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Simple Method for the Real-Time Estimation of
Timing Jitter in Ultrashort Pulses From Mode-Locked
Ultralong Ring Fiber Lasers

Alejandro Rosado

Abstract—A simple method for the estimation of timing jitter in
ultrafast lasers is presented and applied for the first time to the
characterization of ultralong passively mode-locked femtosecond
fiber oscillators with ultra-low repetition rates in the range of kHz.
RMS jitter of the order of tens of fs is demonstrated, showing the
potential of these recently introduced family of oscillators to be
used in phase-noise sensitive applications.

Index Terms—Mode-locked fiber lasers, soliton, timing jitter
estimation.

I. INTRODUCTION

RECENT breakthrough in ultralong laser [1] technology
A was achieved with the introduction of a novel class of
ultralong passively mode-locked femtosecond pulse fiber os-
cillators operating in the C-band at remarkably low repetition
rates as low as 20 kHz [2], [3], [4]. The first iterations of these
sources rely on Erbium-doped fiber amplifiers (EDFAs) and
InN semiconductor saturable absorber mirrors (SESAMs), using
quasi-solitonic propagation through an extended fiber ring to
achieve multi-kilometric cavity lengths and low-cost generation
of high-power femtosecond range pulses [5], [6]. Moreover,
they do so without requiring any external stage or chirped-pulse
amplification (CPA), paving the way for interesting applications
such as supercontinuum generation and gas sensing [7]. This new
family of lasers presents interest also from the point of view of
mode-locking and pulse formation dynamics [8], [9], with the
first studies demonstrating tunable harmonic mode-locking with
apparent forbidden transitions [10].
The noise performance of ultrafast lasers has a strong impact
on their potential applicability in multiple areas, especially those
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that are related with the generation of optical frequency combs
(OFCs), the frequency counterpart of these high-power pulses.
Noise can significantly affect to the laser linewidth and destabi-
lize the frequency of each comb line, becoming highly relevant
in metrological or spectroscopical applications, so it needs to be
adequately measured or estimated. Noise in mode-locked lasers
can manifestitself [11] in the form of intensity noise, mainly due
to the fluctuations of the output power amplitude, or as frequency
noise, arising from the frequency fluctuations of each comb line.
Each comb line frequency fn is given by f ,, = f.., + n- f,., where
f.co 1s the carrier envelope frequency offset and fr the frequency
separation between each comb line. When f.., fluctuates, the
resulting noise is known as comb-line frequency noise. On the
other hand, when it is the frequency separation that changes, the
resulting noise is referred to as timing jitter, and can be easily
observed in the temporal optical trace. Defined as the temporal
fluctuation of the arriving time of successive optical pulses due to
the variation of the frequency separation between the comb lines,
its measurement in ultra-short optical pulses can be considerably
challenging, mainly due to the intrinsically low level of timing
jitter in femtosecond Mode-Locked ultralong ring fiber lasers.
In the past, several methods have been developed to quantify the
value of the timing jitter of ultra-short optical pulses generated
in passive mode-locked lasers [12], [13], [14], [15]. Although
some of them rely on simple techniques for the timing jitter
retrieval, such as the characterization of the RF spectrum [12]
or the use of external modulators [13], most of them rely on the
use of balanced optical cross-correlators or optical heterodyning
[14], [15]. All these methods require complex, highly specific,
and expensive equipment.

In this letter we propose a simple alternative to estimate the
timing jitter of the optical pulses generated by femtosecond
Mode-Locked ultralong ring fiber lasers. In general terms, we
have measured the temporal profile of several highly attenuated
pulses traveling through a dispersive fiber spool under a dis-
persive regime. Then offline, the results are post-processed to
compensate the dispersion induced by the fiber and calculating
the temporal separation between the recompressed consecutive
pulses, an experimental value of the timing jitter is obtained.

II. ESTIMATIVE METHOD AND EXPERIMENTAL VALIDATION

This estimative method relies on the use of dispersive fiber
to measure the optical pulses generated by the ultralong ring
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Fig. 1. Experimental setup for validation of the estimation method. LD: laser
diode, OI: optical isolator, PPG: pulse pattern generator, PD: photodetector.
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Fig.2. Optical pulses generated by the GS-DML propagated through different

lengths of dispersive fibers: no fiber (blue), 2.3 km (red) and 5.3 km (yellow).

fiber lasers with a known value of GVD. Then, the obtained
pulses are post-processed offline to compensate the GVD pulse
dispersion. To test the validation of this method, it has been
applied to broader optical pulses, whose temporal width and
timing jitter can be measured without dispersive fiber and usual
instrumentation. Gain-switched (GS) optical pulses from a dis-
crete mode laser (DML) have been chosen for this purpose. A
scheme of the experimental setup for the method validation is
displayed in Fig. 1.

