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Timing-jitter reduction of passively mode-locked
fiber laser with a carbon nanotube saturable

absorber by optimization of cavity loss
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We investigate the relationship between timing jitter and cavity loss of a passively mode-locked fiber ring
laser with a carbon nanotube as a saturable absorber. It is the first time that we experimentally demon-
strated the reduction of timing jitter by properly increasing laser cavity loss. The lowest timing jitter is
achieved when the cavity loss is optimized. Theoretical analysis is in agreement with the experimental ob-
servations on the effect of cavity loss for the reduction of timing jitter. Moreover, it is experimentally shown
that, at an optimal value of cavity loss, the timing jitter is reduced significantly by 24%, while the relative
intensity noise increased by 4% only. © 2010 Optical Society of America

OCIS codes: 140.3510, 140.3538, 320.5550.
A mode-locked laser source with low timing jitter at-
tracts intense attention because of its wide applica-
tions, e.g., high-resolution optical sampling [1], drift-
free optical timing distribution [2], and frequency
metrology [3]. von der Linde first evaluated the phase
and intensity noise of a pulse train based on the rf
spectrum [4]. Later, Haus and Meccozi investigated
the quantum noise of mode-locked lasers [5]. Their
theory was further developed by Namiki and Haus
[6], Jiang et al. [7], and Paschotta [8]. Quantum-
limited noise performance has been achieved in a
stretched pulse-fiber laser by Namiki and Haus [6],
semiconductor laser by Jiang et al. [7], and normal
dispersive ytterbium fiber laser by Prochnow et al.
[9], respectively. Meanwhile, various technologies
have also been proposed to reduce the timing
jitter. For example, Jiang et al. achieved 47 fs
�10 Hz–10 MHz� jitter by inserting a 0.7 nm band-
pass filter to limit Gordon–Haus jitter [7]. Chen et al.
achieved 27 fs jitter �1 kHz–10 MHz� by adopting
feedback control of the cavity length [10], and
Gee et al. achieved subfemtosecond 0.66 fs jitter
�0.9 Hz–1 MHz� by applying a slab-coupled optical
waveguide amplifier and a phase-locked loop [11].

It is generally believed that a low cavity loss would
result in low phase noise and timing jitters because
of the reduction of spontaneous emission (SE). How-
ever, we first experimentally demonstrated that for
passively mode-locked lasers with a carbon nanotube
saturable absorber, the timing jitter can be mini-
mized by properly increasing cavity loss. Theoretical
analysis supports our experimental observations.
Timing jitter coupled from the fluctuation of central
wavelength of mode-locked state via dispersion can
be suppressed by higher cavity loss (corresponding to

higher cavity gain) through decreasing cavity relax-
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ation time �p (defined below). The effect of cavity loss
on the relative intensity noise (RIN) is also discussed.

A typical passively mode-locked fiber ring laser
setup with a single-wall carbon nanotube (SWCNT)
based saturable absorber is shown in Fig. 1. The
SWCNT facilitates low self-starting pump power
�18–28 mW� in this laser. The total cavity loss with-
out additional attenuation is �3.3 dB. The total cav-
ity length is �10.6 m, corresponding to a fundamen-
tal repetition rate of �18.8 MHz. The length of a
single-mode fiber is �7 m with dispersion
−0.02 ps2/m. The length of erbium-doped fiber is
�3.6 m with dispersion 0.01 ps2/m. Thus the total
dispersion is �−0.1ps2. An rf spectrum analyzer
(Rohde & Schwarz FSUP26) is used to measure the
phase-noise spectrum of the output pulse train from
the passively mode-locked laser after a 2 GHz photo-
detector.

