Quantum Electronics 51 (5) 427-432 (2021)

©2021 Kvantovaya Elektronika and IOP Publishing Limited
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High-frequency pulse train generation in dispersion-decreasing fibre:
using experimental data for the metrology

of longitudinally nonuniform fibre

L.S. Panyaev, D.A. Stoliarov, A.A. Sysolyatin, 1.O. Zolotovskii, D.A. Korobko

Abstract. This paper describes experiments concerned with pulse
train generation from initially modulated cw light in an anomalous
dispersion decreasing fibre. We have obtained stable contrast trains
of subpicosecond pulses with a repetition rate in the range 100—
300 GHz and demonstrated generation of an optical comb spectrum
with a —20-dB width of up to 80 nm. A method has been proposed
for reconstructing an unknown dispersion profile of a longitudinally
nonuniform fibre by comparing experimental data and numerical
simulation results.

Keywords: optical fibre, anomalous dispersion, high-frequency
pulse train, repetition rate of up to 300 GHz.

1. Introduction

Modulation instability (MI) is known to be a fundamental
nonlinear process that leads to instability growth in physical
systems [1]. In optics, this effect can show up as the breaking
of a modulated continuous wave into a pulse train. The best
known manifestations of M1 are those in systems that can be
described by equations of the same type as the nonlinear
Schrodinger equation (NLSE), e.g. during propagation of a
modulated wave in optical fibre [2—4]. Similar processes are
observed in optical cavities [S—7], in spatiotemporal laser
beam dynamics [8], upon the formation of stable structures in
waveguides, etc. [9—11].

MI is often a parasitic effect leading to growth of noise
disturbances and limiting the performance of coherent signal
transmission lines [12]. Nevertheless, the use of MI effects is
extremely promising for generating trains of high-frequency
short pulses [13—15]. In an experimental technique based on
so-called induced MI, the input signal results from the sum-
mation of light from a pair of cw sources (most frequently,
from semiconductor laser diodes) differing in emission wave-
length. As a result, the beat frequency of the sum emission
signal becomes the repetition rate of the pulses generated by
means of MI. Using this method, one can generate pulse
trains with repetition rates of hundreds of gigahertz [16],
which is well above the maximum pulse repetition rate (PRR)
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of harmonically mode-locked fibre lasers (under 25 GHz)
[17, 18] and comparable to the repetition rate of pulses gener-
ated by significantly more technologically advanced pulsed
sources based on semiconductor disc lasers [19] or nonlinear
microcavities [20, 21].

The use of dispersion decreasing fibre (DDF), an optical
fibre with an anomalous dispersion decreasing along its
length, is probably the most effective approach to the genera-
tion of high-frequency pulse trains by means of MI [22].
Unlike in the case of longitudinally uniform fibre, the insta-
bility frequency range of DDF during light propagation
increases steadily, enabling the generation of trains of ultra-
short pulses, with a duration considerably shorter than 1 ps,
from modulated light [23]. Note that DDFs are highly
demanded fibre-optic components: in addition to experimen-
tal studies of MI, they are widely used in addressing issues
pertaining to laser pulse compression, supercontinuum gen-
eration, and optical processing [24—29]. However, there is still
no commercial-scale production of such fibres. In experimen-
tal studies, use is made primarily of test and research DDF
samples fabricated as single pieces, e.g. at the Prokhorov
General Physics Institute (PGPI), Russian Academy of
Sciences (Moscow) [30]. In connection with this, there is cur-
rently great practical interest in the development of DDF
metrology methods for high-speed determination of sample
characteristics, the most important of which are dispersion
parameters.

This paper reports on a series of experiments concerned
with the generation of pulse trains by means of MI in a DDF
sample prepared in 2020 at PGPI. In these experiments, we
were able to obtain subpicosecond pulse trains with a repeti-
tion rate above 300 GHz, which to the best of our knowledge
is a record for configurations based on a standard silica DDF.
(Known results on pulse train generation with a terahertz rep-
etition rate [31] were obtained using a configuration based on
a longitudinally uniform, highly nonlinear fibre.) Besides, our
experimental data were used to determine the dispersion pro-
file of an experimental DDF sample.