A single-mode high-frequency DML at 1550 nm with a nom-
inal modulation bandwidth of 10 GHz was gain-switched with a
superposition of two electrical signals: a bias current of 10.9 mA
and electrical pulses with a pulse duration of 200 ps, provided by
apulse pattern generator at a repetition rate of fp = 100 MHz and
a peak-to-peak amplitude of Vrr = 1 V. The temperature of the
laser is controlled by a temperature controller. Then, the optical
pulses are linearly dispersed by a fiber spool of ITU G.652
standard single-mode fiber of 2.3 and 5.3 km and measured
with a digital scope analyzer with an optical input module with
20 GHz-bandwidth. The resulting pulses are shown in Fig. 2.

As it can be clearly seen in the pulses depicted in Fig. 2, the
optical pulses generated in the GS laser diode exhibit a clear
Gaussian profile, with a noticeable increase in the temporal full-
width half-maximum (FWHM) alongside a decrease in the peak
power of each pulse as the length of the dispersive fiber increases.
A summary of the measured FWHM and the RMS timing jitter
is shown in the Table I. The estimative method is performed
as follows: since the pulses at the laser output pulses are not
transform-limited, the auto-correlation trace profile is multiplied
by a quadratic phase term, to consider for the final chirp at the
end of the generation stage, obtaining an initial estimate for the
optical field of the pulses. As it is previously shown in [16],
during the most part of generation stage of the optical pulse, the
instantaneous frequency chirp is linear, and therefore, the phase
can be simplified.

TABLE I
MEASURED FWHM AND RMS TIMING JITTER OF THE MEASURED OPTICAL
PULSES GENERATED IN THE GS-DML WITH DIFFERENT FIBER LENGTHS

Fiber length (m) | FWHM (ps) | RMS timing jitter (ps)
No fiber 485 +0.3 3.1 £0.3
2300 60 + 0.3 43+03
5300 78.5 £ 0.3 6.4 +0.3
TABLE II

CALCULATED FWHM AND RMS TIMING JITTER OF THE MEASURED OPTICAL
PULSES GENERATED IN THE GS-DML WITH DIFFERENT FIBER LENGTHS
USING THE ESTIMATIVE METHOD

Fiber length (m) | FWHM (ps) | RMS timing jitter (ps)
2300 48.2+0.3 3.4+03
5300 50.1+£0.3 3.5+0.3

Besides, as the dispersion in the fiber is known, the initial
estimate of the optical field is linearly propagated by multiplying
by the GVD dispersion term of the non-linear Schrodinger
equation:

iBw?L
- ) . M

pcvp(L) = exp (
where (3, w represents the GVD coefficient and the frequency,
respectively, and L the length of the fiber. The initial phase term
at the output of the laser can then be calculated by iteratively
adjusting the chirp parameter to get a close match between the
pulses measured after dispersive broadening and their simulated
counterparts. The phase of the dispersed field is then extracted
and multiplied by the experimental measurements of the pulses,
and after that, these are compressed by applying backpropaga-
tion with the reversed GVD dispersion term of the non-linear
Schrodinger (1). Once all the pulses of the long temporal trace
are backpropagated, they are represented together. The results
of the estimative method over the GS-DML are graphically
displayed in Fig. 3 and a summary of the obtained values for
the RMS timing jitter is in the Table II.

The mean value of the temporal FWHM of the backpropa-
gated pulses is close to the measured one of the original pulse
(48.2 ps with the 2.3-km fiber and 50.1ps with the 5.3-km fiber),
keeping the same shape of the original pulse (Fig. 2, in blue).
Besides, the values of the RMS timing jitter obtained through
this method are like the timing jitter of the optical pulse without
fiber. The estimated values of the RMS timing jitter for the
backpropagation of the optical pulses are presented in Table II.
As can be extracted from Table II, the values of the RMS timing
jitter provided by the estimative method of backpropagating
optical pulses dispersed by dispersive fiber are like the ones
extracted from the direct measurement of the RMS timing
jitter of the non-dispersed optical pulse, thus evidencing of the
effectiveness of the method.