Fig. 1. (Color online) Experimental setup of a passively
mode-locked fiber ring laser with a carbon nanotube as a

saturable absorber.
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We adopt von der Linde’s method to measure the
phase-noise spectrum [4]. For a noisy pulse train af-
ter the photodetector, the corresponding power spec-
trum density is derived as

PV�f� = �H̃�f��2�f̃�f��2 �
k=−�

+�

���f − kfrep� + PA�f − kfrep�

+ 4�2k2PJ�f − kfrep��, �1�

where H̃�f� is the system response of detection equip-
ment, f̃�f� is the Fourier transform of a single pulse’s
intensity envelope, ��f� is the delta function in fre-
quency domain induced by periodic pulse train, frep is
the fundamental repetition rate, k is the order of har-
monics, and PA= �Ã�f��2 and PJ= �J̃�f��2 are the power
spectrum density of intensity noise Ã�f� and timing
noise J̃�f�, respectively. The displayed power value at
frequency fi in the rf spectrum analyzer is the inte-
gration of PV�f� within one resolution bandwidth. The
phase-noise spectrum L�f��4�2PJ�f� can then be ex-
tracted by comparing fundamental component and
high-order component (e.g., tenth harmonics).

Figure 2(a) shows the phase-noise spectra when
different additional attenuation is added into the la-
ser cavity with the polarization controller remaining
unchanged. As shown, all four curves exhibit
−20 dB/decade decrease at frequency f�8 kHz,
which is a typical characteristic of mode-locked lasers
[9,12]. Compared with the original curve (black solid
curve), the phase-noise spectrum (red dotted curve)
decreases at low frequency and increases at high fre-
quency when cavity loss is increased by 1 dB. When
2 dB attenuation is introduced, the phase-noise spec-
trum (gray solid curve) decreases further at low fre-
quency and increases further at high frequency. How-
ever, the phase-noise spectrum (magenta dashed
curve) displays dissimilar behavior when 3 dB at-
tenuation is introduced; it increases at low frequency
and remains nearly unchanged at high frequency
compared with 2 dB case. This indicates that further
increasing cavity loss will not improve the phase
noise. Moreover, mode locking is unachievable if ad-
ditional attenuation is greater than 3 dB. Figure 2(b)
shows the timing jitters as calculated by �t
=1/ �2�frep�	2
fmin

fmaxL�f�df. The experimental error,

Fig. 2. (Color online) (a) Phase-noise spectrum with re-
spect to different additional attenuation added into the
cavity; (b) calculated timing jitters according to (a) with in-

tegration range of 100 Hz–20 kHz.
with uncertainty of �10%, arises from the fluctua-
tion of measurements from the rf spectrum analyzer.

Owing to higher cavity loss, intracavity power is
reduced, consequently weakening the nonlinear ef-
fects. This led to a change in phase delay that de-
tunes the laser away from its most stable mode-
locked state. By adjusting the cavity birefringence
induced by the polarization controller, the change of
phase delay can be compensated and a most stable
state can be achieved. Figure 3(a) illustrates the op-
timal experimental results. Output powers are −6.6,
−6.9, −8.0, and −7.9 dBm for 0–3 dB attenuation, re-
spectively. The corresponding pump powers are 18,
23, 28, and 28 mW. As shown, the curves display
nearly similar behaviors. The calculated timing jit-
ters and corresponding optical spectra are shown in
Fig. 3(b). The timing jitters at 2 and 3 dB attenuation
have been improved. The minimum timing jitter is
obtained at 1 dB attenuation, which is 24% smaller
than the jitter at 0 dB attenuation. The spectral
shifts are due to the combined effects of fiber birefrin-
gence and nonlinearity of the laser [13].

Haus and Mecozzi’s model can be adopted to ex-
plain the experimental results [5] with some coeffi-
cients corrected by Paschotta [8]. The equation of
quantum noise of mode-locked laser is given by

L�f� = �2�frep�2�D2Dp

TR
2

1

�2�f�2��2�f�2 + �p
−2�

+
Dt

�2�f�2� ,

�2�

where Dp=2/3w0�2�2g /TRh� and Dt
=�2�2 /6w0�2g /TRh� are diffusion constants of quan-
tum noise, representing the noise properties of offset
frequency and timing, respectively; � is the enhance-
ment factor due to the incomplete inversion of the
gain medium; �p=3�2TR�fg

2�2 /2g is the relaxation
time; D is the total group dispersion; TR is the round-
trip time; w0 is the total energy in the cavity; g is the
incremental gain per round trip; � is the pulse dura-
tion; and �fg is the gain bandwidth. This equation in-
dicates two mechanisms describing how SE causes
timing jitter. The first term represents an indirect
contribution to timing jitter coupled from the random
shift of central frequency caused by SE via disper-
sion. The second term represents a direct contribu-
tion to timing jitter in time domain caused by SE.