2. Experimental

Figure 1 shows a schematic of the experimental setup. Its key
components are two cw laser diodes: a Teraxion stabilised
semiconductor laser with an emission linewidth under 10 kHz
(DFB1) and a standard Mitsubishi distributed feedback semi-
conductor laser (DFB2). Varying the drive current and tem-
perature of the laser diodes allows their centre wavelengths to
be tuned over a 3-nm range with accuracy no worse than
0.02 nm. After passing through polarisation controllers (PCl1,
2) and preamplifiers (EDFAL, 2), the two cw laser beams are
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mixed in a 3-dB fibre coupler and ‘sliced’ by an acousto-optic
modulator (AOM) to form 100-ns to 100-us pulses for effec-
tive amplification and suppression of counterpropagating
Brillouin-scattered light in the test fibre. Next, the signal is
amplified in the main amplifier, EDFA3 (maximum output
power of up to 400 mW), and launched into the test fibre
(TF). The transmitted light is analysed using an HP 70950B
spectrum analyser with a resolution of 0.1 nm and an
FR103-WS autocorrelator.

DFB1 pC1 EDFAI

PC2 gDFA2

Figure 1. Schematic of the experimental setup: (DFBI, 2) distributed
feedback cw semiconductor lasers; (PCI1, 2) polarisation controllers;
(EDFA1-3) erbium-doped fibre amplifiers; (3 db) 3-dB fibre coupler;
(AOM) acousto-optic modulator; (TF) test fibre.

The test fibre used to observe MI effects was a 1000-m
length of single-mode silica fibre having a cladding diameter
varying linearly along its length. The diameters at the fibre
ends were 143 and 114 um, with the larger diameter corre-
sponding to the maximum anomalous dispersion. The fibre
sample was fabricated at PGPI from a preform with a W
index profile and had a flat dispersion profile around a wave-
length of 1550 nm (i.e. it had a low third-order dispersion).
The chromatic dispersion of optical fibre depends on the
material and waveguide dispersion contributions. Material
dispersion is completely determined by the glass the fibre is
made from, and waveguide dispersion depends on the radial
refractive index profile (RIP). In the case of the W-profile
fibre under consideration, the variation of dispersion along
the fibre length is determined by the longitudinal variation of
the outer fibre diameter. Thus, if light was launched through
the larger end face, the anomalous dispersion of the fibre
decreased linearly in the propagation direction [29]. The loss
in the DDF was ~1 dB km™!.

In our experiments, amplified modulated light was
launched into the DDF through its larger diameter end, which
had the highest anomalous dispersion. The average beam
power at the DDF input was about 170 mW. Figures 2 and 3
show emission spectra and autocorrelation traces (ACTs) of
pulse trains obtained at the DDF output at different modula-
tion frequencies v. It follows from Fig. 2 that the bandwidth
of the comb spectrum depends significantly on v (i.e. on the
wavelength difference A4 between the lasers), which can be
accounted for by the fact that the modulation gain depends
on frequency v. The comb spectrum has the largest width
(=20-dB width of 80 nm) at v ~ 240 GHz (AA = 2 nm). In the
central part of the spectrum, the contrast between the lines in
the frequency comb and the noise pedestal exceeds 20 dB,
pointing to a rather large signal-to-noise ratio of the pulsed
source employing MI. The autocorrelation traces in Fig. 3
demonstrate pulse trains with a repetition rate corresponding
to the modulation frequency. Note that the central and inter-
correlation peaks of the ACTs differ little in intensity, which
is characteristic of low-jitter pulse trains [32]. The duration of
an individual pulse is ~1 ps, which corresponds to the width
of the generated spectrum.

In addition, we carried out experiments in which pulse
trains were generated in a two-section fibre consisting of a
Corning LEAF standard dispersion-shifted single-mode fibre
(3.5 km length) butted against the DDF sample described
above. The main idea of the experiment was to use the stan-
dard fibre as a medium for pulse train generation by means of
MI and the DDF as a compressor in order to reduce the pulse
duration and extend the spectrum being generated [26, 27].
The results of that experiment are presented in Fig. 4.

