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A femtosecond optical frequency comb (OFC) based on a laser with a nonlinear amplification loop mirror mode-
locking mechanism is proposed. The laser adopts a fully polarization-maintaining (PM) structure, which can realize self-
starting mode-locking at the center wavelength of 1560.2 nm with a 195.65 MHz repetition rate at a pump power of
630 mW, and the frequency stability after phase-locking is 1.95x 107 !2 with a 1-s averaging time. Through a homemade
f-2f interferometer, the detected free-running feco signal exhibits a signal-to-noise ratio (SNR) as high as 51 dB. After
phase-locking, feeo has a frequency stability of 1.17x 10~ ! with a 1-s averaging time.

Keywords: optical frequency comb, Er-doped mode-locked laser, f.., linewidth optimization, pre-chirp am-

plification
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1. Introduction

Optical frequency combs (OFCs) are of broad interest
due to their long-standing role as a bridge between optical
and radio frequencies. In the past decade, low-noise OFCs
have been widely used in the fields of precision instrument
measurement, 2! absolute frequency calibration,>* optical
clock comparison,>~"1 and molecular spectroscopy.®-!!l In
recent years, the progressively enhanced stability of atomic
clocks has driven continuous improvements in the perfor-
mance specifications of OFCs, which serve as indispensable
tools for optical atomic transition comparisons.!!>!3 Early
OFCs primarily employed solid-state lasers as their light
sources.! !4 Progress in nonlinear optics and optical commu-
nication technologies facilitates the implementation of cost-
effective laser devices, such as fiber lasers and semiconduc-
tor lasers, thereby enhancing system affordability and practi-
cal performance.!'>! The OFC based on a passive mode-locked
Er-doped fiber laser has garnered substantial research interest
due to its exceptional environmental stability and superior sys-
tem integration capabilities.[!*-18]

The noise of the laser is one of the decisive factors de-
termining the linewidth of f.e,. In turn, laser noise is influ-
enced by different passive mode-locking mechanisms. Mate-
rial saturable absorbers (SAs) exhibit a long relaxation time,
which introduces additional inter-pulse phase jitter.['”) More-

TThese authors contributed to this work equally.
fCorresponding author. E-mail: caoshiying@nim.ac.cn

CSTR: 32038.14.CPB.aec0924

over, even when fully saturated, SAs still exhibit certain resid-
ual loss, ultimately leading to higher laser noise.”! The
NPR structure, which relies on nonlinear polarization rotation,
makes it difficult to achieve a fully polarization-maintaining
(PM) architecture. This inherent limitation makes the sys-
tem more vulnerable to environmental perturbations, result-
ing in elevated low-frequency phase noise.[>!! Fortunately,
PM-NALM-based lasers have found extensive applications in
optical frequency comb research owing to their high stabil-
ity and integration capability.[>>?3 Furthermore, pulse chirp
and intracavity dispersion play a vital role in reducing timing
jitter, 1 which consequently affects the linewidth of fieo. Ad-
ditionally, the fce, is also related to the pump source, as fluc-
tuations in its output intensity induce variations in the gain of
the intracavity gain fiber. These variations subsequently per-
turb nonlinear processes within the cavity and are converted
into phase noise. >+

In this paper, we demonstrate an all-PM fiber-based
frequency comb utilizing an erbium-doped fiber laser with
NALM mode-locking technology. Experimental results re-
veal that the laser achieves self-starting mode-locking in the
stretched-pulse regime at a pump power threshold of 630 mW.
The repetition rate is up to 195.65 MHz, which is controlled by
an intracavity piezoelectric transducer (PZT). The short-term
stability is 1.95 x 10~!2 with an averaging time of 1 s. The f.co
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signal with an SNR of up to 51 dB is obtained by expanding
the spectrum, frequency doubling, and phase-locking of the
laser. This makes the f.., signal more suitable for long-term
locking requirements. The short-term stability after phase-

locking is 1.17x 10~ ! with an averaging time of 1 s.

