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A self-starting passively mode-locked fiber laser with a carbon nanotube-based saturable absorber and a fiber-based
bandpass filter (BPF) is proposed. Incorporation of a BPF into the cavity leads to a great reduction of its timing jitter
from 84.8 to 29:1 fs (10 Hz–3 MHz). This happens because the filtering effect can weaken the fluctuation of the central
wavelength induced by the quantum noise, being one of the important contributions to timing jitter in the optical
amplifying process. © 2010 Optical Society of America
OCIS codes: 140.3500, 160.5470, 230.7408, 320.5540.

The timing jitter (or phase noise) characteristic of modelocked lasers has received considerable attention for its
importance in many applications, such as optical clock
distribution, optical data transmission, and optical sampling. For mode-locked lasers, the source of timing jitter
of pulse trains mainly includes the pump-induced gain
fluctuations, the quantum noise from spontaneous emission (SE) in the amplification process, and the cavity
length fluctuations. Based on soliton perturbation theory,
Haus and Mecozzi [1] proposed an analytical model of timing jitter, which gives physical insight into the role of laser
parameters and aids further optimization. Later, it was
proven by Paschotta [2,3] that the result of [1] for the timing jitter is still valid for mode-locked lasers not using soliton pulse shaping. They also present a numerical method
to evaluate the timing jitter of various mode-locked lasers.
Based on the above theory and model, many methods and
laser configurations have been proposed to reduce the laser timing jitter. Phase-locked loop (PLL) can minimize the
influence of cavity length fluctuations and, thus, suppress
the low-frequency timing jitter of actively and passively
mode-locked lasers [4,5]. A mode-locked laser with
14:4 fs timing jitter (10 Hz–375 MHz) has been reported
with high-bandwidth feedback control on the cavity length
and pump power simultaneously [6]. Ozharar et al. reduced the timing jitter from 304 to 150 fs (1 Hz–5:12 GHz)
by introducing an active intracavity phase modulation [7].
Gee et al. generated a residual timing jitter of 380 as
(1 Hz–1 MHz) from a mode-locked external-cavity semiconductor laser by optimizing the intracavity dispersion
and utilizing a high-power, low-noise InGaAsP quantumwell slab-coupled optical waveguide amplifier gain medium [8]. Jiang et al. employed a 0:7 nm bulk bandpass filter
(BPF) to reduce the quantum-noise-induced timing jitter in
a hybrid mode-locked laser diode and achieved a timing
jitter of 47 fs (10 Hz–10 MHz) [9]. More recently, Wu et al.
reported timing jitter reduction by optimizing the intracavity loss in a carbon nanotube (CNT)-based mode-locked
fiber laser [10].
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All-fiber mode-locked lasers are highly desired, because the influences on the phase noise from cavity mirror
perturbations can be minimized. In this Letter, we experimentally investigate the effect of a fiber-based BPF on the
timing jitter in an all-fiber Er-doped mode-locked soliton
laser with CNT as a fast saturable absorber. By proper
spectral filtering, the timing jitter can be significantly
reduced. To our knowledge, it is the first time that a fiberbased filter is applied for achieving low timing jitter in allfiber passively mode-locked lasers.
The experimental setup is shown in Fig. 1. A 976 nm laser
diode was used to pump a 0.5-m-long Er-doped fiber
(LIEKKI Er110) with group velocity dispersion (GVD) of
0:012 ps2 =m through a 980=1550 wavelength division multiplexing (WDM). The length of the single-mode fiber
(SMF28) is ∼3:7 m with GVD of −0:022 ps2 =m. The intracavity pigtailed fiber of the WDM is a 1.5-m-long HI1060 fiber with GVD ∼ þ 0:020 ps2 =m. Thus, the total net cavity

