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A B S T R A C T   

We report the development of an all-fiber polarization maintaining (PM) optical frequency comb using a mode- 
locked figure-9 laser with a low self-starting pump threshold. We have achieved self-starting mode-lock for 
repetition rates (fr) from 70 MHz to 109 MHz. At a repetition rate of 109 MHz, mode-locking can be achieved for 
a pump power ranging from 187 mW to 880 mW. To the best of our knowledge, this is the lowest pump power 
reported for PM figure-9 erbium fiber lasers with repetition rate over 100 MHz. By optimizing the pump power to 
238 mW, we have achieved an output power of 5 mW, center wavelength of 1566.2 nm, and 3-dB spectral 
bandwidth of 20.5 nm. The repetition rate has a high signal-to-noise ratio of 95 dB at a resolution bandwidth of 
300 Hz. We have studied the spectral characteristics of the laser under different cavity lengths and pump powers. 
Additionally, we have stabilized the repetition rate using a GPS-Rb disciplined RF reference. The fractional 
instability of the repetition rate is measured to be 4.67 × 10− 12 at 1 s and 9.22 × 10− 13 at 10 s over a mea
surement of 11 h. Our findings demonstrate that the developed figure-9 comb is robust, compact and has the 
advantage of high stability and low power consumption. It offers a cost effective solution for future outdoor comb 
applications.   

1. Introduction 

The invention of the optical frequency comb [1] has greatly 
advanced the field of precision metrology [2,3], optical frequency 
transfer [4], optical atomic clock [5] and astronomical spectroscopy 
[6–9]. There is a growing demand for outdoor comb applications, which 
necessitates the development of self-starting polarization-maintaining 
(PM) fiber combs that offer stable performance, cost efficiency, 
compactness, and low power consumption. Material-based saturable 
absorbers (SA) [10–13] such as semiconductor saturable absorber mir
rors (SESAM), carbon nanotubes, graphene, topological insulators have 
been proven to support reliable and self-starting passive mode-locking. 
However, these materials often have low damage thresholds and 
degrade over time, making them less desirable. 

In comparison, nonlinear amplifying loop mirror (NALM) have 
several advantages over material-based SAs. They have high damage 
threshold, fast recovery time, and are cost-effective. All-fiber PM figure- 

9 lasers based on NALM have emerged as strong contenders for comb 
oscillator due to their self-starting capabilities and additional benefits of 
high stability, low noise, and resistance to environmental disturbances 
[14–19]. However, figure-9 lasers have one major drawback: the mode- 
locking principle relies on the accumulation of sufficient nonlinear 
phase differences between the two beams in the NALM cavity. When the 
repetition rate exceeds 100 MHz, high pump power is usually required to 
achieve mode-locking. 

N. Kuse et. al. reported a 83 MHz figure-9 fiber comb in 2016 [20]. 
The mode-locking is based on a hybrid NALM-SESAM mechanism. In 
2020, Yan Pengpeng et. al. reported an erbium fiber comb based on 
NALM with standard deviations of 780 μHz and 308 mHz for repetition 
rate (fr) and carrier envelope offset frequency (f0) locking, respectively 
[17]. With proper temperature control, Lu Shiyu et. al. was able to 
achieve improved results of 358 μHz for fr, and 248 mHz for f0 [19]. 
However, when the repetition frequency exceeds 100 MHz, the 
requirement for self-starting pump power becomes stringent. The 121 
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MHz all- PM figure-9 laser reported by Ke Yin et. al. in 2019 has an 
optimized self-starting pump power of 504 mW for a 18.70 nm spectral 
bandwidth, and 80 dB signal-to-noise ratio (SNR) of repetition rate [21]. 
In 2021, Qinghui Deng et. al. proposed a highly compact 201.14 MHz 
figure-9 laser with only two fiber components in the cavity, which re
quires 850 mW self-starting pump power [22]. Few references on all-PM 
figure-9 erbium fiber laser combs have been reported. In 2023, Haihao 
Cheng et. al. reported a 103.4 MHz PM figure-9 laser with a self-starting 
pump power of 798 mW. The repetition rate is stabilized to Hydrogen 
maser with a relative frequency stability of 2.1 × 10− 12 at 1 s gate time 
[23]. In the same year, Xinru Cao et al. realized a GHz-repetition-rate 
comb based on a nested fiber ring resonator with a self-starting pump 
power of 920 mW [24]. 