These data demonstrate that the use of a two-section fibre
system allows high-frequency pulse trains to be obtained at a
lower average power of modulated light. The results pre-
sented in Fig. 4 were obtained at an average power at the
EDFA3 amplifier output (Fig. 1) near 80 mW. Increasing the
power of the modulated light causes no considerable broad-
ening of the comb spectrum being generated. This can be
accounted for by the increasing effect of noise factors, which
impair the coherence of the output spectrum and emerge in
the LEAF fibre, mainly upon dispersion light generation. At
the same time, it can be seen that, even at a relatively low
average input power, the two-section configuration enables
the generation of pulse trains with a repetition rate above
200 GHz and a pulse duration under 1 ps (it should be taken
into account that the ACT duration is about a factor of 1.5
longer than the actual pulse duration). It is worth noting that,
at a modulation frequency v ~ 120 GHz (Fig. 4a), there are
contrast pulses even after propagation through the LEAF
fibre. Propagation through the DDF is accompanied by pulse
compression, and the emission spectrum of the pulses broad-
ens. Note also that, despite the low dispersion of the LEAF
fibre, its modulation gain range (inversely proportional to its
dispersion) is insufficient for contrast pulse formation at a
modulation frequency v ~ 240 GHz (Fig. 4b). In this case,
pulse train formation is in effect only due to the development
of MI as light propagates through the DDF.

3. Evaluation of dispersion parameters
of the DDF

As mentioned above, the ability to determine dispersion
parameters of DDFs is a topical issue. It is shown below that
dispersion parameters of the DDF sample under study can be
estimated by comparing experimental data with numerical
simulation results for the MI process. This approach has the
following advantages: 1. It offers the possibility of rather rap-
idly and accurately simulating the propagation of light in
optical fibre even on generally available computers using the
split-step Fourier method [3], a well-known and long-proven
algorithm for solving the NLSE. 2. For metrological mea-
surements on fibre samples, one can use standard experimen-
tal setups, e.g. those for optical pulse amplification and com-
pression, without setting up additional systems, often con-
taining expensive bulk components [30]. 3. The proposed
approach is nondestructive: it allows one to estimate param-
eters of an entire sample, which is of particular importance
for DDFs. Besides, standard methods for assessing dispersion
parameters of optical fibre use small samples, whose disper-
sion is taken to be constant.

One drawback to the method proposed by us is that it is
not self-sufficient, i.e. it needs certain information about
parameters of the fibre of interest (effective mode area and
longitudinal dispersion distribution), which is used in numer-
ical simulation. At the same time, such information can easily
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Figure 2. Spectra of the light transmitted by the DDF at modulation frequencies v ~ (a) 60 GHz (AL = 0.5 nm), (b) 120 GHz (AA = 1 nm), (c) 240 GHz
(A2 =2nm), and (d) 300 GHz (AL = 2.5 nm). The left panels show wide-scan spectra and the right panels show their central parts at a higher resolution.
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Figure 3. Autocorrelation traces of pulse trains at modulation frequencies v ~ (a) 120 GHz (A4 = 1 nm) and (b) 240 GHz (A4 =2 nm).
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Figure 4. (Colour online) Spectra of light propagating through the Corning LEAF + DDF two-section fibre. Modulation frequency v ~ (a)
120 GHz (AA = 1 nm) and (b) 240 GHz (A4 = 2 nm). Insets: ACTs of the pulses being formed. The blue lines represent the light that passed only
through the LEAF fibre and the red lines represent the light that passed through both sections (Corning LEAF + DDF).

be derived from data on the structure of the sample under
study: longitudinal variation in its diameter, core diameter,
and core—cladding index difference. Nevertheless, determina-
tion of nonlinear characteristics of fibre with a complex W
index profile is a nontrivial issue. The main difficulty here is a
search for an effective mode area 4. which, together with the
nonlinear refractive index n, , determines the Kerr nonlinear-
ity coefficient y of the fibre. In our case, we simplified the
problem by representing the complex W index profile as a
step-index one, with a core diameter ¢ = 7.5 um and a
core—cladding index difference An = 8.5 x 1073, The effective
mode area evaluated by the Marcuse formula is A,y ~ 52
um?, which eventually allows us to find the Kerr nonlinearity
coefficient: y = 0.0025 W~! m~!. The fibre cladding diameter
has little effect on the effective mode area, so in the approxi-
mation in question we take y to be constant along the length
of the fibre.