2. Experimental setup
2.1. Laser setup

The schematic diagram of the figure-9 laser is shown in
Fig. 1. Fast-axis blocked PM devices are employed to enhance
environmental stability. The group velocity dispersion (GVD)
of the PM passive fiber (PM1550) is about —22 fs>/mm. A
41-cm-long, highly Er-doped fiber (EDF1, Liekki Er80-4/125-
PM) with a core absorption peak of 80 dB/m at 1530 nm not

only serves as the gain medium but also provides nominal dis-
persion (GVD = 20 fs>/mm). The gain fiber is spliced between
a 980/1550-nm wavelength division multiplexer (WDM1) and
a collimator (Coll). A 980-nm laser diode (Pumpl, II-VI
CM97-990-76) together with a current controller (Thorlabs
LDC8020) serves as the pump. The pigtail length of Coll
is cut as short as possible, while the pigtails of Col2 and the
WDM remain longer. This operation places EDF1 asymmet-
rically, resulting in a nonlinear phase difference between the
counter-propagating beams. To minimize the relative inten-
sity noise, timing jitter, and f., noise, we managed the in-
tracavity net dispersion close to zero by adjusting the passive
fiber length.!!” The parameters of every segment of fiber in
the fiber loop are illustrated in Table 1, and the net dispersion
is calculated to be —1150 fs.
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Fig. 1. Schematic diagram of PM optical frequency comb. SMF: polarization maintaining 1550 panda fiber; EDF: polarization maintaining erbium-
doped fiber; Col: collimator; PBS: polarization beam splitter; FR: 45° faraday rotator; A/8: 1/8 waveplate; PZT: piezo-electric transducer; WDM:

wavelength division multiplexing; OC: 50:50 optical coupler; PD: photo detector; Ref.:

reference frequency; HNLF: high nonlinear fiber; PPLN:

periodically poled lithium niobate; BPF: band-pass filter; DM: dichroic Mirror.

Table 1. The GVD and length of fibers in the all-PM NALM.

SMF1 SMF2 SMF3 EDFI Total dispersion (fs?)

GVD (fs?/mm)
Length (mm)

-22
125

22
260

22
40

20
410

-1150

We manually rotated Col2 until the reflected ASE power
from PBS1 reached its maximum, which ensures that the lin-
early polarized light is incident on PBS1 as s-state polarized
light with low loss. For aligning Coll, continuous-wave laser
output must first be achieved; when the p-state polarized light
from PBSI is coupled into Coll at an angle parallel to the
slow axis of the fiber, the output power of PBS2 is maximized.
This method of improving spatial light calibration makes the
laser structure more compact compared with additional half-
waveplates.[?®! The combined beams from PBS1 pass through
a non-reciprocal phase shifter composed of a Faraday rotator

(FR) and a 1/8-wave plate (A /8). Then, two orthogonal beams
that accumulate nonlinear phase difference in the fiber loop
project onto the p and s directions of PBS2 and interfere with
each other. By rotating A /8, the transmission curve of the
cavity can be adjusted. When the angle between the fast axis
of the waveplate and the x-axis is 45°, passing through the
A /8 twice will accumulate a phase shift of 7/2; the configu-
ration can work as an artificial saturable or a reverse SA.[*]
An appropriate angle can cause only the high-power pulses to
pass through PBS2, significantly reducing the mode-locking
threshold. A silver mirror is placed at the end of the free-space
section to reflect the pulses back to the loop. The geometrical
length of the free-space section in one round trip is approxi-
mately 120 mm, which matches the working distance of the

collimators.
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2.2. PM OFC setup