In this paper, we mainly discuss the performance optimization and 

repetition rate stabilization of a PM figure-9 laser. Firstly, we demon
strated an all-PM figure-9 erbium fiber laser with low self-starting pump 
threshold. In the experiment, mode-locked could be achieved in a 
repetition rate range from 70 to 109 MHz. We conducted a thorough 
analysis of the spectral characteristics under different pump conditions 
and NALM loop asymmetry as repetition rate increased. In particular, we 
explored how the characteristics of the optical spectrum, such as the 
central wavelength, the 3 dB bandwidth, and the Kelly sidebands 
changed with 1) pump power and 2) loop asymmetry for various repe
tition rates below and around 100 MHz. We observed that increasing in 
the NALM loop asymmetry effectively reduced the self-starting and 
mode-locking pump thresholds, as demonstrated in the Ref. [25]. To the 
best of our knowledge, among the published literatures on all-PM figure- 
9 erbium lasers with repetition rate over 100 MHz, our laser has the 
lowest self-starting pump threshold power for mode-locking. Secondly, 
with repetition rate stabilized to a GPS-disciplined Rb oscillator, our 
comb demonstrates stable operation for more than 11 h without tem
perature control. The fractional instability was measured to be 4.67 ×

10− 12 and 9.22 × 10− 13 at 1 s and 10 s sampling time, respectively. This 
result is comparable to that stabilized to hydrogen maser in Ref. [23]. 
With additional temperature control, it is expected to achieve days even 
months of stable operation. This self-starting figure-9 comb has low self- 
staring threshold and high stability, laying a good foundation for further 
study of figure-9 combs. Additionally, the compact structure of the all- 
PM fiber comb is conducive to miniaturization development. 

2. Experiment setup 

Fig. 1 illustrates the experimental setup of an all-PM fiber comb 
based on a figure-9 laser. The laser consisted of a 980-nm laser diode 
(LD), an NALM loop, and a linear cavity. In the NALM loop, a 32 cm PM 
EDF (Liekki, Er80-4/125-HD-PM) was pumped by a 976 nm LD through 

Fig. 1. Experimental setup for PM figure-9 fiber laser comb with repetition rate 
stabilization. LD: laser diode, PM PP: polarization-maintaining pump protector, 
EDF: Er-doped fiber, WDM: wavelength division multiplexer, PS: phase shifter, 
OC: optical coupler with the splitting ratio of 50:50, IOFM: optical fiber mirror 
and isolator, OSA: optical spectrum analyzer, SG: signal generator, PZT: piezo- 
electric transducer. 

Fig. 2. Output spectra of the laser under different pump power and repetition rate when the length of the EDF is 36.4 cm.  
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a WDM. A π⁄2 phase-shifter (PS) was used to help the laser mode-locking 
and reduce the mode-locking threshold. The linear cavity of the laser 
was an optical fiber mirror with isolation, which was used to form a 
resonant cavity and output laser pulses. The NALM loop and the linear 
cavity were connected by a 50/50 output coupler, which was used to 
accumulate appropriate phase bias between the clockwise and coun
terclockwise beams. The net cavity dispersion was about − 0.023 ps2. 
The total cavity length of the laser was 182 cm, corresponding to a 
repetition rate of 109 MHz. To control the cavity length, the erbium fiber 
was wounded twice before it was glued to a PZT stretcher to compensate 
for any variations caused by environmental disturbances. We chose to 
place PZT on EDF because it was the longest fiber in the laser cavity and 
was least likely to cut short during the optimization process. The output 
of the laser was received by a photodetector. The generated repetition 
rate signal was mixed with the GPS-Rb reference and produced the error 
signal. The output voltage was fed back to the PZT in the laser cavity 
through RF filtering and amplification for a stable repetition rate 
locking. 

