50:50 while keeping the
maximum round-trip transmission unchanged. Mode-locked femto-
second fiber lasers operating at wavelengths of 1030, 1565, and 2050
nm were demonstrated by using the designed laser structure. Especially,
at 1565-nm wavelength, a high repetition rate of 250 MHz, together
with 43-nm spectral bandwidth was obtained benefiting from the
compact optical path of the linear arm and near to zero net cavity
dispersion. In 2017, an all-PM fiber integrated, NALM mode-locked Er:
fiber laser with a fundamental repetition rate of 48.8 MHz-64.7 MHz was
first reported. A m/2 non-reciprocal PS was adopted in the NALM loop
[29]. In 2019, Ke Yin et al. further proposed an optimal structure of
NALM mode-locked Er:fiber laser and realized 477-fs output pulse
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duration and 121-MHz repetition rate [30]. In 2020, Yue Zhou et al.
used a spool of PM dispersion-compensating fiber (DCF) to manage the
intracavity dispersion and obtained stretched pulse mode locking with a
repetition rate of ~40 MHz [31]. In 2021, Qinghui Deng et al. further
adopted a homemade hybrid component which integrated the functions
of PS and wavelength division multiplexer (WDM) to realize an all-PM
figure-9 Er:fiber laser with a repetition rate up to 201.14 MHz [32].
However, most of the above research works focused only on the build-up
of the mode-locked fiber oscillator. In 2021, Yuxuan Ma et al. designed
and demonstrated a compact, robust, all-PM-fiber integrated 1.03 pm
Yb:fiber laser mode-locked by NALM [33]. A chirped fiber Bragg grating
(CFBG) with high peak transmittance of 80% and negative dispersion
was used to achieve high output power and manage the net intracavity
dispersion to —0.01 ps. The effects of the cavity parameters including
the phase bias, power splitting ratio of the 2 x 2 coupler, fiber asym-
metry in the NALM loop and bandwidth of the CFBG on the initiation of
mode locking and laser output properties were numerically studied. The
laser delivered 54 MHz mode-locked pulses with an average power up to
51 mW. In addition, the laser showed an integrated RIN of 0.0255% [10
Hz, 1 MHz] and the rms timing jitter of 0.7 fs [25 kHz, 5 MHz] measured
by the BOC method. The pump noise together with the high cavity
output ratio resulted low cavity-Q should be responsible for the relative
high RIN.

