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Fig. 1. Schematic of the Erbium-doped fiber optical frequency comb system. FR represents faraday rotator; LD represents laser di-

ode; WDM represents wavelength-division multiplexer; ISO represents isolator; PBS represents polarization beam splitter; BS rep-

resents beam splitter; BPF represents bandpass filter; APD represents avalanche photodiode; SYN represents frequency

synthesizer; LF represents loop filter.
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Fig. 2. Output characteristics of the Erbium-doped fiber oscillator: (a) Output spectrum of the oscillator in linear (black) and logar-

ithmic (blue) scales; (b) RF spectrum of the oscillator's repetition rate signal, with the inset showing the fundamental and higher-or-

der harmonics; (c¢) stable pulse train from the oscillator displayed on an oscilloscope.
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Fig. 3. Stability tests of the oscillator output: (a) Long-term output power curves of the oscillator before (top) and after (bottom)
packaging with temperature control; (b) comparison of the integrated phase noise before (thick line) and after (thin line) packaging;

(c) drift of the free-running repetition frequency before (top) and after (bottom) the implementation of temperature control.

(a) (b) 100
—10} 75 o =9.4856 mHz

g —20 50 F

m N

1; —30 o 25 el

£ —40 £ 0

2 s

% —50 < —-25

~ 60 —50r

_75t
—70
L L L L —~100 L L L L L N
0 20 40 60 80 100 0 5000 10000 15000 20000 25000 30000
Frequency/MHz Time/s
£ el d
() O - s (@) & 5.24x 1017
420.82 mrad N g = N

- —60 > ° &\E.Gaxmf”
E é 102 2 E \*\1.54><10’17
g R g 5 10-17F \\*\s.sum%
2 —70 g 'Z Sk 5.94x 10718
IS = & \*\4\.02><10"’5
g2 _s0 0t & = K 2.62x10-15
o E I3} . S 1.67x10-18 -
il E 3 10-18 F 1.22x10-15 ¥~ 8862107

© —90 e = 8.63><10*19*_—*\\*

. . . . . 100 . . . G.00x107 Y
100 10! 102 103 104 10° 106 100 10! 102 103
Frequency/Hz T/s
4 oo BUEGR  (a) foo 8 T MG, 75 300 kHz 43 BF 340 58 T {5 W LL ik 2 35 dB; (b) SR B & BUE ST [, 7550

AR Z B2 (C) fooo T8 BB (1 Hz—1 MHz); (d) £ {7 5 19 Allan i 2%

Fig. 4. Locking results of the f,,: (a) RF spectrum of the f,, signal, showing a signal-to-noise ratio (SNR) of 35 dB at a resolution
bandwidth (RBW) of 300 kHz; (b) deviation of the locked f,,, signal from its set center frequency, measured by a frequency counter;
(c) integrated phase noise of the f,, signal (from 1 Hz to 1 MHz); (d) Allan deviation of the f,., signal.
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Abstract

High frequency stability and low phase noise are two critical metrics for evaluating the performance of

optical frequency combs. Highly stable femtosecond optical frequency combs play a significant role in frontier

fields such as precision measurement physics, spectroscopy, optical clocks, and attosecond science. In recent

years, the figure-9 fiber cavity configuration has emerged as the preferred design for low-noise fiber-based

frequency combs. Research efforts have focused on suppressing phase noise, narrowing linewidth, and improving

overall stability. Significant progress in reducing phase noise and linewidth has been achieved through
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techniques including the suppression of pump laser current noise, control of femtosecond laser dispersion, and
feedback control by using fast actuators, meeting the requirements for most time-frequency applications.
Regarding long-term stability, although considerable engineering optimizations and temperature drift control
measures have been implemented, there is still room for further improvement.

On this basis, this paper proposes a highly stable erbium-doped fiber optical frequency comb with long-
term stability of 102! level which is implemented based on a nonlinear amplification loop mirror mode-locking
technique. A self-built 100 MHz repetition rate (f,) erbium (Er) doped fiber femtosecond laser outputs 290 mW,
67 fs pulses. A carrier—envelope offset (f,,) signal with a signal-to-noise ratio of approximately 35 dB is detected
using a collinear f-2f self-referencing technique. Both f,, and the beat note signal with a continuous-wave laser
are simultaneously locked to a microwave reference by using phase-locked loops that control a fast intra-cavity
electro-optic modulator, a piezoelectric transducer, and the pump current. Once locked, the phase noise of f,., is
421 mrad, with in-loop relative frequency stability of 5.24x 107 at 1 s. The beat note exhibits a phase noise of
129 mrad and in-loop relative frequency stability of 1.73x10 '® at 1 s, which further improves to 5.30x10 %' at
20000 s. This high-stability, low-noise fiber comb system provides an ideal tool for studying high-precision

optical clocks, optical frequency comparisons, and time-frequency transfer.
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