3. Result and discussion 

In this section, we focuses on the optimization characteristics and 
stabilization results of the figure-9 laser. We investigate the laser opti
mization characteristics in three aspects. Firstly, we analyze the evolu
tion of the optical spectrum under different pump conditions and NALM 
loop asymmetry as the repetition rate increases from 71 to 109 MHz. We 
observed how the NALM loop asymmetry affects the Kelly sideband 
behavior in the optical spectrum. Additionally, as the repetition fre
quency changes from 78 to 86 MHz, we find that increasing the loop 
asymmetry is beneficial for obtaining a lower threshold pump power, 
while the self-starting threshold differs by only a few mW. We present 

the output characteristics of the laser at the optimized repetition rate of 
109 MHz. Secondly, we measure the repetition rate shift, power and 
output spectrum stability of the laser oscillator during free operation. 
Finally, we measure the frequency fractional instability of the repetition 
rate when it is locked to the GPS-Rb oscillator. 

3.1. The figure-9 laser performance 

During the optimizing process, we investigate how the optical 
spectrum evolves under different pump conditions and NALM loop 
asymmetry for different repetition rates. The NALM loop’s asymmetry is 
determined by the length ratio, L1/L2, where L1 is the counter-clockwise 
distance from the output coupler’s port 1 to the EDF (red portion in 
Fig. 1), and L2 is the distance from the output coupler to the phase- 
shifter and then the EDF (black portion). It is common for the peak 
power of the Kelly sidebands to decrease when the pump power is 
reduced. However, we observed that the change in the Kelly sidebands is 
also related to the NALM loop’s asymmetry. Fig. 2 illustrates the optical 
spectrum of the laser oscillator under various pump conditions when L1 
is 22.6 cm, and the asymmetry ratio (L1/L2) is 1:5.73, 1:5.45, 1:5.14, and 
1:4.64, respectively. All the repetition rates are around 75 MHz for 
comparison. Kelly sidebands in the form of spectral peaks and dips were 
both shown in the spectrum. The formation of Kelly sidebands is as 
follows: Optical solitons experiences periodic gain and loss in the 
oscillator. In order to maintain their own stability, dispersion waves will 
be emitted when the disturbed solitons are restored, which will interact 
with the soliton during the process of transmission in the fiber cavity. 
When the dispersive wave is in phase with the soliton at a certain po
sition in the cavity, a local instructive interference is formed, which is 
manifested as a peak sideband. On the contrary, if the two are out of 
phase, destructive interference is formed, shown as the dip sidebands at 
around 1585 nm in Fig. 2. We made two important observations: Firstly, 

Fig. 3. Output spectra of the laser under different pump power and repetition rate when the length of EDF is 32.1 cm.  
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when the pump power was reduced below 190 mW, small ripples 
showed up near the Kelly sidebands at the short-wavelength end of the 
spectrum, as shown in black curves in Fig. 2. Secondly, although the 
peak power of the Kelly sidebands was reduced as pump decreases in all 
cases, it remained higher than the peak power of the mode-lock spec
trum. In all four cases, the net cavity dispersion was between − 0.043 
and − 0.037 ps2. 

Based on the analysis in Fig. 2, we further increased the loop 
asymmetry to 1:7.89 until we obtained the result that the intensity of the 
highest Kelly sideband was lower than that of the center wavelength, as 
shown Fig. 3(a). Fig. 3 (b-d) studied the spectral performance when the 
repetition frequency was increased from 88 MHz to 109 MHz by 
reducing the length of the linear cavity. In all the three cases, L1 was set 
to be 12.2 cm, and the asymmetry of the loop cavity remained the same 
(1:7.36). Compared to Fig. 2, we noticed that when the pump power was 
reduced to less than 190 mW, all the spectrum in Fig. 3 were very 
smooth, as indicated by the red arrows. Moreover, the pump power 
control suppressed the peak power of the Kelly sidebands better than in 
Fig. 2. The net cavity dispersion in Fig. 3 was between − 0.034 and 
− 0.023 ps2. 

