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Abstract: Fiber lasers mode-locked with normal cavity dispersion have 
recently attracted great attention due to large output pulse energy and 
femtosecond pulse duration. Here we accurately characterized the timing 
jitter of normal-dispersion fiber lasers using a balanced cross-correlation 
method. The timing jitter characterization experiments show that the timing 
jitter of normal-dispersion mode-locked fiber lasers can be significantly 
reduced by using narrow band-pass filtering (e.g., 7-nm bandwidth filtering 
in this work). We further identify that the timing jitter of the fiber laser is 
confined in a limited range, which is almost independent of cavity 
dispersion map due to the amplifier-similariton formation by insertion of 
the narrow bandpass filter. The lowest observed timing jitter reaches 0.57 fs 
(rms) integrated from 10 kHz to 10 MHz Fourier frequency. The rms 
relative intensity noise (RIN) is also reduced from 0.37% to 0.02% 
(integrated from 1 kHz to 5 MHz Fourier frequency) by the insertion of 
narrow band-pass filter. 
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1. Introduction 

Passively mode-locked lasers can generate optical pulse trains with extremely low timing 
jitter down to the attoseconds level, as predicted by laser noise theory [1,2]. Such a uniformly 
spaced pulse train has been proved to become an enabling signal source for a number of ultra-
high precision applications, such as optical frequency metrology, low-noise microwave signal 
synthesis, arbitrary optical waveform generation, and large-scale timing distribution [3–5]. 
The direct observation of pulse train timing jitter from passively mode-locked lasers has also 
been enabled by a balanced optical cross-correlation (BOC) technique [6–10]. 

Compared to solid-state lasers, fiber lasers are more attractive for real-world applications 
due to their lower cost, more compact structure, and higher stability. Till now, all 
experimental demonstrations of timing jitter reduction in fiber lasers have required a careful 
optimization of cavity dispersion towards zero [11,12], where the pulse train is immune to the 
Gordon-Haus jitter [13]. However, fiber lasers working in the vicinity of zero dispersion often 
suffer from low pulse energy and multi-pulse instability. Normal dispersion fiber lasers have 
attracted much attention in recent years due to their advantage of large energy output, 
compact design and enhanced stability [14–18]. The compressed pulse duration already 
reaches the level of fiber lasers with close-to-zero cavity dispersion [19,20]. Optical 
frequency comb based on normal dispersion Yb-fiber lasers has also been demonstrated [21]. 
However, fiber lasers operating at normal dispersion is proved to have much larger jitter due 
to the larger Gordon-Haus jitter as has been experimentally characterized in [8]. It has been 
shown both theoretically [1,2] and experimentally [22,23] that intra-cavity filtering can act as 
a restoring force to reduce Gordon-Haus jitter in passively mode-locked lasers. It has been 
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also predicted that a narrow bandpass filter can make the jitter independent of cavity 
dispersion map due to amplifier-similariton formation [24]. 

In this paper, we study the timing jitter reduction effects in normal-dispersion fiber lasers 
using a BOC method. The timing jitter characterization experiments show that the timing 
jitter of normal-dispersion mode-locked fiber lasers can be significantly reduced by using 
narrow band-pass filtering (e.g., 7-nm bandwidth filtering in this work). Further, we could 
experimentally confirm that the resulting timing jitter is almost independent of cavity 
dispersion by the amplifier-similariton formation. As a result of suppressed Gordon-Haus 
jitter by narrow bandpass filtering, the observed timing jitter could be reduced to the sub-
femtosecond regime (0.57 fs rms integrated from 10 kHz to 10 MHz Fourier frequency). We 
also find that the narrow band-pass filtering can result in much-reduced relative intensity 
noise (RIN), as observed by an amplitude noise characterization. The RIN reduction from 
0.37% to 0.02% (in rms), integrated from 1 kHz to 5 MHz Fourier frequency, is observed by 
insertion of a narrow band-pass filter in the normal-dispersion passively mode-locked fiber 
lasers. 