Fig. 1. (Color online) Schematic diagram of an Er-doped
mode-locked all-fiber laser with a carbon nanotube composite
as a fast saturable absorber.
© 2010 Optical Society of America
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dispersion is ∼ − 0:045 ps2 =m at 1550 nm. The total cavity
length is ∼5:7 m, corresponding to the fundamental repetition rate of ∼36:6 MHz. An optical isolator was incorporated into the ring cavity to keep the unidirectional
operation of the laser. A 10% output coupler extracts the
pulse from the cavity. A single-walled CNT-contained composite is used as a saturable absorber for self-starting
mode-locking operation. The individual CNTs are distributed in a carboximethyl cellulose (CMC) film and allow a
high damage threshold and low self-starting pump power
[11,12]. The CNT-based mode-locker is fabricated by placing the CNT composite between the fiber ends of two
FC/PC connectors, as shown in Fig. 1. A fiber-based PC
was also included to adjust the pulse polarization. A commercially available fiber-based film BPF was employed,
with bandwidth of 16:8 nm at the central wavelength of
1551 nm. The timing jitter of the output signal was characterized with a signal-source analyzer (SSA, Rohde and
Schwarz FSUP26), and the power spectral density of the
phase noise could be measured.
To get insight into the effects of the spectral filtering on
the timing jitter of the soliton pulse trains, we compare the
output characteristics with and without the BPF in the
cavity. When the pump power is above 40 mW, the laser
always self starts without adjusting the PC. Figure 2 gives
the autocorrelation traces and the spectral profiles of the
output pulses. It is clearly seen that the output pulse characteristics are changed by the existence of the BPF. Without intracavity BPF, typical spectrum (dashed line) with
soliton sidebands, a 3 dB bandwidth of ∼6:8 nm and central wavelength at 1564 nm, can be observed in Fig. 2(a).
When the BPF is employed, the sideband structures are
removed and the central wavelength shifts to 1557 nm
with a bandwidth of 1:6 nm. The spectrum has an asymmetric pedestal at the short wavelength side due to the
filtering effect of the BPF, as shown in Fig. 2(a). As for
the temporal waveform, Fig. 2(b) shows that the output
pulse duration is 1:10 ps and 218 fs (assuming sech2 profiles), respectively, for the cavity with and without the
BPF. Thus, the corresponding time–bandwidth products
are 0.382 and 0.320, implying nearly transform-limited
pulses.
Next, we measure the timing jitter of our laser in these
two cases using the SSA. The phase noise at the 12th harmonic (∼439 MHz) is measured and the timing jitter is
integrated from 10 Hz to 3 MHz, as shown in Fig. 3(a). Obviously, the phase noise is reduced at high frequency offset when the spectral filtering is imposed in the laser. The
timing jitter (10 Hz–3 MHz) is reduced significantly by

where Dp ¼ 2=ð3ω0 τ2 Þθð2g=T rt Þhν and Dt ¼ π 2 τ2 =ð6ω0 Þ
θð2g=T rt Þhν are diffusion constants of quantum noise, representing the noise properties of offset frequency and
timing, respectively, θ is the enhancement factor due
to the incomplete inversion of the gain medium, τp ¼
ð3π 2 T rt Δf 2g τ2 Þ=ð2gÞ is the relaxation time, D is half of
the total GVD, T rt is the round-trip time, ω0 is the pulse
energy in the cavity, τ is the pulse duration, g is the incremental gain per round trip, and Δf g is the gain bandwidth.
The first term in Eq. (1) indicates an indirect effect of SE
noise on the timing jitter by causing the fluctuations of the
pulse central frequency, which can couple to the timing
jitter through intracavity dispersion. The second term
shows a direct effect, leading to S t ðf Þ ∝ f −2 . In the
high-frequency region, the first term decreases by a factor
of f −4 and, in the low-frequency region, it decreases by f −2 .
When the finite gain spectrum providing a restoring force
is included, the fluctuations of the central frequency can
be modified. When the gain bandwidth Δf g decreases, this
restoring force is enhanced. Thus, the timing jitter from
the first term is reduced, which will lead to the reduction
of the total timing jitter. However, this trend is not monotonic. As the gain bandwidth is further narrowed, the generated pulse is much stretched in time domain because of
the small pulse bandwidth. Thus, the first term becomes
smaller, while the second term becomes larger, finally

Fig. 2. (Color online) Temporal and spectral profiles of the
output pulse with BPF and without BPF in the cavity: (a) optical
spectra of output pulses and the transmission spectrum of the
BPF; (b) autocorrelation traces of output pulses.