According to Ref [26], the power of the first-order Kelly sidebands 
was significantly influenced by two factors inside the laser cavity: the 
total dispersion D and the nonlinear coefficient δ. When the total 
dispersion D is negative and close to zero, the effect of D on Kelly 
sidebands is relatively small compared to that of the nonlinear 

coefficient δ [26]. When increasing the repetition frequency from 88 
MHz to 109 MHz, the nonlinear coefficient related to the length and Kerr 
coefficient of the fiber is reduced as the cavity length decreases. The 
overall change in the cavity dispersion is only 0.02 ps2. Therefore, the 
Kelly sideband light intensity decreases. In addition, Ref [25] asserted 
that the larger the coupler splitting ratio, the higher the mode-locking 
threshold would be. Therefore, the 50/50 coupler in our laser configu
ration is expected to obtain the lowest mode-locking threshold. For a 
fixed coupler splitting ratio, the loop asymmetry can be optimized for a 
large self-start single-pulse mode-locking region [25], and thus the 
mode-locking threshold can be reduced. 

To study the influences of loop asymmetry on the optical spectrum, 
we investigated how the peak intensity of the Kelly sideband varies 
relative to that of the mode-lock spectrum. Fig. 4(a) plots the optical 
intensity differences under various conditions, including pump power, 
loop asymmetry ratio, and repetition rates. The overall trend we 
observed was that the Kelly sideband can be suppressed as the pump 
power decreases, and that the asymmetry ratio and repetition rate also 
played a vital role in this process. By working in a proper asymmetry 
ratio range and with repetition rates close to 100 MHz, it is possible to 
effectively reduce the Kelly sideband. As the repetition frequency in
creases, the cavity length decreases, leading to a reduction in the 
nonlinear coefficient related to the length and the Kerr coefficient of the 
fiber. At this time, the total dispersion in the cavity is negative near zero. 

Fig. 4. The effect of loop asymmetry. (a) The relationship between the optical 
intensity difference between the peak of mode-locked spectrum and the Kelly 
sideband as a function of the pump power. (b) Self-starting and mode-locked 
pump thresholds at different repetition rates (or different loop asymmetry). 

Fig. 5. The variation of spectral chaterictics in Figs. 2 and 3. (a) The spectral 
width and central wavelength as a function of pump powers when the repetition 
frequency is 109 MHz. (b) The spectral width and central wavelength of the 
same pump power as a function of repetition rates. 
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Therefore, when the loop asymmetry is increased, the intensity of the 
Kelly sideband light is significantly reduced due to the decrease of the 
nonlinear coefficient and the total dispersion [26]. In Fig. 4, it can be 
seen that increasing the asymmetry of the loop from 1:4.64 (L1 = 22.6 
cm) to 1:7.89 (L1 = 12.2 cm), or changing the repetition rate from 78 
MHz to 86 MHz, does not significantly affect the self-starting threshold 
pump of the laser, but lowers the mode-locking pump threshold. This is 
because a larger loop asymmetry helps to accelerate the accumulation of 
nonlinear phase, which is beneficial for reducing the mode-locking 
pump thresholds. By adjusting the loop asymmetry and combining it 
with a phase shifter, it is possible to achieve low self-starting and mode- 
locking thresholds. These findings are consistent with the point 
mentioned in Ref.[25], although they only considered the effect of loop 
asymmetry on the two threshold powers under the same repetition rate, 
while we observed that under various repetition rate conditions. With 
increasing repetition rate, sufficient nonlinear phase shift must be 
accumulated to achieve self-starting mode locking, which can be 
compensated by increasing the pump power to make up for the reduc
tion in cavity length. The experimental results in Fig. 4 (b) confirmed 
this point. For all the measurements, the net cavity dispersion was 
similar, which was around − 0.03 ± 0.01 ps2. 