2. Experimental setup 

The laser under test (LUT) is a standard nonlinear polarization evolution (NPE)-based mode-
locked Yb-doped fiber laser, which is based on a ring cavity configuration, as shown in Fig. 
1(a). A segment of 25 cm highly doped Yb-fiber is used as a gain medium. The pump is 
provided by a 660-mW fiber-Bragg-grating stabilized low intensity noise telecom laser diode 
working at 976 nm. The total intra-cavity fiber length is 80 cm, and the cavity normal 
dispersion is ~0.02 ps2. A 600 grooves/mm grating pair is used for dispersion compensation. 
The net cavity dispersion can be tuned continuously by altering the grating pair separation. 
The laser repetition rate is fixed at 161 MHz by adjusting the free space optical path at 
different grating pair separation. In order to study the impact of spectral filtering on timing 
jitter of the normal dispersion mode-locked fiber laser, an interferometric band-pass filter 
with 7 nm 3-dB bandwidth centered at 1040 nm is inserted after the isolator in the LUT. 

Several mode-locking conditions are found by altering the dispersion map and spectral 
filtering under the normal intra-cavity dispersion. The optical spectra of the laser output at 
these mode-locking conditions are presented in Fig. 1(b). The laser works in a passive self-
similar regime at a cavity dispersion of ~0.004 ps2 and ~0.008 ps2. When the narrow band-
pass filter is inserted into the cavity, the pulse dynamics converts to an amplifier-similariton 
formation in dispersion mapped fiber lasers [25], despite the large difference in cavity 
dispersion. The grating pair can be also removed, resulting in an all-normal-dispersion 
(ANDi) mode-locked fiber laser operating at ~0.02 ps2. Note that, at + 0.02 ps2 condition, the 
ultrashort pulse operation can be stabilized only when the spectral filter is inserted. 

 

Fig. 1. (a) Configuration of the passively mode-locked Yb-fiber laser under test. GP, grating 
pair; LD, 976-nm laser diode; WDM, wavelength division multiplexer; (b) Laser output 
spectra at normal dispersion regime with different cavity dispersion in the presence or absence 
of a narrow band-pass filter. 
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The timing jitter of the passively mode-locked fiber lasers with various operation modes is 
characterized by the BOC between the LUT and an independent reference laser (REF). The 
setup of timing jitter characterization is shown in Fig. 2. The REF is based on a σ-cavity 
design with a piezoelectric transducer (PZT)-mounted mirror, which is used for repetition rate 
locking between the two lasers. The reference laser is a standard Yb-doped stretched-pulse 
fiber laser working in the vicinity of zero cavity dispersion, which characterizes an ultralow 
timing jitter of 270 as timing jitter [integrated from 10 kHz to 10 MHz offset frequency]. 

 

Fig. 2. Configuration of the timing jitter characterization system. BBO, beta-barium borate; 
BD, Balanced photo-detector; BS, 50:50 beam splitter; BOC, balanced optical cross-correlator; 
DC, dispersion compensation; DL, delay line; DM, dichroic mirror; OC, optical cross- 
correlator; PBS, polarization beam splitter; PD, photo-detector. Inset: The error voltage signal 
from the BOC and OC output. 

The output pulses from the two lasers are extra-cavity dechirped, combined by a 
polarization beam splitter (PBS), and directed to the BOC. The configuration of BOC is 
shown in Fig. 2. The cross correlation is realized by focusing the two pulse trains with 
orthogonal polarization states into a 650-μm thick, type-II phase-matched beta-barium borate 
(BBO) crystal for sum-frequency generation (SFG). The intensity of the SFG signal is related 
to the relative timing between the pulse trains. In order to remove the SFG contribution that is 
originated from the intensity fluctuation of the input pulse trains, the pulse trains after 
transmission from BBO are reflected back by a dichroic mirror (DM 2 in Fig. 2) for another 
identical SFG. The transmitted SFG signals are detected by a high-speed balanced 
photodetector (Newfocus, Model 1807) with a cutoff frequency of ~60 MHz. The resulting 
BOC output is shown in the inset of Fig. 2. The linear range of the voltage signal is 
proportional to the relative timing jitter between the two lasers, providing a timing error 
discriminator that can be received by a radio-frequency (RF) spectral analyzer, which 
characterizes the timing jitter spectral density of two independent lasers. The measured result 
gives an upper estimate for the timing jitter of the LUT assuming a negligible timing jitter 
contribution from REF. 