Fig. 3. (Color online) (a) Phase-noise power spectral density
and integrated timing jitter with and without BPF. (b) RF spectrum of the output pulse with BPF inside the cavity.

66% from 84.8 to 29:1 fs due to the intracavity BPF. The
RF spectrum of the output pulses with BPF inside the cavity is shown in Fig. 3(b), which clearly demonstrates a
stable mode-locking of our laser, with a signal-to-noise ratio up to 90 dB at a resolution bandwidth of 300 Hz. Moreover, no sidebands within a wide frequency range were
observed, which further suggests that a highly stable
mode locking was obtained in the laser.
According to Haus’ model, noise sources contributing
to the timing jitter of pulse trains include classical noise
sources, such as pump power fluctuations and laser cavity
length perturbations, and quantum noise arising from the
SE in the gain medium. Classical noise can be significantly
weakened by using good pump sources and all-fiber structured laser cavities, as well as the PLL technique, in which
case quantum noise will dominate the timing jitter generation. The complete expression for the timing jitter spectrum induced by spontaneous emission noise (quantum
noise) can be given by [1]
S t ðf Þ ¼

Dp
4D2
Dt
;
þ
2
2
2
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Fig. 4. (Color online) Dependence of the timing jitter on the
filtering bandwidth in a mode-locked fiber laser, obtained by
analytical calculation with parameters of our laser.

resulting in the increase of the timing jitter. Using the parameters of our laser, we calculate the variance of the timing jitter with filtering bandwidth, as shown in Fig. 4. The
values are slightly smaller than the ones obtained in the
experiment because the pump fluctuations and laser cavity perturbations make a contribution to the timing jitter
experimentally. Thus, by properly selecting the filtering
bandwidth in lasers, the timing jitter obtained can be
minimized.
In the experiment, we used an available fiber-based
BPF to limit the timing jitter induced by central frequency
fluctuations. Because the filtering bandwidth of the BPF is
wide, and therefore the restoring force is weak, we choose
an appropriate gain fiber length that results in a 1564 nm
gain peak. Thus coactivation of the effective gain bandwidth and the BPF with the central wavelength of 1551 nm
realizes an effective narrow-filtering bandwidth, which is
near the optimized bandwidth as shown in Fig. 4. The
restoring force, induced by the effective filter, largely reduced the timing jitter contributed by the quantum noise.
For the resultant pulse stretching, the second term in
Eq. (1) tends to become larger, while the first term tends
to become smaller due to the small pulse bandwidth, so
that the influence on the total timing jitter is weak. Additionally, the central frequency shifts to the short wavelength due to the BPF, which will make the net cavity
dispersion decrease to further reduce the timing jitter.

The use of CNTs as the saturable absorber for mode locking also allows us to obtain low timing jitter. The CNTs
have a recovery time of less than 300 fs [13], so it acts
as a fast saturable absorber and will not contribute to
the timing jitter of the pulse trains compared with slow
saturable absorbers [2,3].
In conclusion, we have experimentally observed that
the timing jitter of a fiber laser passively mode-locked
with a CNT-based saturable absorber was reduced from
84.8 to 29:1 fs (10 Hz–3 MHz) using a fixed fiber-based
BPF within the laser cavity. Detailed comparisons were
made between the laser performance with and without
the BPF in the cavity. Furthermore, we presented the theoretical analysis of the experimental results based on
Haus’ model and gave the dependence of the timing jitter
on the filtering bandwidth. We conclude that the filtering
of the BPF introduces a restoring force to limit the central wavelength perturbations induced by quantum noise
that will contribute to the timing jitter of the pulses.
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