To study how the spectral characteristics were influenced by the loop 

asymmetry and pump power, we recorded and plotted the changes of 
spectral width and central wavelength in Fig. 5. As pump power in
creases, the spectral width gradually widens from 18 nm to 22 nm for a 
repetition rate of 109 MHz, while the central wavelength exhibits red 
shift from 1565.3 nm to 1567.4 nm, illustrated in Fig. 5(a). In Fig. 5(b), 
with the increase of repetition rate from 70 MHz to 109 MHz, the 
spectral width increases from 15.8 nm to almost 20 nm at a constant 
pump power of 213 mW, while the central wavelength shows blue shift 
by over 8 nm. However, we observed that there is a region where 
spectral distortion is prone to occur, indicated by the red arrows in 
Fig. 2, when adjusting the length of L2. This region, colored in light grey 
in Fig. 5(b), leads to unstable RF spectrum and time domain waveform. 
In contrast, stable spectrum and time domain waveform were obtained 
when the EDF was 32.1 cm, represented by the dark grey region on the 
right. 

Moving to Fig. 6, we present the output characteristics of the mode- 
locked figure-9 laser at an optimized pump power of 238 mW. The Kelly 
sidebands were successfully suppressed below the mode-lock spectrum. 
The spectrum was centered at 1566.2 nm with a 3-dB spectral band
width of 20.5 nm. The RF spectrum of the 109 MHz repetition rate is 
represented in Fig. 6(b). The inset picture shows the pulse train recorded 
by a 2 GHz oscilloscope. We measured the pulse width using an intensity 
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Fig. 6. The optimized output characterization of the laser. (a) Optical spectrum at a pump power of 238 mW. (b) The measured RF spectrum showing the repetition 
frequency. Inset: The time domain pulse trains measured by a 2 GHz oscilloscope. (c) The intensity autocorrelation trace of the output pulse from the oscillator after 
0.75 m PM 1550 fiber. (d)The output average power as a function of pump power. (e) The optical spectrum evolution under different pump powers. 

Table 1 
PM Erbium-doped mode-locked fiber laser with repetition rate above 100 MHz.  

EDF length 
(cm) 

fr(MHz) Self-starting 
threshord pump power 
(mW) 

Pump powera (mW) FWHM 
(nm) 

λc(nm) Output power 
(mW) 

NCD 
(ps2) 

Refs. 

− 907 920 − 15.5 1530 4.5 − [24] 
31 201 850 − 20.9 1561.3 4 − 0.0124 [22] 
35 121 504 504  18.7 1571.6 1.2 − 0.015 [21] 
28 103.4 798 460  20.6 1562 6.82 − 0.02 [23] 
32.1 109 428 238  20.5 1566.2 5 − 0.023 Our 

work 32.1 109 428 187  18.1 1563.8 4 − 0.023 

aThe pump power is the set power of laser data acquisition. 
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autocorrelator (Feomto-chrome, FR-103XL) based on second-harmonic 
generation (SHG). Fig. 6(c) illustrated the autocorrelation measure
ment of the oscillator output after 0.75 m PM1550 fiber. By fitting the 
sech2 function, the pulse duration was measured to be 424 fs. The time- 
bandwidth product was calculated as 1.064. Fig. 6(d) plotted the output 
power of the laser. As the pump power increased, the laser remained cw 
lasing until the pump reached the self-staring threshold of 428 mW. The 
spectrum exhibited bound-state mode-locking with an output power of 
around 10 mW. However, when we reduced the pump power below 352 
mW, the spectrum jumped from bound-state mode-locking to single 
pulse mode-locking, as shown in Fig. 6(e). 

Table 1 lists several published work in recent years on all-PM figure- 
9 erbium fiber lasers and combs with repetition rates above 100 MHz. 
Among them, our comb exhibited the lowest mode-lock self-staring 
pump threshold (428 mW) with about the same EDF length and lowest 
working pump power. Similar spectral width and output power are 
obtained when the pump power is reduced to 187 mW. 