Output pulses from PBS2 are coupled into a 50:50 PM
optical coupler (OC) through Col3 and divided into two chan-
nels, one for detecting f; and the other for further amplifica-
tion and compression to obtain high-energy ultrashort pulses.
The f; signal is detected by a 2 GHz photodetector (EOT ET-
3000A). The fiber length between Col3 and OC is ~ 13 cm.
The amplifier consists of two 980 nm laser diodes (Pump2
and Pump3, II-VI CM97-990-76) and two PM WDMs that
bidirectionally pump a 135 cm long PM EDF (EDF2, Liekki
Er80-4/125-PM). The common ports of the WDMs are fixed
at 10 cm. We introduce an appropriate pre-chirp for the pulses
by controlling the length of the PM1550 fiber (SMF-4) be-
tween WDM?2 and the OC, which in turn affects the self-
phase modulation (SPM) effect of the pulse propagation in
EDF2. In the pigtail of the output section of the amplifier
(SMEF-5), the amplified higher-order soliton exhibits a peri-
odic evolution due to the interaction between the GVD and
SPM. Therefore, by controlling the length of SMF-5, we make
the pulse width reach its narrowest and fiber-couple it to a
45 cm PM high nonlinear fiber (HNLF , OFS HNLF-PM,
GVD = —6.37 fs>/mm@1550 nm) to obtain a supercontin-
uum spectrum that covers one octave. Finally, the one-octave
spectrum is space-coupled to an f-2f interferometer through
Col4 for detecting and stabilizing f.eo. The long wavelength
part is frequency doubled using a periodically poled lithium
niobate crystal (PPLN) with a light transmission distance of
8 mm. The combined 2nd harmonic and the fundamental radi-
ation at the center wavelength around 1000 nm are filtered out
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by a band-pass filter and interfered with a high-sensitivity fast
PIN photodetector (PD2, Menlo-systems FPD 310-F). In the
experiment, a non-common path interferometer was first con-
structed to investigate the maximum achievable SNR of fieo
through precise time-delay adjustment. Subsequently, to mit-
igate mechanical vibration-induced environmental noise, the
length of the Col4 pigtail fiber was carefully optimized to max-
imize the f.eo SNR.

The f; and f.., stabilization circuit portions comprise
low-noise amplifiers, mixers, and band-pass filters. A 10-MHz
hydrogen maser (H-maser) signal, periodically calibrated by a
caesium (Cs) atomic fountain clock,?$%°! along with a fre-
quency synthesizer (R & S SMA 100A) locked to this signal,
was used to generate the reference signals for fi., and f;, re-
spectively. The generated f; error signal was fed back to the
PZT through a high-speed servo, and the fce, error signal was
fed back to the oscillator pump current via another servo.

3. Results and discussion
3.1. Mode-locked characteristics

The laser
tion at a threshold pump power of 50 mW. When the

initiates continuous-wave (CW) oscilla-
pump power is increased to 630 mW, self-starting mode-
locking is achieved in the single-pulse regime without
The
mode-locked state remains stable until the pump power

any CW components at the central wavelength.

is reduced to 300 mW, demonstrating a wide operating
range of 330 mW for robust mode-locking maintenance.
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Fig. 2. (a) Variation of the output power with the pump power. (b) Self-started optical spectrum at the pump power of 630 mW. (c) Measured
oscilloscope trace of the single pulse trains at the pump power of 630 mW. (d) Measured RF spectrum of the fundamental repetition frequency.

