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We have developed a compact and stable all-fiber fundamentally mode-locked 12 GHz laser system. The passively
mode-locked laser centered at 1535 nm has temporal pulse width of ∼2 ps and average power of 5 mW. The timing
jitter, which is cumulative from pulse-to-pulse, has been measured using an optical cross-correlation method and
found to be 44 fs∕pulse. The self-starting, mode-locked laser consists of a semiconductor-based saturable absorber
with high modulation depth and a high gain per unit length, polarization-maintaining 0.8 cm long Er/Yb phosphate
fiber as a gain medium. © 2014 Optical Society of America
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (060.3510) Lasers, fiber; (190.4370) Nonlinear optics,

fibers; (160.5690) Rare-earth-doped materials.
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The development of frequency combs has dramatically
improved the precision and accuracy of optical fre-
quency metrology. Frequency combs can determine op-
tical frequency values eight orders of magnitude more
accurately than the best commercially available systems
of measurements [1]. Laser sources with multi-gigahertz
repetition rates at optical communications wavelengths
are a critical building block for numerous applications,
such as frequency metrology and optical atomic clocks
[2], optical arbitrary waveform generation [3], high speed
optical communications [4], and the calibration of astro-
physical spectrographs [5]. Frequency comb technology
based on low noise and high repetition rate lasers is now
being extensively studied to generate microwave signals
[6,7]. The main advantage of this approach to generate
microwaves over commercial counterparts is the versa-
tility, portability, and unprecedented precision in the
fractional frequency stability at both long- and short-term
time scales. Several different approaches have been re-
ported, most of which require a low jitter, picosecond
and even femtosecond mode-locked laser with high rep-
etition rates as the laser source [8–10]. Two well-known
conventional mode-locking approaches to obtain very
high repetition rates are based on harmonic mode lock-
ing or coupled cavities [11,12]. The inherent drawbacks
to high harmonic mode locking are that it tends to in-
crease timing jitter and amplitude fluctuations, and it
is susceptible to deleterious pulse interactions, which
may lead to dropped pulses, etc. Coupled cavity architec-
tures are inherently complicated and less attractive for
portable and robust device operation. A short fiber cavity
length approach based on the fundamental soliton mode-
locking is desired, which can offer high stability, low tim-
ing jitter, and high repetition rate. More recently,
15.2 GHz fundamentally mode-locked laser has been re-
ported in a solid-state waveguide configuration [13].
Pulse repetition rates exceeding 17 GHz of fundamental
repetition rate have also been reported in a linear free-
space cavity setup, using carbon nanotube as a saturable
absorber (SA) [14]. In this Letter, we demonstrate an

all-fiber based compact, fundamentally mode-locked
12 GHz picosecond laser system with low timing jitter.

The allure of a short cavity passively mode-locked
laser is that it is immune to issues, such as operational
sensitivity and complexity that detract from other
approaches. For a short cavity, the major obstacle to
reach a multi-gigahertz repetition rate is the limitation
in achieving high enough intracavity pulse energy and
average power to saturate the SA, and the difficulty to
achieve high enough self-phase modulation for suffi-
ciently strong soliton formation. NP Photonics special-
izes in highly erbium/ytterbium doped, high gain
(>5 dB∕cm) per unit length phosphate glass fibers.
The gain in the fiber is as high as 6 dB∕cm at 1535 nm
[15]. This glass and fiber waveguide technology allows
for tailoring the optical gain, nonlinear response, and
group velocity dispersion (GVD) of the active medium.
This enables a simple, compact, robust, cost efficient,
and ultimately integration-compatible approach to de-
velop high repetition rate (∼12 GHz) fundamentally
mode-locked Er/Yb-doped fiber lasers. For stable laser
performance, polarization-maintaining fiber has been
used, which helps avoid random pulse splitting.

A central component in this work is a novel and highly
doped Er/Yb phosphate fiber with high efficiency ampli-
fication, suitable for pulsed applications [16]. We have
four different doping concentrations of gain fiber ranging
from 1–5 wt. % of erbium and 1 wt. % of ytterbium.
Figure 1 shows the gain of the typical highly doped