To find the dispersion profile 3,(z) of the DDF, we simu-
lated a solution to the NLSE [3]:

04  .P(2)a*4 B3d*4 . 2,
aZ+1 2 o2 6 op iy|d4|°4 =0, (1)

where A(z, ) is the amplitude of the propagating wave. Initial
conditions were inferred from experimental data on the prop-
agation of modulated light in a two-section fibre and corre-
sponded to the radiation pattern at the DDF input (Fig. 4)
with allowance for the fusion splice loss (~25% in terms of
power). In the initial stage of computation, the third-order
dispersion parameter was taken to be ;3 = 0. Test computa-
tions taking into account Raman scattering and self-steep-
ening nonlinear effects [24] showed that they had a negligi-
ble effect: the results differed by no more than 0.5%. Because
of this, eventually Eqn (1) was simulated with no allowance
for these nonlinear effects in order to speed up computa-
tions.

The algorithm used to adjust the dispersion profile was as
follows: In accordance with the linear variation of the clad-
ding diameter, an unknown dispersion profile, B,(z), was fit-
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Figure 5. (Colour online) Spectra of modulated light after propagation through the Corning LEAF + DDF two-section fibre. Modulation fre-
quency v ~ (a) 120 GHz (A4 = 1 nm) and (b) 240 GHz (A4 = 2 nm). The blue lines represent experimentally obtained spectra and the red lines rep-

resent spectra obtained by simulation with the optimised dispersion profile.

ted by the linear relation 8,(z) = B,(0)(1 — £€z) (where & ~ 1073
is an unknown constant), determined by the group velocity
dispersion at the input and output ends of the DDF, $3,(0)
and S,(L). These dispersion parameters were varied in
0.25 ps> km™! steps in the ranges —15 < 85(0) < -2 ps® km!
and —10 < B,(0) < 5 ps®> km™'. The purpose of the computa-
tion was to minimise the functional

5

D (@) — L)

k

where
| Ao, L) [

In(wy) = —
w(@) max|A4(wy, L) ’2

is the calculated relative intensity of the spectrum and I(w),) is
the experimentally measured relative intensity of the spec-
trum. The summation was carried out over all w; points cor-
responding to the peaks of the comb spectrum where I(w;)
exceeded threshold (e.g. —40 dB). Computations for modula-
tion frequencies v ~ 120 and 240 GHz yielded similar results.
The best agreement between the calculated and measured
spectra was obtained at 8,(0) = =7.5 ps> km™! and B,(L) = 0.
In a similar way, we calculated the third-order dispersion
parameter, constant along the length of the fibre, for the
group velocity dispersion profile obtained: 83=0.015 ps> km™.
The calculated spectra corresponding to the propagation of
modulated light in DDF with the optimised dispersion profile
are shown in Fig. 5 along with the measured spectra.

4. Conclusions

Using a new sample of a silica DDF fabricated at PGPI, we
have developed an experimental setup for high-frequency
pulse train generation from initially modulated cw light in the
telecom range. In our experiments, we have demonstrated the
formation of stable contrast pulse trains with a repetition rate
in the range 100—300 GHz and the generation of an optical
comb spectrum with a —20-dB width of up to 80 nm. In addi-
tion, in our experiments the DDF sample has been success-
fully used to compress an individual pulse in a high-frequency
train to a subpicosecond duration. The proposed configura-
tion can be used as a basis for designing a family of comb

spectrum generators and is of interest for telecommunica-
tions, spectroscopy, microwave photonics, and other applica-
tions.

The dispersion profile ,(z) of the DDF sample under
consideration, as reconstructed from numerical simulation
results, is in perfect agreement with the dispersion parameters
intended in fibre drawing: low group velocity dispersion
(GVD) throughout the length of the sample and near zero
GVD at its narrow end. Moreover, the low third-order dis-
persion f33 is quite consistent with the structure of the sample.
The proposed approach for reconstructing the dispersion
profile of fibre can be used as a high-speed method for the
metrology of dispersion parameters of longitudinally nonuni-
form fibres.
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