Inset: the 1.5-GHz bandwidth RF spectrum.
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The mode-locked pulses from PBS2 are spatially coupled into
the fiber via Col3, achieving a coupling efficiency of ~ 75%.
As depicted in Fig. 2(a), the average mode-locked power mea-
sured after Col3 exhibits a linear dependence on the pump
power. Figure 2(b) illustrates the self-started spectrum at the
pump power of 630 mW. The full width at half maximum
(FWHM) of the spectrum measured at a resolution of 0.5 nm
is 67.9 nm with a central wavelength of 1560.2 nm. The time—
domain single-pulse trains recorded by an 8-GHz-bandwidth
oscilloscope (Keysight DSOV08A) is shown in Fig. 2(c). The
pulse period is around 5.11 ns. Figure 2(d) shows the radio
frequency (RF) spectrum measured by an RF spectrum signal
analyzer (Agilent N9340B). The fundamental repetition rate
frequency is located at 195.65 MHz with a resolution band-
width (RBW) of 300 Hz and a span of 10 MHz (190.4 MHz to
200.4 MHz), consistent with the temporal pulse period shown
in Fig. 2(c). The SNR reaches 80.9 dB, demonstrating ex-
ceptional pulse-to-pulse stability. Inset in Fig. 2(d) shows the
RF spectrum with a 1.5-GHz span and a resolution bandwidth
of 300 kHz. The harmonic signals exhibit monotonically de-
creasing intensity from low to high frequencies without peri-
odic modulation, confirming stable single-pulse mode-locked
operation.

3.2. Establishment of the OFC

The seed pulses have an average power of approximately
13 mW after being split by the OC. With both Pump2 and
Pump3 set to 900 mW, the amplified pulses achieve an av-
erage power of 405 mW and a pulse energy of 2.07 nJ. Fig-
ure 3(a) summarizes the optical spectra relative to the length

of SMF-4 after amplification. When the fiber is 195.5 cm, the
FWHM of the spectrum measured at a resolution of 0.5 nm is
81 nm. Further decrease in the fiber length to 88 cm leads to
a broader FWHM of 111 nm, corresponding to a transform-
limited pulse width of about 33 fs (Gaussian fitting). Then,
the amplified pulses are compressed in the pigtail of WDM3.
The pulse width is characterized using a commercial autocor-
relator (APE Pulsecheck 150). Figure 3(b) systematically il-
lustrates the evolution of autocorrelation traces versus SMF-
5 length. Although the pulse width reaches 77 fs at a fiber
length of 161.5 cm, higher-order soliton fission leads to the
emergence of subsidiary pulses alongside the main pulse peak.
As the fiber length decreases, the subsidiary pulses gradually
converge toward the main peak, eventually evolving into low-
intensity residual wing structures. At a fiber length of 54 cm,
the pulse quality improves significantly with a measured pulse
width of 82 fs. Subsequently, the compressed pulses are cou-
pled into the PM—HNLF, generating an octave-spanning super-
continuum spectrum as illustrated in Fig. 3(c). The generated
supercontinuum exhibits a starting wavelength below 1000 nm
and extends beyond 2000 nm. The spectrum covering one oc-
tave is coupled into an f-2f interferometer to generate fceo
signal. A fan-out PPLN crystal with an optical path length of
8 mm can double the frequency components in the 2000-nm
to 2200-nm range of the spectrum to 1000-nm to 1100-nm.
We continuously adjust the PPLN period and record the cor-
responding frequency doubling, as shown in Fig. 3(d). Note
that the fundamental and frequency-doubled light can reach
the highest intensity at 1000 nm.
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Fig. 3. (a) The amplified spectrum relative to the length of the fiber.

Wavelength (nm)

(b) Evolution of autocorrelation traces with fiber length. (c) Octave-

spanning supercontinuum spectrum after PM—HNLF. (d) Comparisons between the fundamental wave and PPLN-generated second-harmonic.
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For fco detection, both the frequency-doubled light and =~ LDC8020 produces twice the current noise of the CLD1015.
the fundamental light are combined and co-coupled into PD2.  Figures 4(c) and 4(d) respectively present the fce, signals ob-
As determined from Fig. 3(d), the operating wavelengths are  tained under identical pump power using the LDC8020 current
optimized to 1000 nm for the two optical components. To  controller and CLD1015 current controller. Lorentzian fitting
avoid detector saturation, a narrowband optical filter with a  in linear coordinates (300-Hz RBW) demonstrates that reduc-

