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As an important component of optical frequency combs, mode-locked lasers are also the main source of noise in opti-
cal frequency combs. This paper focuses on the effect of the cavity structure of mode-locked lasers on noise performance.
At a pump power of 793 mW, the integrated timing jitter within the range of 10 Hz—10 kHz for the ring cavity, o cavity, and
Figure-9 cavity is 216 fs, 307 fs, and 107 fs, respectively, while the integrated relative intensity noise from 1 Hz to 1 MHz
is 0.0050%, 0.0029%, and 0.0037%, respectively. The Figure-9 cavity demonstrates superior noise performance, and the &
cavity based on nonlinear polarization rotation also exhibits certain resistance to noise interference.
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1. Introduction

Narrow-linewidth, low-noise optical frequency combs
based on fiber mode-locked lasers have wide applications
in fields such as time-frequency measurement,!!! absolute
distance measurement,?! optical clock comparison,?! time-
frequency transfer,¥ dual-comb spectroscopy!>~"! and ultra-
stable microwave generation.3°l The main noise sources of an
optical frequency comb include amplified spontaneous emis-
sion noise, temperature fluctuations, vibrations, and pump
noise. Extracavity noise mainly appears as white noise, re-
ducing the signal-to-noise ratio and visibility of the comb
lines, while intracavity noise primarily manifests as frequency

10.11] Therefore, a low-

noise, which broadens the comb lines.!
noise mode-locked laser is crucial for achieving a low-noise,
narrow-linewidth optical frequency comb.

The noise performance of the mode-locked laser is also
influenced by factors such as the mode-locking mechanism,
dispersion, and cavity structure.!'?! In terms of the mode-
locking mechanism, artificial saturable absorbers based on
nonlinear polarization rotation (NPR) and nonlinear amplify-
ing loop mirrors (NALMs) exhibit lower noise.!'3! In terms
of dispersion, near-zero dispersion results in lower phase
noise.l'*1% To reduce the demands on phase-locked loops

and facilitate applications in narrow-linewidth optical combs,

TCorresponding author. E-mail: caoshiying@nim.ac.cn

CSTR: 32038.14.CPB.ae5f86

it is essential to investigate the impact of cavity structure on
laser noise, particularly under conditions of near-zero disper-
sion and artificial saturable absorber mode-locking.[!?!

Many researchers have already shown interest in the in-
herent noise performance of free-running mode-locked lasers.
In 2015, Li et al.!"”! demonstrated a 201 MHz repetition-rate
NPR mode-locked erbium-doped fiber laser in a ring cav-
ity. The 8th harmonic of the repetition rate had a phase
noise of approximately —120 dBc/Hz at a 1 kHz offset fre-
quency, and the timing jitter from 1 kHz to 10 MHz was
24 fs. In 2017, Menlo Systems constructed an all-polarization-
maintaining Figure-9 cavity erbium-doped fiber laser with a
repetition rate of 250 MHz based on the NALM mode-locking
mechanism. The laser achieved an integrated relative inten-
sity noise (RIN) better than 0.005% over offset frequencies
from 1 Hz to 1 MHz.!'81 In 2019, Wang et al. built a & cavity
erbium-doped mode-locked fiber laser operating at a repeti-
tion rate of 97.6 MHz, based on NPR and a semiconductor
saturable absorber mirror (SESAM). The RIN at a 1 Hz off-
set frequency was approximately —110 dBc/Hz, but quickly
decreased to —120 dBc/Hz.['”! For each cavity structure, only
one report is presented here; more examples can be found in
the references. 20-221
In this work, we independently constructed a Figure-9
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cavity laser based on NALM mode-locking, as well as a ring
cavity laser and a o cavity laser based on NPR mode-locking.
To minimize interference from factors other than the cavity
structure, the repetition rates of the three lasers were controlled
at 200 MHz, their dispersions were kept similar, the pump
currents were maintained consistently, and the lasers were
placed on a stable optical platform in the laboratory for noise
measurements to reduce the environmental sensitivity of non-
polarization-maintaining fibers. At a pump power of 793 mW,
the integrated timing jitter within the range of 10 Hz—10 kHz
for the ring cavity, ¢ cavity, and Figure-9 cavity was 216 fs,
307 fs, and 107 fs, respectively, while the integrated RIN from

1 Hz to 1 MHz was 0.0050%, 0.0029%, and 0.0037%, respec-
tively.

2. Experimental setup

The fiber mode-locked lasers with different cavity struc-
tures are shown in Fig. 1.