From the perspective of practical and outdoor applications, the boost
of the average power through a high-performance all fiber amplifier is
also critical. The universal amplification techniques include chirped-
pulse amplification (CPA) [34,35] and nonlinear pulse amplification
(NPA) [36,37]. The main difference is that the nonlinear phase accu-
mulation in CPA scheme is avoided while in NPA scheme, it should be
carefully designed. Moreover, the NPA system usually needs a pulse pre-
shape structure to manage the group-velocity dispersion (GVD) and
third-order dispersion (TOD) or to provide adaptive nonlinearity, so the
amplified pulse can then be compressed by a CFBG or simply by a
segment of single-mode fiber (SMF) with a proper length and an all-fiber
structure can then be completed [38]. In 2015, D. G. Purdie et al. re-
ported an erbium-doped fiber (EDF) amplifier which was characterized
by the adoption of non-PM DCF as the dispersion management compo-
nent. The oscillator delivered mode-locked pulses with a repetition rate
of 18.67 MHz. Mode-locked operation of the fiber ring laser was ach-
ieved based on a graphene saturable absorber. The seed pulses output
from the oscillator were pre-stretched by a piece of non-PM DCF. 29-fs
compressed pulse duration and ~52 mW amplified average output
power corresponding to 2.8-nJ single pulse energy were realized [39]. In
2016, Jia Yu et al. presented an all-PM fiber based NPA system. The
system included a semiconductor saturable-absorber mirror assisted
200-MHz mode-locked fiber laser, two-stage EDF amplifiers and the
subsequent PM-SMF compressor. The first stage of the amplifier mainly
functioned as a pulse stretcher and the second-stage amplifier was then
used to boost the average power. 34-fs compressed pulse duration and
320-mW average power corresponding to 1.6-nJ pulse energy were
obtained [40]. In 2017, Hao Luo et al. exhibited a non-PM EDF based all
fiber laser system and obtained 120-mW amplified average power, 2.8-
nJ single pulse energy and 22.7-fs compressed pulse duration. 44.6-MHz
seed pulses with single pulse duration of 1.5 ps from a ring cavity fiber
oscillator mode-locked by NPR effect were first pre-chirped by 4.62-m
long standard non-PM SMF before amplification [41]. In 2017, start-
ing from all-PM NALM mode-locked Er:fiber lasers with fundamental
repetition rates of 48.8 MHz and 64.7 MHz, Feihong Chen et al. achieved
28-fs compressed pulse duration and 172-mW amplified average power
[29]. In 2019, Zhengru Guo et al. designed 1.84-MHz low repetition rate
all PM fiber amplifier based on figure-9 mode-locked laser. In their
works, a reflection-type PS was used and the Kelly sidebands were
partially filtered by a 6.4-nm filter. By coupling the filtered seed pulses
into a piece of Er-Yb-codoped fiber, the average power was boosted to
2.8 W, yielding a pulse energy of 1.5 pJ with the pulse duration of 51 ps
[42].
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Fig. 1. Schematic diagram of the all-PM fiber laser system. It consists of (a) a
figure-9 fiber oscillator, (b) PM DCF assisted one-stage amplifier, (c) single
mode PM fiber compressor and supercontinuum (SC) generation part. LD: laser
diode, PS: phase shifter, WDM: wavelength division multiplexer, PZT Drum:
piezoelectric transducer driven, drum like mechanical unit, OFM: optical fiber
mirror, EDF: erbium-doped fiber, DCF: dispersion-compensating fiber, TTWDM:
tap, isolator WDM hybrid, IWDM: isolator WDM hybrid, HNLF: highly-
nonlinear fiber.
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Fig. 2. Schematic diagram of all-PM figure-9 mode-locked Er:fiber oscillator.
LD: laser diode, PS: phase shifter, WDM: wavelength division multiplexer, PZT
Drum: piezoelectric transducer driven, drum like mechanical unit, OFM: optical
fiber mirror, EDF: erbium-doped fiber with a peak core absorption of 96 dB/m
at 1530 nm.
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Fig. 3. Phase locked loop for repetition frequency locking. HVA: high voltage
amplifier, PD: photodetector, LNA: low noise amplifier, BPF: band pass filter.

In this paper, we focus on the implementation and noise character-
ization of an all-PM fiber integrated NALM mode-locked Er:fiber laser
with hundred-level MHz high repetition rate. Explicitly, our laser system
included an all-PM figure-9 mode-locked fiber oscillator, PM-DCF
assisted one-stage amplifier and the following PM-SMF compressor.
The oscillator delivered 103.4-MHz mode locked femtosecond pulses.
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The average output power, 3-dB spectral bandwidth and pulse duration
were 6.82 mW, 20.57 nm and 189 fs, respectively. 0.0056% [1 Hz, 1
MHz] integrated amplitude (AM) noise at the fundamental repetition
rate and 63.7-fs timing jitter [100 Hz, 1 MHz] were characterized. The
seed pulses were then pre-chirped by a short length of PM-DCF with
positive dispersion and amplified in an EDF amplifier with bidirectional
pumping configuration. An average output power of 199 mW corre-
sponding to 1.92-nJ pulse energy was obtained. At last, 48.2 fs com-
pressed pulse with a high peak power of approximate 21 kW was
realized by propagating the amplified pulse in a piece of PM SMF with
negative GVD and an optimum length of 145 cm. At last, as a proof of the
system performance, we also injected the compressed pulse into 38-cm
long PM HNLF and broadband SC covering from 950 nm to 2150 nm
was generated.