Fig. 1. Gain in the 2 cm long typical single-mode Er/Yb-doped
phosphate fiber.
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single-mode Er/Yb fiber. We have both PM and non-PM
versions of these fibers. The picture of the cleaved facet
of the PM fiber we used to make a 12 GHz cavity and its
dispersion properties are shown in Fig. 2. The fiber has a
core diameter of 7.5 μm and NA of 0.14. The GVD and
nonlinear coefficient of the fiber are −85.62 fs2∕cm
and 2.78 W−1 km−1, respectively, at 1535 nm.
The experimental setup of the laser cavity and its

physical layout is shown in Fig. 3. A Fabry–Perot-type
femtosecond-fiber soliton oscillator was constructed us-
ing 0.8 cm of the highly doped polarization-maintaining
gain fiber. Pump light is provided by polarization combi-
nation of two single-mode, wavelength stabilized 450 mW
980-nm-laser diodes. The pump is coupled into the Er/Yb
fiber through an output coupler butt-coupled to an Er/Yb
fiber facet. We applied dielectric reflecting coatings
on fiber facets to enable pump coupling in a compact cav-
ity system. The entire cavity length is represented by the
length of the gain fiber used. The fiber length in the cavity
is piezo-controlled to control and stabilize the repetition
rate of the laser, if required. We used a semiconductor
saturable absorbing mirror (SESAM) as a mode-locker,
as well as high reflector, to make a 12 GHz (∼0.8 cm
long) cavity. Due to the high modulation depth of the
SESAM as a SA, the laser can be mode-locked from a
CW intensity fluctuation without a starting trigger and
without the need for any polarization optics. Polariza-
tion-maintaining fiber in the cavity and high modulation
depth of the SA helped to achieve both the stability and
the self-starting operation of the laser. We chose the SA
so that the dispersion of the SA is slightly negative, with
−5374 fs2, 54% modulation depth, a 2 ps recovery time,

and a saturation fluence of 25 μJ∕cm2. Most of the
dispersion contribution is due to the SESAM alone.
The total intracavity dispersion is around negative
5460 fs2.

The control of dispersion is critical to obtain short and
high energy pulses with the fiber nonlinearity from the
mode-locked laser cavity. However, the soliton laser
has a limitation in the obtainable spectral bandwidth
and energy as explained by the soliton area theorem.
As per the optical soliton theory, a hyperbolic secant
pulse with pulse width T0 and peak power P0 into the
fiber satisfies the condition

T2
0∕jβ2j � 1∕γP0; (1)

for fundamental soliton formation [17], where, β2 and γ
represent intracavity dispersion and nonlinear coeffi-
cient of the gain fiber in the cavity, respectively. For sol-
iton formation, β2 must be negative to cancel the effect
of SPM on the pulse broadening. The pulse width T0 is
∼1.76 times the FWHM of temporal pulse width. To gen-
erate the shortest pulse duration with limited peak
power, the cavity dispersion needs to be minimized
and the cavity nonlinearity needs to be maximized. With
the 5% of the output coupler of the laser signal in the
cavity and ∼10 W of intracavity circulating peak power,
the laser pulse centered at 1535 nm can only support a
fundamental soliton pulse with a transfer-limited pulse
width (FWHM) of 2 ps, which is very closely matched
with our experimental result. The passively mode-locked
laser centered at 1535 nm has temporal pulse width of
∼2.3 ps, average power of 5 mW pumped by 400 mW
of pump at 980 nm. The cavity repetition rate measure-
ment was done indirectly by measuring the cavity round-
trip time, using an autocorrelator at its largest scan range
of 185 ps, which is long enough to show two pulses in a
single scan. It is further reconfirmed by looking at the
spectrum at the resolution bandwidth of 0.01 nm.
We see 12 GHz (0.094 nm) of spectral modulation due
to cavity roundtrip time of pulses (Fig. 4).

Fig. 2. Image of cross section of the polarization-maintaining
and high gain per unit length Er/Yb phosphate fiber (left) and
its dispersion curve (right).

Fig. 3. Schematic of 12 GHz all-fiber laser system. Pump at
980 nm is coupled into the Er/Yb PM fiber through the coated
fiber facet end, which acts as a partial output coupler in
the cavity. SESAM on the other side of the gain fiber acts
as a mode-locker as well as reflector to complete Fabry–Perot
cavity configuration. DC, dichroic coupler.

Fig. 4. Mode-locked laser spectrum at the resolution band-
width of 0.01 nm. Spectral modulation of 12 GHz (0.094 nm)
is due to cavity round-trip time of the pulse.