To isolate the effect of the cavity structure, all other pa-
rameters were kept consistent by ensuring comparable ac-
tive fiber lengths and net dispersion across the three lasers,
thereby mitigating the known impact of dispersion on phase
noise.[14-11 The specific fiber lengths and dispersion parame-
ters of each laser are shown in Table 1.

Table 1. Fiber lengths and net dispersion of three different structures of erbium-doped mode-locked lasers.

Cavity structure Col Er WDM (Common) WDM (Pass)&Co2  Net dispersion

Ring SMF28e Erl10 OFS980 OFS980 + SMF28¢e
20 cm 41 cm 8.5cm 7+11cm —1621 fs?

o SMF28e Erl10 OFS980 OFS980 + SMF28e
10 cm 38 cm 8 cm 7424 cm —2650 fs?

Figure-9 PMSMF  Er80 PMSMF PMSMF
7 cm 43 cm 17 cm 10+7.7 cm —574 fs?
(a) Col A/4 ISO /2 A/4 Co2 (c)

Co2 A/4)/2

co2] FR A8 Mirror & PZT

FR Mirror & PZT

Fig. 1. The cavity structures of erbium-doped fiber mode-locked lasers with a repetition rate of 200 MHz. (a) Ring cavity. (b) o cavity.

(c) Figure-9 cavity.
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Fig. 2. Optical spectrum (a)-(c) and corresponding radio-frequency spectrum (d)—(f) for the ring, o, and Figure-9 cavity lasers, respectively.
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3. Results
3.1. Basic parameters of three lasers

By optimizing the fiber length, the net cavity dispersion
was brought close to zero dispersion, and the repetition rate
was controlled to be near 200 MHz.
tion rate of 200 MHz was achieved. At a pump current of
1100 mA (793 mW), the 3 dB bandwidths for the ring, o,
and Figure-9 cavities were 87 nm, 30 nm, and 92 nm, respec-
tively, while their 5 dB bandwidths were 99 nm, 101 nm, and
103 nm, respectively. The output powers of the three lasers

Ultimately, a repeti-

were around 30 mW. The corresponding optical spectra and
radio-frequency spectra (span 40 MHz, RBW 100 kHz) are
presented in Fig. 2.

3.2. Selection of laser diode drivers

The noise from the laser diode is one of the significant
noise sources in fiber-based mode-locked lasers. To minimize
the RIN of the laser diode and achieve optimal noise perfor-
mance for the seed source, we evaluated three commercially
available drivers using the same laser diode. When measur-
ing the RIN of the laser diode, the driver current was set to
600 mA, the detector used was the Thorlabs PDA10CS-EC,
and the noise analyzer was the Agilent Technologies ES052B.
The measurement results are shown in Fig. 3.

In the offset frequency range from 1 Hz to 1 MHz,
the integrated RIN of the Thorlabs CLD1015, Thorlabs
PRO8000, and Koheron CTL300E were 0.2776%, 0.3028%,
and 0.2660%, respectively. Therefore, when measuring the
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Fig. 3. Laser diode RIN under three laser diode drivers.

3.3. Noise measurement of lasers with different
structures

cavity

The three lasers were enclosed in simple plastic boxes
and placed on the laboratory optical table for noise measure-
ments. The detectors used for phase noise and RIN measure-
ments were EOT ET-5000F and Thorlabs PDA10CS-EC, re-
spectively, and the noise analyzer was an Agilent Technolo-
gies E5052B. Under the same laser diode and driven by the
Koheron CTL300E, the measured phase noise and RIN are
shown in Fig. 4. In Fig. 4(b), we also present the RIN of
the laser diode at a pump power of 793 mW (corresponding
to 1100 mA).
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Fig. 4. (a) Phase noise and (b) RIN of fiber mode-locked lasers with different cavity structures.