2. Construction of pulse amplification system

The all-PM femtosecond fiber laser system consists of three parts,
including a figure-9 mode-locked fiber oscillator, a nonlinear CPA
[43-46] and a PM-SMF compressor, as illustrated in Fig. 1. The all-PM
fiber and fiber components integrated structure ensures a good envi-
ronmental stability. In the following of this section, we will discuss the
PM fiber laser system in details according to the function of each part.

2.1. Principle and fabrication of figure-9 fiber laser and the stabilization
of the repetition frequency

The schematic diagram of figure-9 mode-locked all-PM fiber laser is
shown in Fig. 2. It is composed of a NALM loop and a linear arm. In
NALM loop, the gain medium is ~28-cm long PM EDF (nLIGHT, Er80-4/
125-HD-PM, peak core absorption of 96 dB/m @1530 nm). The pump
light provided by a 980 nm laser diode (LD) is coupled into the NALM
loop through a reflection-type 980/1550 nm WDM. A PS is adopted to
induce an n/2 phase difference between the clockwise and counter-
clockwise propagated light in the NALM loop and thus initiate the mode
locking operation at a relative high repetition rate, around 100 MHz for
example. The linear arm is fabricated by ~35-cm long standard Panda-
type PM SMF (Nufern, PM1550-XP) and an optical fiber mirror (AFR-
PMOFM, 90:10) with an output ratio of 10%. Note that all fiber com-
ponents used to build the oscillator are PM type.

The repetition frequency of the oscillator is always disturbed by the
ambient temperature variation. Both the changes of the intracavity
geometric fiber length and the effective refractive index due to the
material thermal expansion and thermal optic effects could result to a
drift of the repetition frequency. Therefore, a careful temperature con-
trol of the oscillator is usually required for the active control and sta-
bilization of the repetition frequency. However, this will inevitably
make the whole system more complex and increase the electrical power
consumption resulted from the requirement of an additional tempera-
ture sensing and control module. Instead, a frequency actuator is often
required to regulate the repetition frequency by stretching a section of
the intracavity fiber. Although some research groups [47,48] have re-
ported the repetition frequency stabilization method based on the
refractive index regulation by adjusting the pump power of the oscil-
lator. This all-optical scheme shows a large bandwidth but also has an
evident drawback of small tuning range and an additional pump laser
diode is often required. Here, in order to realize a high repetition fre-
quency and simultaneously lock the repetition frequency, we design a
repetition frequency actuator based on a PZT-driven, drum like me-
chanical unit. Around 23-cm passive fiber in the oscillator can be wound
on the mechanical unit.

The phase locked loop circuit we adopted to stabilize the repetition
frequency is shown in Fig. 3. A small part of the oscillator output laser
light with a power of 186.6 pW was detected and converted into an
electrical signal through a 3-GHz bandwidth InGaAs photodetector (PD).
After the power amplification of the radio frequency (RF) through a low
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Fig. 4. Schematic diagram of the compact all-PM fiber amplifier, compressor
and SC generation system. PM-980: Panda style PM SMF with an operating
wavelength covering from 970 nm to 1550 nm, LD: laser diode, EDF: erbium-
doped fiber with a peak core absorption of 72 dB/m at 1530 nm, TIWDM:
tap, isolator wavelength division multiplexer (WDM) hybrid, IWDM: isolator
WDM hybrid, HNLF: highly-nonlinear fiber.