March 15, 2014 / Vol. 39, No. 6 / OPTICS LETTERS 1419



Measurements of the ultralow-noise levels of mode-
locked lasers are usually done by a combined use of
microwave and optical techniques [18,19]. Recently,
there has been progress in measuring the timing jitter
of mode-locked lasers with sub-femtosecond resolution
using balanced optical cross-correlation [20]. Optical
cross-correlations are useful for characterizing the
timing jitter and pulse-to-pulse correlations of high-
repetition rate mode-locked lasers. Longer fiber delay
lengths allow us to find correlations between pulses that
are up to tens of thousands of cavity round-trips away.
For optical sampling applications, it is important to mea-
sure the timing jitter of a mode-locked laser from 0 Hz to
half its repetition rate. Since RF techniques can typically
measure the phase noise of a fundamentally mode-locked
laser only up to several hundred MHz before the phase
noise falls below the noise floor, optical techniques
are needed to characterize the jitter at higher offsets. Un-
like the case of RF techniques, optical cross-correlation
can reveal the inherent spontaneous emission noise of a
mode-locked laser and remove the contribution due to
the driving microwave oscillator. Moreover, a RF spec-
trum analyzer cannot measure the power spectral density
of the amplitude and timing jitter fluctuation directly;
rather, it measures the timing jitter, which is proportional
to the spectral density of the intensity fluctuation. Since it
is not straightforward to determine the proportionality
constant, which depends on quantum efficiency of the
detector and various settings on the spectrum analyzer,
this method is prone to error and tends to underestimate
the noise in the system [21].
The pulse-to-pulse timing jitter, by optical cross-

correlation, is equal to the broadening of the cross-
correlation over the adjusted autocorrelation width.
The optical cross-correlation measurement yields the
standard deviation, σPP (T) of the pulse displacement
at time t. The subscript pp denotes the pulse-to-pulse
variance. Let σ2XC be the FWHM of the cross-correlated
pulse for fiber delay L, σ2AC1 is the FWHM of the auto-
correlation of the laser output, and σ2AC2 is the FWHM
of the autocorrelation after the dispersive fiber delay line
of length L. The last term,σ2AC2 takes into account the
dispersion-induced pulse broadening when propagated
along the delay line. Then, the FWHM of the timing
jitter probability density function σ2PP for a given delay
is given by

σPP �
����������������������
σ2XC − σ2AC

q
; (2)

where, σ2AC � �σ2AC1 � σ2AC2∕2�, assuming Gaussian
pulse shape.
The pulse-to-pulse timing jitter, σrms;PP which basically

is a standard deviation of the timing jitter probability
function, is related to the FWHM of the timing jitter
probability by σrms;PP � �σPP∕2.3548�. Cross-correlation
measurements were done with different fiber delays of
0, 0.5, 1, 2, 3, and 4 m for the same operating conditions
as shown in Figure 5 (left). We then plotted the depend-
ence of σ2PP as a function of fiber delay, shown in Fig. 5
(right) in the cross-correlator system. The timing jitter is
cumulative from pulse to pulse. Thus, the variance is ex-
pected to diverge linearly, justifying the linear fit applied.

For our data, the slope is σ2PP �� 6.46� 0.77 �ps2∕m�.
For 12 GHz laser, a fiber delay line of 1 m represents
a train of 600 pulses, corresponding to pulse to pulse
timing jitter, σrms;PP of 44� 15 fs∕pulse cycle, for these
operating conditions. Our current noise measurement
setup using the optical cross-correlation technique can
easily overestimate the actual value of the jitter, since
the measurement cannot suppress the amplitude noise,
unlike the balanced cross-correlation approach. Our fi-
ber delay length was also not stabilized, which can be
another source of noise in the measurement. To further
minimize the noise in the mode-locked laser in this inte-
grated cavity design, we must remove many classical
noise sources, such as those originating from current
and voltage supplies in the system, low noise CW pump
diodes, and from environmental thermal variations and
mechanical vibrations. Minimizing the cavity loss also
helps to decrease the ratio of the spontaneous emission
power to the signal power resulting in a reduction of
the timing jitter. We expect an order of magnitude or
more improvement in timing jitter reduction once we
integrate the system in a temperature-stabilized and
vibration-insensitive package. To date, and to the best
of our knowledge, this is the shortest all-fiber fundamen-
tally mode-locked laser cavity with very low timing jitter.
Such a laser may be attractive in an ultra-compact low
noise microwave oscillator, based on a phase-coherent
optical division approach.

In summary, we have demonstrated a self-starting and
ultra-stable fundamentally mode-locked 12 GHz laser
cavity with 0.8 cm long Er/Yb phosphate active fiber.
Key features of this laser are an optimized high modula-
tion depth SA, a polarization maintaining short length
high gain fiber medium, and dispersion management
inside the cavity. This results in a self-starting operation
of the mode-locking, with very high stability and with a
minimum of component parts.
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