The dynamic range of the BOC is limited within the linear range of the error voltage 
signal. Therefore, we phase-lock the repetition rate of the two lasers with a locking bandwidth 
of ~3 kHz. The residual in-loop (IL) timing jitter is characterized outside the locking 
bandwidth. After the tight repetition rate locking is achieved by the in-loop BOC, an 
independent out-of-loop (OOL) single-pass optical cross-correlator is used in order to check 
the validity of the in-loop timing jitter characterization. The single pass cross-correlation is 
based on SFG in a piece of type-II phase-matched BBO with 450-μm thickness. The cross-
correlation trace is shown in the inset of Fig. 2. The OOL timing jitter is recorded when the 
two pulses are offset by ~1/2 pulse duration, where the largest timing jitter to voltage 
discrimination is achieved. 
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3. Experimental results 

The timing jitter of the five LUT operation modes in Fig. 1(b) with different amount of 
normal cavity dispersion in the presence or in the absence of narrow band-pass filter is 
characterized. At each dispersion point with given filtering condition, stable mode-locking is 
achieved by simple adjustment of waveplate settings. 

The laser output parameters for different mode-locking conditions are summarized in 
Table 1. The pump power for each laser operation mode is set to the same level for each 
mode-locking condition except for the ANDi cavity, which shows a higher mode-locking 
threshold. The output average power ranges from 120 mW to 200 mW. The slight difference 
of laser output power at the same pump power is due to the difference in output coupling ratio 
introduced by NPE. The direct output pulse duration will decrease with cavity dispersion in 
the absence of narrow band-pass filtering. However, when the filter is inserted into the cavity, 
the laser shows similar direct output pulse duration regardless of cavity dispersion. The 
dechirped pulse duration for all the five mode-locking conditions lies in a similar level. 

Table 1. Laser output parameters for different mode-locking conditions 

 0.004 ps2 0.008 ps2 0.02 ps2 
 PSS a AS b PSS AS ANDi c 
Pump power (W) 0.4 0.4 0.4 0.4 0.52
Output power (W) 0.14 0.13 0.16 0.12 0.2
Direct output pulse 
duration (ps) 1.23 0.56  2.3 0.54 0.75 
Dechirped pulse 
duration (ps) 0.12 0.11  0.16 0.11 0.11 

a PSS, Passive self-similar; b AS, Amplifier similariton; c ANDi, All normal dispersion. 
 
First, the timing jitter of the Yb-fiber laser under ANDi mode-locking is characterized. 

The IL and OOL jitter spectral density is characterized by BOC and OC methods, 
respectively, which are shown in Fig. 3(a). Beyond locking bandwidth, both of the jitter 
spectra basically follow a characteristic −20 dB/decade slope from 10 kHz to 10 MHz, which 
indicates a random walk of pulse train timing jitter directly coupled from the white noise of 
the ASE in the gain fiber. The IL and OOL jitter spectra overlap very well above 100 Hz 
Fourier frequency, which confirms the validity of the IL jitter measurement based on the 
BOC method. The in-loop jitter spectrum above 10 MHz Fourier frequency is limited by the 
photodetector sensitivity. When integrated from 10 kHz to 10 MHz Fourier frequency, the 
residual rms timing jitter of the ANDi laser is 1.09 fs. 