Fig. 5. The end face images of (a) PM-DCF and (b) Er80-4/125-HD-PM EDF
that were captured by using a microscope (magnification: >300, resolution:
<0.6 pm).
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Fig. 6. Optical spectrum of the mode-locked figure-9 fiber oscillator. The 3-dB
spectral bandwidth is indicated by two red arrows in the figure. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

noise amplifier and repetition frequency filtering via a low pass filter, an
error signal was obtained by mixing the output electrical signal of the
low pass filter with the RF reference signal output from an analog signal
generator (Agilent Technologies, E8257D) which was calibrated by a
hydrogen maser (iMaser 3000). By processing the input error signal, the
servo (New Focus, LB1005) system could output a voltage control signal.
This voltage signal was then amplified through a 20 x high voltage
amplifier and adopted to drive the PZT located in the repetition fre-
quency actuator. The repetition frequency was eventually locked and
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Fig. 7. RF spectrum of the mode-locked pulse train of figure-9 fiber laser. Inset:
broadband RF spectrum corresponding to a frequency span of 1000 MHz. The
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Fig. 9. The fluctuation of the fundamental repetition frequency f, after locking.
The gate time of the frequency counter was set as 1 s and the total recording
time was 60 min.

the frequency stability was optimized by carefully tuning the servo
control parameters.

2.2. Principle and fabrication of all-PM fiber amplifier

To boost the average output power of the figure-9 oscillator and
obtain an even shorter compressed pulse duration, we further designed
and built a compact all-PM nonlinear CPA system, as shown in Fig. 4.
The same to the oscillator, all the fibers and fiber components were also
PM type. The seed pulse from the figure-9 oscillator was first stretched
by a segment of DCF. Then, the stretched pulse was amplified by the one-
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Fig. 11. GVD and TOD curves of PM-DCF.

stage EDF amplifier with a bidirectional pump configuration. The pump
light delivered by two single mode 976 nm LDs was launched into the
amplifier through two WDMs. The amplified pulse was eventually
compressed by splicing a suitable length of PM SMF with negative GVD
to the pigtail fiber of the amplifier. Finally, as a performance proof of our
all-PM fiber laser system, the compressed pulse was injected into a short
piece of HNLF and a broad coherent SC was generated. The typical pa-
rameters of the PM fibers used in the laser system present in Fig. 4 will be
discussed in detail below.

Explicitly, the output pulses from the figure-9 oscillator were firstly
injected into ~68-cm long PM-DCF (Thorlabs PM-DCF, D = —100 + 10
ps/nm/km, represented by the red line in Fig. 4). Secondly, the stretched
pulses were amplified by ~140-cm long PM-EDF (nLIGHT, Er80-4/125-
HD-PM, D = —12 to —18 ps/nm/km, peak core absorption is 72 dB/m
@1530 nm, exhibited with the green line in Fig. 4) based amplifier. The
tap port of the PM tap, isolator WDM (PM-TIWDM) component reflected

Optics and Laser Technology 158 (2023) 108818

0.8

0.6

0.4

Intensity (dBm/nm)

Normalized Intensity (a.u.)

1540 1560 1580 1600 1620

Wavelength (nm)

1500 1520
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this article.)
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referred to the web version of this article.)

around 5% of the incident power. The reflected light was used to
monitor the mode-locked spectrum and detect the repetition frequency.
The compact PM isolator WDM (PM-IWDM) was a hybrid fiber
component which consisted of a WDM and an isolator. Thirdly, the
amplified pulses with positive chirp were coupled into a piece of Panda-
type PM SMF (Nufern, PM1550-XP, D = 17 ps/nm/km @1550 nm,
shown as the white line in Fig. 4). The pulse duration was compressed
almost to the Fourier-transform-limit value by carefully optimizing the
length of PM SMF. Finally, the compressed pulses with high peak powers
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Fig. 14. The supercontinuum generated by injecting the compressed pulse into
~38-cm long PM HNLF.

were directly injected into a 38-cm long PM-HNLF (OFS, D = —1.5 to
+2.0 ps/nm/km, y = 10.7 W 1/km, displayed as the blue line in Fig. 4)
for the SC generation. An octave-spanning coherent SC was eventually
observed. Note also that all the pigtails of the fiber components were the
same Panda-type PM1550 SMFs.