bandwidth of +5 nm is installed before the detector to selec- ]ng the controller noise can signiﬁcant]y compress the fceo
tively transmit only the 1000 & 5-nm radiation while rejecting  linewidth, with the narrowest linewidth of 10.4 kHz achieved
other wavelengths. in our experiment. The insets show the f.., RF spectra in log-

arithmic coordinates (40-MHz span, 100-kHz RBW), where

3.3. Optimization of f.., SNR
the SNR reaches 51.1 dB after switching to the low-noise

The feeo signal was successfully .dete.cted via the non- oller. This narrow feeo linewidth is more conducive to
common path configuration, as shown in Fig. 4(a) (250 MHz
span, 100 kHz RBW). The SNR of f.., was optimized through

adjustment of the delay arm. Figure 4(b) illustrates the rela-

achieving long-term robust locking. To better suppress in-
loop noise, we replaced the interferometer with a common-
. . . . path structure as shown in Fig. 1, and adjusted the time delay
tionship between translation stage displacement and fceo SNR.
) . between long-wavelength and short-wavelength pulse com-
The experimental results reveal that the f.., signal appears and o o

ponents by optimizing the length of the Col4 pigtail fiber
(PM1550). The relationship between the fiber length and feo
SNR variation is illustrated in Fig. 4(e). When the fiber length
is 143 mm, the SNR reaches 48 dB (40-MHz span, 100-kHz
RBW), as shown in Fig. 4(f). Such a high SNR is sufficient to

ensure long-term fe, locking.

disappears within an extremely narrow displacement range of
around 2 mm, demonstrating remarkable constraints in the ad-
justable range. Benefiting from the highly robust environmen-
tal disturbance resistance of the all-PM structure and the low-
loss free-space optical design, the SNR can exceed 50 dB un-
der fine tuning.

To optimize the f.., signal performance, we also con-

. . Table 2. Parameters of the current controllers.
ducted a comparative analysis of two current controllers

(Thorlabs LDC8020 and CLD1015) with distinct current noise Thorlabs LDC8020  Thorlabs CLD1015

characteristics to systematically investigate the transfer of Current (mA) ~ 2000 ~ 1500

laser noise to f.eo signal degradation. The key specifications of Noise RMS (HA) 20 10
3-dB-bandwidth (kHz) DC~ 30 DC~ 250

both controllers are summarized in Table 2, revealing that the

Or ° :_g\ —20 T
_ (a) 50} (b) o E 1.0 (c) ol 2
& 20 40 £ 08 5 ot
= 2 30 - . z ¥
=z - . '. £ 6r 48 60 72
? —40 ot o ° E 00
o °® I
z Z 20} . £ 0.4f
403) _60 2 °® o ';
= 0f g S o0.2r
=
—80 | , , , , O - * § 0
25 75 125 175 225 —-1.0 —0.5 0 05 10 ~ 58.3 585 58.7 58.9 59.1
Frequency (MHz) Length (mm) Frequency (MHz)
£ o[ (@ 2 49} (e) —s00 () T
s —40; B . 2 X
£ 0.8} —60 = | 46+ m :
N o) go} 1
g —80 m — —45¢ 1
Z 0.6} 182736 45 | T 43 > 1
g = ,
£ 04f Z a0 . £ 60} i
e 2] p= |
g 0.2} a7l . 5 !
E . —75 '
2 o . s - - 34, . . . . . . s s
30.5 30.7 30.9 31.1 31.3 50 75 100 125 150 50 60 70 80
Frequency (MHz) Length (mm) Frequency (MHz)

Fig. 4. (a) In-loop RF spectrum of free-running fieo (100-kHz RBW). (b) Variation of f..o, SNR with the displacement length of delay arm in the
non-common path configuration. (c)—(d) Free-running f.., RF spectra with Lorentzian fitting in linear coordinates (300-Hz RBW), driven by LDC8020
and CLD1015 current controllers, respectively. Inset: fieo signal in logarithmic coordinates (100-kHz RBW). (e) The f..o SNR as a function of the
Col4 pigtail length in a common-path configuration. (f) Free-running fico RF spectrum in the common-path configuration. (100-kHz RBW).