The relative intensity noise (RIN) of the ANDi laser is also characterized. The RIN 
measurement is based on a standard direct photo-detection method. The RIN of mode-locked 
fiber laser in different dispersion map from large negative dispersion to normal dispersion has 
been discussed in an earlier publication [26]. The reduction of RIN by filtering has also been 
demonstrated in soliton and soliton-similariton regime [15, 27]. Here, we focus on the impact 
of narrow spectral filtering on the RIN in normal dispersion mode-locked fiber lasers. A 
fraction of laser output is directed to a high-speed, low-noise amplified photo-detector 
(Thorlabs, FPD510). A 0.5 mW of optical power is used before the saturation of the photo-
detector. Then, the photo-detected error signal passes through a low pass filter with 10 MHz 
cutoff frequency. After low pass filtering, the low frequency (DC-100 kHz) and the high 
frequency (>100 kHz) parts of the error voltage are recorded by an FFT analyzer and an RF 
spectrum analyzer, respectively. The characterized RIN is shown in Fig. 3(b). The integrated 
rms RIN is 0.02% integrated from 1 kHz to 5 MHz in the ANDi laser. Note that the 
equivalent noise floor by the used photodetector is ~10−17, which is much lower than the 
measured RIN level. 
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Fig. 3. Power spectral density of (a) timing jitter and (b) RIN of the ANDi laser operating at + 
0.02 ps2. The dashed line shows the electronic noise floor of the balanced detector for in-loop 
timing jitter characterization. 

After characterizing the ANDi laser, by inserting a grating pair in the LUT, the timing 
jitter of the Yb-fiber laser with dispersion map is characterized. Passive mode-locking at two 
different cavity dispersion conditions ( + 0.008 ps2 and + 0.004 ps2) are studied. At each 
cavity dispersion, the timing jitter spectra with and without a 7-nm band-pass filter are 
characterized, which are shown in Fig. 4. The jitter spectrum of the ANDi laser (as shown in 
Fig. 3) is plotted in the same figure for ease of comparison. Figure 4(a) shows the jitter 
spectral density in the presence and in the absence of 7 nm filter at + 0.008 ps2 cavity 
dispersion. By insertion of the narrow band-pass filter, more than 20 dB reduction of timing 
jitter power spectral density is observed, and the corresponding rms integrated jitter is 
reduced from 7.1 fs to 0.57 fs [10 kHz-10 MHz]. Figure 4(b) shows the jitter spectral density 
in the presence and in the absence of 7 nm filter at + 0.004 ps2 cavity dispersion. By insertion 
of the narrow band-pass filter, ~10 dB reduction of timing jitter power spectral density is 
observed, and the corresponding rms integrated jitter is reduced from 2 fs to 0.92 fs [10 kHz-
10 MHz]. 

As can be seen in Fig. 4(a) and Fig. 4(b), in the passive self-similar regimes without an 
intra-cavity filter, the timing jitter decreases when the cavity dispersion magnitude decreases 
towards zero. In this experiment, the jitter is reduced by >10 dB by decreasing the cavity 
dispersion from + 0.008 ps2 to + 0.004 ps2. There are two contributions for this jitter 
reduction. Firstly, the ASE-limited direct timing jitter is reduced due to the average pulse 
duration shortening inside the laser cavity by decreasing the cavity dispersion, which can be 
inferred from Table 1. Secondly, the Gordon-Haus jitter also reduces due to the decrease of 
net cavity dispersion. 
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Fig. 4. The timing jitter spectra and the integrated jitter in the presence and in the absence of 7-
nm filter at (a) + 0.008 ps2 cavity dispersion and (b) + 0.004 ps2 cavity dispersion. The jitter 
spectrum of the ANDi laser (from Fig. 3(a)) is plotted in the same figure for ease of 
comparison. 