As all the fibers in the laser system were PM type, we used a com-
mercial fusion splicer (Fujikura, FSM-100P+) to perform and optimize
the splicing processes. End-face images of the PM-DCF and Er80-4/125-
HD-PM EDF are shown in Fig. 5. As shown in Fig. 5(a), the cladding of
PM-DCF is composed by a ring of highly fluorine doped trench which is
different from that of PM1550-XP SMF. Meanwhile, according to the
fiber datasheets, the mode field diameter (MFD) of PM-DCF is only 5 pm
which is much smaller than that of PM1550-XP SMF (MFD = 10.1 + 0.4
pm@1550 nm). The large MFD mismatch can result to a large splicing
loss. Explicitly, up to 1 dB direct splicing loss between PM1550-XP SMF
and PM-DCF is provided by the datasheet. Indeed, we also measured a
high splicing loss of 1.2 dB splicing loss between these two kinds of fi-
bers in the process of experiment. Moreover, high fusion current and
long discharge time will also make fluorine diffuses rapidly and distort
the index profile, which then directly affects the dispersion and mode
distribution of the fusion point and introduces an additional fusion loss
[49]. Instead, the PM-DCF was not directly spliced with the PM1550-XP
SMF and a bridge fiber (Nufern, PM980-XP) with a small core diameter
of 5.5 pm was introduced. The splicing loss was reduced from the initial
1.2 dB down to 0.66 dB by careful and repeated optimization of the
fusion current, fiber overlap and discharge time parameters. For the
splicing between Er80-4-125-HD-PM EDF and PM1550-XP SMF, the
standard PM1550-XP SMFs splicing procedure was adopted. The end-
face was shown in Fig. 5(b) of which MFD was 6.5 + 1.0 pm@1550 nm.
It should be noted that a high cleaved quality must be ensured to
minimize the deformation of the fiber endface and thus the splicing loss.
In addition, for the splicing between PM1550-XP SMF and PM-HNLF, an
optimized average loss of 0.43 dB for each splicing point at 1560-nm
wavelength was obtained by using the same fusion optimization
method.

3. Results and discussions

As is well known that the total net cavity dispersion is the main
concern parameter for a mode-locked fiber laser. According to the fiber
parameter menus, the Er80-4/125-HD-PM EDF shows a positive GVD of
0.02804 ps?/m and the passive PM1550-XP SMF has a negative GVD of
—0.02167 ps?/m at 1550-nm wavelength. We thus estimated a net
cavity dispersion of about —0.02 ps2. Considering both the positive and
negative dispersion optical fibers were used in the cavity, as a result, the
mode-locked fiber laser was operated in the stretched-pulse regime. In
the experiment, an optical spectrum analyzer (YOKOGAWA, AQ6370D)
with the minimum resolution of 20 pm was utilized to measure the
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output spectrum, as shown in Fig. 6. At a pump current of 460 mA, the
central wavelength and 3-dB spectral width were measured as 1562 nm
and 20.6 nm, respectively.

We also measured the RF spectum of the mode-locked pulse train by
using an InGaAs PD with 3-GHz bandwidth and a phase noise analyzer
(Rohde & Schwarz, FSWP50), as shown in Fig. 7. The RF spectrum of the
fundamental repetition frequency exhibited a central frequency of
103.44 MHz and a signal to noise ratio of up to ~93 dB.

For the pulse width measurement, an intensity autocorrelator
(Femto-chrome, FR-103MN) based on the second-harmonic generation
(SHG) process was used to measure the intensity autocorrelation trace,
as shown in Fig. 8. A pulse duration of 189 fs was measured by assuming
a sech? pulse profile. The time-bandwidth product was calculated as
0.477 indicating the output pulse was still negatively chirped. In addi-
tion, for a pump current of 650 mA, an average output power of 6.82
mW was measured by an optical power meter (JDSU, OLP-85).