064206-5



Chin. Phys. B 35, 064206 (2026)

A phase noise analyzer (Agilent Technologies E5052B)
was used to study the noise characteristics of the OFC. Fig-
ure 5(a) shows the single-side phase noise PSDs of the mode-
locked laser operating with a Thorlabs LDC8020 (blue solid
line) and a Thorlabs CLD1015 (green solid line) current
source in a free-running state. The timing jitters of the repeti-
tion rate utilizing two current sources under free-running state
are calculated to be 571 fs and 518 fs (integrated from 100 Hz
to 1 MHz), respectively. It can be seen that when using the
Thorlabs CLD1015 current source with lower current noise,
the laser exhibits lower phase noise. The red solid line repre-
sents the state of the laser under PZT locking with the Thor-
labs CLD1015 current source. The comparison reveals that
the phase-locked loop can significantly reduce phase noise in
the low-frequency range of 1 Hz to 30 Hz; the calculated time
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jitter is 601 fs (integrated from 100 Hz to 1 MHz). Figure 5(b)
shows the phase noise PSDs of the locked f.eo- The inset of
Fig. 5(b) is the phase-locked fceo signal with a 1-MHz span
centered at 20 MHz. The characteristic servo bump at 150 kHz
is consistent with the phase noise PSD. Figures 5(c) and 5(d)
present the Allan deviations of the phase-locked f; and feeo
signals, respectively. Insets are the frequency deviations of
individual signals after stabilization. The in-loop frequency
stabilities (1-s average time) reach 1.95x10~'? for f, and
1.17x1071! for feeo» and the calculated standard deviations
are 0.379 mHz for the f; signal and 0.234 mHz for the fieo
signal, respectively. Furthermore, the frequency stability can
be further improved by subsequently locking the high-order
harmonics of the repetition rate to a microwave reference!2%!
or by locking the comb teeth to an optical reference.*!
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Fig. 5. (a) The single-side phase noise PSDs. Free-running operation powered by Thorlabs LDC8020 (blue solid line). Free-running operation
powered by Thorlabs CLD1015 (green solid line). PZT-locked state powered by CLD1015 (red solid line) (b) single-side phase noise PSDs of
the locked feeo. Inset: in-loop RF spectrum of fie, signal with 3-kHz RBW. Panels (c) and (d) are in-loop frequency stabilities of stabilized f;

and fceo signals. Insets: the frequency deviation of the stabilized signal.

4. Conclusion and perspectives

We propose a fiber femtosecond OFC based on a NALM
mode-locked laser. The laser adopts a fully PM structure,
and mode-locking in the stretched-pulse regime is realized
at a center wavelength of 1560.2 nm. The repetition rate is
195.65 MHz. The short-term stability reaches 1.95x 10712
with a 1-s averaging time under phase-locked operation. We
implemented a non-common-path f-2 f interferometer, where
precise adjustment of the delay arm enabled optimization of
the feeo SNR up to 51 dB (100 kHz RBW). Our investigation

of laser noise impact on the f.., revealed that under identical

pump currents, the Thorlabs CLD1015 current source demon-
strated superior noise performance compared to the Thorlabs
LDC8020. While the effect on feeo SNR was minimal, we
observed a significant reduction in the fi., linewidth from
28.3 kHz to 10.4 kHz (Lorentz fit) when using the Thorlabs
CLD1015. The phase-locked signal achieves a short-term sta-
bility of 1.17x10~!" with a 1-s averaging time, and the cal-
culated timing jitter is 601 fs. This high-SNR f.., and envi-
ronmentally robust OFC will be beneficial for long-term fre-
quency measurement of optical frequencies and long-term fre-

quency comparison of different optical clocks.
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