Table 2. Integrated time jitter of three lasers with different cavity struc-
tures.

Offset frequency range Ring o Figure-9
1 Hz-1 MHz 28844 fs 11144 fs 8220 fs
10 Hz-1 MHz 219 fs 309 fs 113 fs
100 Hz-1 MHz 72 fs 56 fs 48 fs
1000 Hz-1 MHz 39 fs 40 fs 38fs

The integrated timing jitter of the ring cavity, ¢ cavity,
and Figure-9 cavity over different offset frequency ranges is

shown in Table 2. The corresponding integrated RIN from
1 Hz to 1 MHz was 0.0050%, 0.0029%, and 0.0037%, respec-
tively. At offset frequencies below 3 kHz, the Figure-9 cavity
outperforms both the ¢ cavity and the ring cavity. In terms
of RIN, the ¢ cavity outperforms the Figure-9 cavity and the
ring cavity. Furthermore, compared with the ring cavity, the
cavity demonstrates a certain degree of noise resistance.

When analyzing the RIN of fiber amplifiers with the same

064209-3
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doped medium, there exists a pump-to-seed noise transfer
function between the output light and the pump light.[!3-23:24]
This theory can be used to analyze the response of lasers with
different cavity structures to laser diode RIN. Unlike ampli-
fiers, the same doped fiber is placed in oscillators with dif-
ferent cavity structures. As shown in Fig. 4(b), the following
characteristics are still observed at offset frequencies below
1 kHz. Compared with amplifiers, oscillators exhibit a certain
suppression capability for low-frequency RIN, approximately
10 ~ 20 dB. The coupling of the laser diode mid-frequency
RIN to the oscillator manifests as attenuation. Lasers with dif-
ferent cavity structures exhibit different suppression capabili-
ties. From 1 kHz to 10 kHz, the attenuation is relatively slow,
and the RIN remains relatively flat on a logarithmic scale. Be-
yond an offset frequency of 10 kHz, the RIN is suppressed due

to the slow relaxation constant of erbium ions.[!8!
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For phase noise measurements, we used a simple conven-
tional method, namely, a photodetector (EOT ET-5000F) com-
bined with a signal source analyzer (Agilent E5052B). Com-
pared with more state-of-the-art methods, such as the balanced
optical cross-correlation (BOC), fiber-delay method, or optical
heterodyning method,!1>->32%] this method is limited by detec-
tor thermal noise and shot noise at higher offset frequencies.
As shown in Fig. 4(a), the phase noise curve becomes flat af-
ter 10 kHz. At higher offset frequencies, there is also a con-
tribution from amplified spontaneous emission (ASE) in the
gain fiber. From the measurement results, the phase noise of
the Figure-9 cavity is lower than that of the ¢ cavity and the
ring cavity. Overall, the Figure-9 cavity demonstrates supe-
rior noise performance. Surprisingly, the o cavity based on
NPR mode-locking also demonstrates a degree of noise sup-

pression.
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Fig. 5. Overlapping Allan deviations of the free-running fceo for (a) o cavity and (b) ring cavity. Insets: free-running fieo. (¢) Schematic diagram
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As shown in Fig. 5, we also used a counter to measure the
free-running carrier—envelope offset frequency (fceo) of combs
generated from both the ¢ cavity and the ring cavity (the other
two lasers had nearly identical parameters to the o cavity and
the ring cavity described above). To demonstrate the environ-
mental disturbance resistance of the laser, we kept the lids of
the plastic boxes housing the two seed sources open during
the measurement. Both in terms of frequency drift and the 1 s
overlapping Allan deviation, the ¢ cavity structure exhibits
relatively good stability. This may be due to the Faraday rota-
tor and the mirror within the ¢ cavity rotating the polarization
state, potentially giving rise to a compensation effect similar
to the thermal birefringence compensation effect commonly

(271 a5 shown in Fig. 5(c). How-

observed in solid-state lasers,
ever, it cannot be excluded that the cavity structure, similar
to the Figure-9 cavity itself, possesses a certain resistance to
environmental disturbances.