The fundamental repetition rate (f;) of the figure-9 oscillator was also
locked by using the phase locked loop described in Section 2. The
fluctuation of f; frequency after locking was monitored by using a fre-
quency counter (Keysight, 53230A) with a gate time of 1 s. The Allan
deviation was calculated as 216.8 pHz based on the recorded f, data with
a total lasting time of 60 min, as displayed in Fig. 9. This corresponded to
an in-loop relative frequency stability of 2.1 x 10712

To evaluate the noise properties of our figure-9 fiber laser, we further
measured the amplitude noise or RIN at the fundamental repetition rate
and phase noise at the fifth-order harmonic frequency of around 517
MHz, as shown in Fig. 10. A PD (Thorlabs, DETO8CFC, 5-GHz band-
width, no amplifier) powered by a 12 V dry battery was adopted to
convert the laser pulses output from the tap port of PM-TIWDM into an
electrical signal. The phase noise analyzer (Rohde & Schwarz, FSWP50)
was then used to measure the RIN and phase noise. The noise mea-
surement method we adopted was similar to that reported in [17]. For
RIN measurement, the phase noise analyzer was set to AM mode (cor-
relation factor: 50), and the measured single-sideband PSD curve of AM
noise is shown in Fig. 10(a). For a pump current of 550 mA, the rms RIN
value was 0.0056% at the offset frequency range of 1 Hz to 1 MHz. An
overshoot can be clearly seen from the RIN PSD curve at an offset fre-
quency of around 5 kHz. The occurrence of this noise spectral peak re-
sults from the finite upper-state lifetime of the Er gain medium and the
resonant relaxation oscillation process. As shown in the figure, at 1-kHz
offset frequency, the RIN spectrum shows a PSD of around —135 dBc/
Hz. For offset frequencies lower than 1 kHz, the RIN PSD drops with
~10 dB/decade slope. In addition, according to the RIN measurement
results of the pump laser, the evident noise spikes at around 30 kHz
originates from the pump technical noise. Above the relaxation oscil-
lation frequency, the RIN quicky decays and approaches a noise floor of
around —148 dBc/Hz. The noise floor determined by the vacuum fluc-
tuation or shot noise which arises from the oscillator output coupler can
be calculated by Eq. (1). The parameters h, v and P,y represent the
Plank constant, the center optical frequency and the average output
power from the output coupler [50,51]. For a pump current of 550 mA,
which corresponds to an output power of around 6.2 mW, the shot noise-
limited RIN-PSD floor is about —164 dBc/Hz. Meanwhile, the RIN-PSD
floor corresponds to the PD shot noise can be calculated by Eq. (2). q
and I represent the charge of an electron and the photocurrent con-
verted by PD. Explicitly, considering an input power of 186.6 pW and a
responsivity of 1.0 A/W, the RIN-PSD floor set by the PD shot noise is
calculated as —148 dBc/Hz. The noise PSD values at offset frequencies
above 100 kHz accords well with the RIN-PSD floor induced by PD shot
noise. This indicates that the RIN measurement above 100-kHz Fourier
frequencies are limited by the PD shot noise. In addition, according to
[50], for fundamental repetition frequency, part of intensity noise could
be coupled to phase noise, so we measured the phase noise PSD spec-
trum of the fifth-order harmonic of the fundamental repetition rate in
the experiment. Fig. 10(b) shows the timing jitter PSD spectrum. The
integrated timing jitter for an offset frequency interval [100 Hz-1 MHz]
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Table 1
Representative performances of free-running figure-9 mode-locked fiber lasers.
Laser System Structure Repetition Cavity Pulse Integrated rms Integrated Measurement Refs.
Frequency Dispersion Width RIN (%) Timing Jitter Method
(MHz) (ps?) (fs) (fs)
Figure-9 Er: fiber laser
All-PM fiber integrated
All-PM fiber integrated oscillator, amplifier and 103.4 —0.02 48.2 0.0056 63.7 PD Our
compressor [1 Hz, 1 MHz] [100 Hz, 1 work
MHz]
All-PM fiber oscillator with optical bandpass filters 35.67 -0.12 N/A 0.0054 2.95 BOC [52]
[10Hz, 1 [10 kHz,1 MHz]
MHz]
All-PM fiber oscillator 121 -0.015 477 N/A N/A N/A [30]
All-PM fiber oscillator, amplifier and compressor 64.7 ~—0.055 28 N/A N/A N/A [29]
All-PM fiber oscillator based on a hybrid fiber component 201.14 -0.012 510 N/A N/A N/A [32]
Spatial optical path included
PM fiber components, PBS splitter, spatial phase shifter 250 Near zero N/A ~0.005 N/A N/A [28]
and spatial optical path based linear arm part [1 Hz, 1 MHz]
All-PM fiber integrated NALM loop and spatial optical 122 —0.0107 157 0.004 1.85 BOC [53]
path based linear arm part [100 Hz, 1 [10 kHz, 1
MHz] MHz]
108 0.76 1.91
[100 Hz, 1 [10 kHz, 1
MHz] MHz]
PM fiber coupler, spatial phase shifter in the NALM ring 72 Near zero N/A N/A 0.04 BOC [27]
and spatial optical path based linear arm part [10 kHz, 10
MHz]
Figure-9 Yb: fiber laser
All-PM fiber integrated NALM ring, spatial phase shifter,  78.25 —0.03 N/A 0.028 803 PD [17]
and spatial optical path based linear arm part, grating- [1 Hz, 1 MHz] [100 Hz, 1
pair adopted for dispersion compensation MHz]
78.30 —0.015 0.019 351
[1 Hz, 1 MHz] [100 Hz, 1
MHz]
78.45 +0.015 0.048 202
[1 Hz, 1 MHz] [100 Hz, 1
MHz]
78.45 Near zero 0.006 81
[1 Hz, 1 MHz] [100 Hz, 1
MHz]
78.50 Near zero 0.003 72
[1Hz, 1 MHz]  [100 Hz, 1
MHz]
All-PM fiber and fiber components integrated 54 —-0.01 88 0.0255 0.7 BOC [33]
[10Hz, 1 [25 kHz, 5
MHz] MHz]
NALM loop contains a spatial phase bias module and ~131 N/A ~80 0.18 N/A PD [54]
spatial optical path based linear arm part, a grating-pair [1 Hz, 1 MHz]
adopted for dispersion compensation
PM fiber components with spatial phase shifter and linear 700 —-0.016 215 0.015 21 PD [55]
cavity [10 Hz, 10 [100 kHz, 10
MHz] MHz]
325 0.016 21
[10 Hz, 10 [100 kHz, 10
MHz] MHz]
was 63.7 fs. for an input negatively chirped pulse, the SPM induced positive chirp
» . will be cancelled out due to the destructive interference processes. On
Sytor. noise () = P < @ the other hand, the PM-DCF exhibits a large positive GVD, e. g. 2 =
o8 133.5 ps?/km and a negative TOD coefficient of p3 = —0.79 ps>/km at
2 1560-nm wavelength, as shown in Fig. 11. This dispersion characteristic
S () = To (2) enables us to achieve a large pulse broadening factor by using a short