3.2. The stability of free-running figure-9 Er:laser 

We monitored the repetition rate, output power and optical spectrum 
of the laser for 14 h in an air-conditioned laboratory, as shown in Fig. 7. 
In Fig. 7(a), the drift of repetition rate was about 600 Hz. The output 
optical power was measured every half an hour, and showed a power 
fluctuation of 0.14 %. Fig. 7(c-d) plotted the spectral repeatability over a 
span of 14 h. 

3.3. Frequency fractional instability of figure-9 Er:laser 

We stabilized the repetition frequency to a frequency synthesizer and 
measured the fractional instability. This was achieved by mixing the 
fundamental repetition rate with the reference signal from the synthe

sizer to generate an error signal. The error signal was filtered and 
amplified through the PI controller. The output of the PI controller was 
fed back to the PZT driver for precise cavity length control. Fig. 8(a) 
represented the repetition frequency recorded by the Keysight frequency 
counter (Model No.:53230A) at a gate time of 1 s for over 11 h. Both the 
frequency counter and the RF reference signal are using the GPS- 
disciplined Rb oscillator as reference. The red triangles and green 
square in Fig. 8(c) represented the instability of the GPS-Rb oscillator, 
and the synthesizer which was referenced to the GPS-Rb oscillator, 
respectively. The measured Allan deviation of the repetition frequency 
was 0.5 mHz. The fractional instability at 1 s and 10 s sampling time was 
4.67 × 10− 12 and 9.22 × 10− 13, respectively, represented by the blue 
dots in (b), which followed the synthesizer performance as expected. 
Currently, the experiments were conducted in an air-conditioned labo
ratory. The long-term stability of the system can be further enhanced in 
future with the help of additional temperature control for the laser 
oscillator. 

4. Conclusion 

In this paper, we have constructed an all-PM fiber laser optical fre
quency comb based on figure-9 erbium fiber laser with 428 mW self- 
starting pump threshold and fractional stability on the order of 10− 13 

at 100 s gate time. As far as we know, this is the lowest self-starting 
pump threshold reported for all-PM figure-9 erbium fiber comb with 
repetition rate above 100 MHz. Through our research, we have 
discovered that the NALM loop asymmetry plays a crucial role in 
achieving a low self-starting threshold. By studying the position of the 
gain fiber, we have optimized the asymmetry of the loop cavity, 
allowing for a low operating pump power of 187 mW with a 50/50 
coupling ratio and 109 MHz repetition frequency. The repetition 

Fig. 7. The 14- hour stability test for the laser. (a) Free running drift of repetition frequency; (b) Output power; (c) Optical spectrum; (d) 3 dB spectral width and 
central wavelength of the laser. 
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frequency of the laser was currently limited by the minimum length for 
fiber splicing. If we could combine phase shifter, WDM and output 
coupler to a single device, the repetition frequency can be enhanced to 
more than 200 MHz. 

Furthermore, we analyzed the changes of spectral properties, such as 
the center wavelength and spectral width, for different NALM loop 
asymmetries and pump powers as the repetition rate increases. Our re
sults have shown that the NALM loop asymmetry not only played a 
crucial role in achieving a low self-starting threshold, but also signifi
cantly affects the intensity of the spectral Kelly sidebands. By selecting 
an appropriate asymmetry, we were able to greatly suppress the Kelly 
sideband. Additionally, our reproducibility test over a span of 14 h also 
validated the long-time stable operation in terms of output power and 
spectral shape. 

Moreover, we have achieved frequency stabilization of the repetition 
rate locking for over 11 h, attaining a fractional instability was 4.67 ×
10-12 and 9.22 × 10-13 for at 1 s and 10 s gate time, respectively. This 
stability can be further enhanced through improved isolation and 
external temperature control. We believe that the compact and robust 
frequency comb presented in this paper holds immense potential in 
becoming a highly promising ultrafast fiber comb source in the fields of 
precision measurement, optical sensing, optical communication, lidar, 
and other outdoor applications. 
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