III. TIMING JITTER ESTIMATION OF A FEMTOSECOND
MODE-LOCKED ULTRALONG RING FIBER LASER

As it is demonstrated in the previous section, the back-
propagation estimation method reliably determines the timing
jitter of pulses propagating backwards along a dispersive fiber
in its origin. This method can be applied over optical pulses
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Fig.3. superimposed profiles of 50 optical pulses generated with the GS-DML
and backpropagated along a dispersive fiber of L = 2.3 km (a) and 5.3 km (b).
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Fig.4. Schematic of the setup for the characterization of ultralong pulsed fiber

lasers, where the extended cavity and the dispersive fiber span can take different
lengths. OSA: optical spectrum analyzer, VOA: variable optical attenuator.

whose temporal FWHM or their RMS timing jitter cannot be
obtained through traditional approaches due to its short duration
(less than 1 ps). As it is previously shown in [2], the optical
pulses generated by a Femtosecond Mode-Locked Ultralong
Ring Fiber Laser cannot be characterized with conventional
instrumentation. Although the temporal FWHM and its shape
can be measured with an autocorrelator, the timing jitter requires
more advance (and expensive) instrumentation, and it would
benefit from the simplicity of the estimative method.

A schematic depiction of our ultrafast ring fiber laser setup is
shown in Fig. 4, where two stages can be clearly differentiated.
The first stage is the laser itself. The laser includes a 16 m EDFA
with a non-adjustable gain level at a fixed 24 dBm maximum
output saturated power at 1560 nm. An InN semiconductor
saturable absorber mirror, in free space configuration, resistant
to high irradiances [4], [17], [18], polarization independent,
coupled to the system through a circulator, capable of producing
pulses in the order of femtoseconds is used to induce passive
mode-locking by controlling the focus and spot size incident to
the mirror. The extended cavity is placed after the SESAM and is
constituted by a fiber spool of ITU G.652 standard single-mode
fiber of 1 or 2.4 km. The system presents average anomalous
dispersion and operates in the telecommunications C-band with-
out external compression and amplification stages. The resulting
pulses, generated by passive mode-locking, have pulse durations
of the order of a few hundred femtoseconds and are characterized
in the measurement stage. The laser output is divided by a 1:99
optical coupler. The light coming through the 99% output is
temporally and spectrally characterized with an autocorrelator
and an optical spectrum analyzer (OSA), respectively. The other
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Fig. 5. Autocorrelation traces and optical spectra for: (a) and (b) the 1-km
ring; and (c) and (d) the 2.4-km ring.

TABLE III
OBTAINED RESULTS FOR THE DISPERSION OF FIBER SPOOL WITH
DIFFERENT LENGTHS

Fiber length (m) | Dispersion parameter (ps/nm-km)
10.250 17.80
18.890 22.50
25.250 12.10

branch is further attenuated to avoid non-linearities and sent
through a dispersive fiber spool with different lengths (10, 19
and 25 km) and known group-velocity dispersion (GVD), and
then, to a fast photodetector (nominal bandwidth 12 GHz) in
conjunction with a real-time oscilloscope with an electrical
bandwidth of 8 GHz and a maximum sampling rate of 20 Gbps/s.

The autocorrelation traces and the optical spectrum were mea-
sured in conditions of fundamental mode locking corresponding
to repetition rates of 196 kHz and 89 kHz respectively (Fig. 5).
The temporal full-width half-maximum (FWHM) of each pulse
is 175 fs and 188 fs, and the peak power at the laser output are
28.5 mW and 27.62 mW for the 1 km cavity and for the 2.4 km
ring, respectively. Both pulses are very similar in terms of shape
and pulse width. In these systems, the pulse duration is primarily
determined by the EDFA and SESAM, which remain the same
for both cavities. Since the pulse intensity is adjusted at the
SESAM to guarantee a nearly ideal solitonic propagation, the
shape and duration of the pulses are preserved over the extended
cavity. In the spectral domain, the optical spectra with the 1-km
cavity have a spectral width at half maximum of 28 nm, whereas
the other case with 2.4-km cavity is 32 nm. The value of the GVD
dispersion parameter have been obtained by measuring each
fiber spool with a GVD analyzer. All the obtained parameters
are within the range of typical values and displayed in Table III.
For both cases, we have measured the resulting output tempo-
ral pulses from our femtosecond Mode-Locked ultralong ring
fiber laser, after attenuating the signal to guarantee dispersive
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Fig. 6. Optical pulses generated by the femtosecond ultralong ring fiber laser

propagated though different lengths of dispersive fibers: 10 km (blue), 19 km

(red) and 25 km (yellow) and an extended cavity of (a) 1 km and (b) 2.4 km.
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Fig. 7. Accumulated temporal traces of 80 optical pulses backpropagated
along a dispersive fiber of L = 10 km and 25 km with: (a) and (b) the 1-km
cavity; and (c) and (d) the 2.4-km cavity. All displayed temporal traces have
been normalized by the maximum amplitude of Fig. 7(b).