Next, in terms of all-PM fiber amplifier construction, our main con-
cerns include two aspects. On one hand, compared with the width of the
oscillator output pulse, to obtain an even shorter pulse duration after
compression, we have to broaden the spectrum bandwidth based on the
nonlinear self-phase modulation (SPM) effect during pulse amplification
and compression processes. To achieve this goal, a proper pulse
stretching ratio and an initial positive pulse chirp are critical. Because,

piece of PM-DCF. More importantly, the negative TOD can be adopted to
compensate the positive TOD of EDF and passive PM1550-XP SMFs and
thus can greatly improve the compressed pulse quality.
Experimentally, after propagating in 68-cm long PM-DCF, the
duration of the positively chirped pulse was measured as 1.06 ps. Bidi-
rectional pump scheme was adopted to ensure a uniform small signal
gain along the entire amplifier length and effectively avoiding the
occurrence of gain narrowing process. The spectral bandwidth was
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broadened from 20.6 nm to 35.1 nm after amplification. As shown in the
Fig. 12, the intensity of the Kelly sideband with a center wavelength of
around 1531 nm was not boosted dramatically due to an initial low
power and high absorption coefficient, e. g., 80 & 20 dB/m of the Er80-
4/125-HD-PM EDF at 1530-nm wavelength. It should also note that, the
optical power was not concentrated on the central spectral components
around 1560 nm. Instead, the spectrum extended to both the short and
long wavelength sides and spectral modulation resulted from the
nonlinear SPM process can be clearly seen.