We also evaluated the noise performance of the three
lasers by monitoring their repetition frequencies over a period
exceeding 24 h, as shown in Fig. 6.

The unlocked repetition rate is susceptible to variations
caused by environmental factors such as temperature and vi-
bration. When a mode-locked laser is enclosed in a plastic
box, the repetition rate stability of the ring cavity, o cavity,
and Figure-9 cavity over a 1 s averaging time is 1.5 x 1078,
1.8 x 1072, and 9.2 x 1019, respectively. In addition, when
the box is opened, the 1 s average repetition frequency stabil-
ity of the o cavity is of the same order of magnitude as that of
the Figure-9 cavity, and is better than that of the ring cavity.

To verify that differences between PM and non-PM fibers
have minimal impact on the results, we conducted a compar-
ative experiment under both stable and suboptimal environ-
mental conditions. The above results were all measured on a
laboratory optical platform, which provides a relatively stable
environment. Next, we measured the noise under less favor-
able conditions. Due to other work constraints, the ¢ cavity
was inconvenient to move, so we used it as a control group and
measured its noise on the laboratory optical platform. The ring
cavity and the Figure-9 cavity (another laser with nearly iden-
tical parameters to the Figure-9 laser described above) were
placed on a small mobile support platform for noise measure-
ment, making them more susceptible to vibrational and other
environmental disturbances. The experiment used a Thorlabs
1015 driver to drive another laser diode, and the phase noise
was measured with an EOT ET-3000A. The results are shown
in Table 3.

The results show that the o cavity, when placed on the
laboratory optical platform, exhibits only slight differences
in phase noise due to minor environmental changes or mea-
surement errors. However, the ring cavity and the Figure-9

cavity, when placed on a small mobile support platform, are
significantly affected by environmental vibrations and noise.
Compared with the results obtained when placed on the ex-
perimental platform, the integrated timing jitter from 1 Hz to
1 kHz changed by 14183 fs and 3819 fs, respectively. This
indicates that polarization-maintaining (PM) fibers do indeed
reduce environmental interference to some extent, while the
phase noise of lasers based on non-polarization-maintaining
fibers is strongly affected. However, when all three cavity-
type structures are placed on a laboratory optical platform and
enclosed in protective plastic boxes, the 4644 fs integrated tim-
ing jitter difference between the ¢ cavity and the ring cavity
with similar fiber is much smaller than the 19955 fs differ-
ence observed in poorer environments. This suggests that a
more stable testing environment can mitigate the impact of
environmental interference on non-PM fibers. Furthermore,
in a stable environment, the ¢ cavity does not show a sig-
nificant difference compared with the Figure-9 cavity using
polarization-maintaining fiber. Moreover, in Fig. 6(b), with
the box open, the repetition-rate stability at an averaging time
of 1 s was comparable between the ¢ cavity and the Figure-9
cavity.

Table 3. Integrated Timing Jitter from 1 Hz to 1 kHz in Stable and unsta-
ble environments.

o Ring Figure-9
Stable environment 11852 fs 16496 fs 7675 fs
Poor environment 10723 fs 30679 fs 11494 fs

4. Discussion

This paper focuses on low-noise seed sources for opti-
cal frequency combs and studies the impact of cavity struc-
tures on the noise of mode-locked lasers. We made our best
efforts to ensure consistency across all factors other than the
cavity configuration. The Figure-9 cavity achieved excellent
performance with integrated timing jitter of 107 fs (10 Hz—
10 kHz) and integrated RIN of 0.0037% (1 Hz—1 MHz). No-
tably, the o cavity, which shares a similar structural design
with the Figure-9 cavity, also demonstrated a degree of noise
suppression capability.
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