broadening and propagating it through 3 fiber spools with differ-
ent lengths: 10, 19 and 25 km., which is equivalent to performing
a time stretch dispersive Fourier transform (TS-DFT) [19].

In the case of the 1-km ring, the corresponding values of the
FWHM using a dispersive fiber of 10, 19 and 25 km are 6, 10
and 15 ns, respectively. In the second case, these values are 8§,
10 and 15 ns. Note that the pulse shape of the broadened pulses
generated by the 2.4-km cavity depicted on Fig. 6(b) is different
from that of the pulses of Fig. 6(a), corresponding to the 1 km
cavity. The pulses of the 2.4-km cavity are more affected by
the presence of ASE noise from the EDFA, which modifies the
optical spectrum, as seen on Fig. 5(d), which itself reflects on
the temporal profile after the dispersive Fourier transform.

Despite this, both cavities generate pulses with similar tem-
poral characteristics in terms of pulse-width and power. Here is
where the estimative method is applied, to estimate timing jitter
of the pulse generated by the ultralong ring laser in its source.
Fig. 7 shows an accumulation of 80 optical pulses once the phase
is corrected by (1) to compensate for the GVD.

After that, the resulting pulses have similar features and
characteristics to the directly measured autocorrelation traces. In
particular, the backpropagated pulses have an averaged FWHM
of 185 fs, which is very close to the observed measured temporal

TABLE IV
PEAK TO PEAK TIMING JITTER (RMS) CALCULATED FROM THE MEASURED
OPTICAL PULSES AT DIFFERENT FIBER LENGTHS AND EXTENDED CAVITIES

Fiber length (m) 1-km cavity (fs) | 2.4-km cavity (fs)
10.250 30 (12) £ 5 49 (33) £ 5
18.890 46 (37) £ 5 55(39) £ 5
25.250 34 (19) 5 58(44) £ 5

FWHM with the autocorrelator. Besides, all backpropagated
pulses have a strong hyperbolic sech component, being highly
symmetric and with a high degree of resemblance to the original
autocorrelation traces.

From the compressed, backpropagated trace, we can calculate
the peak-to-peak timing jitters at half maxima, which are sum-
marized on Table IV. Considering all the results, no correlation
seems to exist between the corrected timing jitters and the length
of the dispersive fiber spool. However, there are some visible
differences between the calculated values of timing jitter using
two different extended cavities. In the case of the 1-km extended
cavity, the average time jitter for the three fiber spools is 23 fs,
whereas when the other cavity is employed, the value of the
averaged timing jitter is higher, 39 fs. This is to be expected,
as longer cavities present lower repetition rates, a higher ASE
noise level and larger overall cavity length fluctuations due to
environmental factors, all of which will have a direct influence
on the measured timing jitter and phase noise.

IV. CONCLUSION

Here, we present a very simple algorithm to estimate the
timing jitter of optical pulses generated by ultra-long ring fiber
lasers with simple equipment that can be found in any optical
communication laboratory and apply it to the estimation of
timing jitter in ultralong pulsed fiber lasers. The method consists
of measuring the ultra short optical pulses produced by our lasing
source after they propagates along a dispersive fiber spool with a
known length, to properly characterize the broader optical pulse
with standard instrumentation and enough resolution. After that,
the complex amplitude is multiplied by a corrective phase that
compensates the effect of the GVD dispersion. The timing jitter
has been obtained from the accumulated several compensated
optical pulses. The results provided by our experimental study
show that this method is perfectly able to retrieve consistent and
coherent estimations of the timing jitter in different experimental
scenarios. The low jitter values obtained for our ultralong laser
setups also showcases their potential use in applications in which
phase noise could pose an important limitation. Finally, we
confirm a direct correlation between cavity length and timing
jitter in ultralong ring fiber lasers, as it can be expected from
increased ASE and cavity length fluctuations.
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