At each fixed cavity dispersion, we find that the timing jitter can be reduced by an intra-
cavity narrow band-pass filter. Interestingly, by insertion of the filter, the jitter level becomes 
similar to the jitter from the ANDi laser, even at significantly different cavity dispersion, as 
shown in Fig. 4. This observation reflects the fact that the laser is changed from a passive 
self-similar mode-locking regime to an amplifier-similariton regime by including the intra-
cavity narrow band-pass filter. The cavity dispersion plays a less role for pulse formation than 
the narrow band-pass filtering in an amplifier-similariton fiber laser, which can be confirmed 
from the optical spectra in Fig. 1(b). 

As inferred from Table 1, the average pulse duration inside the cavity at different cavity 
dispersion is similar for the amplifier-similariton regime, which implies that these mode-
locking conditions have similar quantum-limited timing jitter directly coupled from ASE. 
These mode-locking conditions are supposed to have very different jitter level due to the 
Gordon-Haus jitter (indirectly coupled from ASE-induced frequency noise through cavity 
dispersion). However, our observation shows a similar timing jitter level even at very 
different cavity dispersion. This indicates that Gordon-Haus jitter is significantly reduced by 
filtering effect. 

The RIN of the Yb-fiber laser with dispersion map is also characterized. The measured 
RIN spectra and integrated RIN at + 0.008 ps2 and + 0.004 ps2 cavity dispersion are shown in 
Fig. 5. The RIN behaves similarly with timing jitter in the dispersion mapped fiber laser. In 
the passive self-similar regime without filtering, the RIN becomes higher at larger intra-cavity 
dispersion due to the weaker energy stabilization mechanism. In this experiment, the 
integrated RIN is reduced from 0.37% to 0.14%, integrated from 1 kHz to 5 MHz, by 
decreasing the cavity dispersion from + 0.008 ps2 to + 0.004 ps2. By insertion of the filter, the 
integrated RIN can be further decreased to 0.02% and 0.057% integrated from 1 kHz to 5 
MHz, at cavity dispersion of + 0.008 ps2 and + 0.004 ps2, respectively. Since the amplifier 
similariton formation acts as a nonlinear attractor that stabilizes the mode-locking, the RIN 
(including the broad bump at ~500 kHz) is greatly suppressed by intra-cavity filtering as 
shown in Fig. 5(a). Also note that the RIN of dispersion-mapped fiber lasers with intra-cavity 
narrow band-pass filtering approaches to that of the ANDi laser, regardless of the cavity 
dispersion difference. 
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Fig. 5. The relative intensity noise (RIN) spectra and the integrated RIN in the presence and in 
the absence of 7-nm filter at (a) 0.008 ps2 cavity dispersion and (b) 0.004 ps2 cavity dispersion. 
The RIN of the ANDi laser is plotted in the same figure for ease of comparison. 

4. Conclusion 

In conclusion, the timing jitter of normal-dispersion fiber lasers is accurately characterized 
using an attosecond-resolution BOC method. Several mode-locking conditions are 
investigated in terms of cavity dispersion map and narrow band-pass filtering. The timing 
jitter of dispersion-mapped fiber lasers with intra-cavity narrow band-pass filtering 
approaches to that of the ANDi laser, despite the large difference in cavity dispersion. This 
interesting observation reflects the fact that the cavity dispersion plays a less role for pulse 
formation than the narrow band-pass filtering due to amplifier-similariton formation. As a 
result, similar timing jitter is observed at different cavity dispersion. The lowest observed 
timing jitter reaches 0.57 fs integrated from 10 kHz to 10 MHz Fourier frequency. The 
integrated rms RIN reduction from 0.37% to 0.02% (integrated from 1 kHz to 5 MHz) is also 
observed by insertion of the narrow band-pass filter. Particularly, much lower timing jitter 
and RIN in normal-dispersion fiber lasers can be simply achieved by a narrow band-pass 
filter. This results in a robust mode-locking operation, whereas the fine optimization of cavity 
dispersion for reduced Gordon-Haus jitter is not required any more. Such sub-fs jitter, low-
RIN, narrow band-pass filter-stabilized fiber lasers show a great potential for more practical 
high-precision timing applications in the future. 
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