The amplified pulse was then compressed by propagating the pulse
train in a piece of PM1550-XP SMF. Cutback method was adopted to
optimize the fiber length according to the measured intensity autocor-
relation trace of the compressed pulse. At an output power of 199 mW
corresponding to a forward pump power of 490 mW and backward
pump power of 435 mW, the measured optical spectrum and autocor-
relation trace of the compressed pulse are shown in Fig. 13. The opti-
mized length of PM1550-XP SMF was ~145 cm. Due to the strong SPM
effect resulted from the high average power and the quickly increased
peak power in the process of pulse compression, the optical spectrum of
the compressed pulse exhibited multiple spectral peaks and a broad
spectral range covering from ~1515 nm to ~1605 nm. Fig. 13(b) ex-
hibits the autocorrelation trace of the compressed pulse and according to
the good fitting result based on sech? pulse profile, a compressed pulse
duration of as short as 48.2 fs was experimentally obtained. Two side-
lobes with low intensities which symmetrically located on both sides of
the autocorrelation trace could also be observed. After an integral
calculation, the ratio between the area of the central part to that of the
whole autocorrelation trace was around 54%. We thus estimated a pulse
peak power of ~21 kW relating to the compressed pulse.

4. Application

As a performance proof of our all-PM fiber laser system, we further
injected the compressed pulse into 38-cm long PM-HNLF and observed
the generated SC, as shown in Fig. 14. The spectrum covered from ~950
nm to ~2150 nm with a spectral range larger than one octave. The
generated coherent SC can be further applied to detect the CEO signal in
a fiber frequency comb system.

5. Conclusion

In summary, we have presented a compact and robust femtosecond
fiber laser system based on an all-PM fiber and fiber components inte-
grated structure. At the fundamental repetition rate of 103.4 MHz, the
RF spectrum of the figure-9 oscillator exhibited a high signal-to-noise
ratio of up to 93.1 dB. In addition, the rms RIN over a large offset fre-
quency range of 1 Hz to 1 MHz was only 0.0056% which is in the ranks
of ultralow amplitude noise fiber lasers. The integrated timing jitter was
measured as 63.7 fs ([100 Hz, 1 MHz]). Meanwhile, a relative f, stability
of 2.1 x 10712 at 1-s gate time was obtained by using a self-designed
frequency actuator. The output average power of 6.82 mW was suc-
cessively amplified to 199 mW via PM-DCF assisted one-stage all-PM
fiber based nonlinear CPA with a bidirectional pump structure.
Benefitting from the large positive GVD and a negative TOD around
1560-nm wavelength, 48.2-fs compressed pulse duration with ~21 kW
pulse peak power was eventually obtained. A coherent and broadband
SC covering from ~950 nm to ~2150 nm was also generated by
pumping 38-cm long PM-HNLF with the compressed pulses. For
comprehensive comparisons, Table 1 summarizes the representative and
state of the art performances of figure-9 Er: and Yb: fiber lasers mode-
locked by NALM. As shown in the Table, for the first time, we gave a
full characterization of the noise performance of a NALM based figure-9
Er:fiber laser with an all-PM fiber integrated structure and 100-MHz-
level high repetition rate. In the future work, we will focus on the
optimization of the net cavity dispersion to around zero which can help
to further reduce the timing jitter. Detection of CEO frequency,
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constructions and applications of low noise all-PM fiber OFC is also an
important research work to be carried out.
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