Fig. 3. (Color online) (a) Best results of a phase-noise
spectrum with respect to different additional attenuation
added into the cavity; (b) calculated timing jitter according
to (a) with integration range of 100 Hz–20 kHz. Inset, cor-

responding optical spectra.
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The second term dominates at high frequency, be-
cause the first term decreases by a factor of f−4. Using
parameter values described by our laser, the first
term dominates at low frequency and is proportional
to g−1, while the second term is proportional to g.
Therefore the phase-noise spectrum decreases when
g increases. For a steady mode-locked laser, the gain
compensates the cavity loss per round trip eg�1
−loss�=1. Therefore increasing cavity loss is equiva-
lent to increasing cavity gain. As g increases further,
the difference between the first and second terms is
reduced by a factor of g2, with both terms finally be-
coming comparable in magnitude. Subsequently, the
phase-noise spectrum will no longer decrease at low
frequency with the increase of g.

The calculated timing jitters based on Haus and
Meccozi’s model are 6.40, 6.06, 6.55, and 6.75 fs with
respect to 0 to 3 dB attenuation. It is clearly ob-
served that a very similar behavior occurs. The dis-
crepancy between experimental results and theoreti-
cal analysis is probably due to the coupling of
intensity noise to timing noise. By comparing the
value of relaxation peak in the phase noise spectrum
in 2 dB curve in Fig. 3(a) and that in the RIN spec-
trum in 2 dB curve in Fig. 4(a) (discussed below),
there exists an approximate −22 dB coupling ratio
between them. The following timing jitter of 446, 102,
344, and 573 fs with respect to 0 to 3 dB attenuation
are calculated by subtracting the coupling part. Ad-
ditionally, the uncertainty in the exact excess noise
factor and gain bandwidth of erbium-doped fiber un-
der saturated conditions, may contribute an approxi-
mate factor of 10 [14]. Technical noise may also cause
another factor of 3–5.

With PJ�f� known, the RIN spectrum can be ex-
tracted from Eq. (1), as shown in Fig. 4(a). The RIN is
shown in Fig. 4(b). It is observed that the RIN
increases only 4% at 1 dB attenuation compared with
0 dB attenuation. We further verify our observations
in a laser mode locked through nonlinear polariza-
tion rotation (NPR). As the NPR-based artificial satu-
rable absorber exploits the fiber Kerr effect and is
highly dependent on the pulse power, an increased
cavity loss deters the laser from mode locking. Mode
locking is unachievable using our 300 mW, 976 nm

Fig. 4. (Color online) (a) Relative intensity noise spectrum
with respect to different additional attenuation when best
phase-noise performance is obtained in Fig. 3; (b) calcu-
lated RIN according to (a).
pump when an adaptor with typical 0.4 dB loss is in-
serted in the cavity. But we believe that our result is
valid for those mode-locked lasers with similar
material-based saturable absorbers, e.g. SESAMs
[15] and Graphene [16].

In conclusion, we experimentally demonstrated
that the timing jitter of a passively mode-locked fiber
ring laser with carbon nanotube saturable absorber
can be improved by optimizing the cavity loss. A
higher cavity loss assists in suppressing the coupling
from a random shift of central frequency to the tim-
ing jitter. With proper increase in the cavity loss, the
phase-noise spectrum decreases at low frequency and
increases at high frequency, resulting in lower timing
jitter. A further increase in cavity loss induces the
phase-noise spectrum to increase at low frequency,
causing timing jitter to increase as the direct effect of
spontaneous emission on timing effect becomes domi-
nant. We have demonstrated in our experiment that
the timing jitter is reduced significantly by 24%,
while relative intensity noise increased by only 4%.

The authors thank Mr. E. J. R. Kelleher of the Im-
perial College, London, UK for the discussion on the
single-wall carbon nanotube samples and Dr. Pas-
chotta of RP Photonics Consulting GmbH for useful
suggestions.
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