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ABSTRACT

The generation of a broadband optical frequency comb with 80 GHz spacing by propagation of a sinusoidal wave
through three dispersion-optimized nonlinear stages is numerically investigated. The input power, the dispersion, the
nonlinear coefficient, and lengths are optimized for the first two stages for the generation of low-noise ultra-short pulses.
The final stage is a low-dispersion highly-nonlinear fibre where the ultra-short pulses undergo self-phase modulation for
strong spectral broadening. The modeling is performed using a Generalized Nonlinear Schrodinger Equation
incorporating Kerr and Raman nonlinearities, self-steepening, high-order dispersion and gain.

In the proposed approach the sinusoidal input field is pre-compressed in the first fibre section. This is shown to be
necessary to keep the soliton order below ten to minimize the noise build-up during adiabatic pulse compression, when
the pulses are subsequently amplified in the next fibre section (rare-earth-doped-fibre with anomalous dispersion). We
demonstrate that there is an optimum balance between dispersion, input power and nonlinearities, in order to have
adiabatic pulse compression. It is shown that the intensity noise grows exponentially as the pulses start to be compressed
in the amplifying fibre. Eventually, the noise decreases and reaches a minimum when the pulses are maximally
compressed. A train of 70 fs pulses with up to 3.45 kW peak power and negligible noise is generated in our simulations,
which can be spectrally broadened in a highly-nonlinear fibre. The main drawback of this compression technique is the
small fibre length tolerance where noise is negligible (smaller than 10 cm for erbium-doped fibre length of 15 m). We
finally investigate how the frequency comb characteristics are modified by incorporating an optical feedback. We show
that frequency combs appropriate for calibration of astronomical spectrographs can be improved by using this technique.

Keywords: Optical frequency comb, Four-wave mixing, pulse compression, Astronomy.

1. INTRODUCTION

Since their inception optical frequency combs (OFCs) generated in passively mode-locked lasers have revolutionized the
endeavors of metrology, spectroscopy and other scientific areas [1-3]. Even though they can be routinely generated in
very compact systems and the comb line spacing can now be up to a few GHz, there are several applications where
larger comb spacing are required, up to the THz range. One interesting example of such an application is Astronomy
Astronomy — the quest for high-precision wavelength calibration of optical or NIR spectrographs at ground-based or
space telescopes has received great attention over the last years because of the potential for ground-breaking discoveries,
e.g. a possible change of the fine structure constant over cosmic times [4], the direct measurement of the Hubble
constant [5], or the detection of earth-like extra-solar planets [6]. Current state-of-the-art wavelength calibrators are
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based on the light from low pressure spectral line lamps, providing very few and non-uniformly spaced emission lines
with strongly unequal intensities. It has been suggested that an ideal high-precision calibrator should incorporate
uniformly spaced and equally intense spectral lines spanning several hundreds of nanometers [6-13]. The use of an
optical frequency comb is expected to improve the calibration accuracy, currently limited by the spectral characteristics
of conventional spectral line lamps [6]. To generate an astro-comb, researchers have recently used a mode-locked laser
followed by a complicated set of stabilized Fabry-Perot cavities to filter out unwanted comb modes. In this way, an OFC
with line spacing of 14 GHz has been recently demonstrated, and its capabilities for the calibration of high-resolution
spectroscopy were tested at the HARPS spectrograph [13]. However, in order to massively deploy OFCs in telescopes
around the world, the degree of complexity, size, and cost needs to be dramatically reduced. In that respect, it was
recently demonstrated that a frequency comb can be generated in a high-Q micro-resonator — a laser is launched to match
one resonance of the resonator and a cascade of four-wave mixing (FWM) products give rise to a broadband frequency
comb [14-21]. However, several issues related to the noise performance and comb stability need to be solved before they
reach a mature stage.

In this paper we investigate a simple all-fibre scheme for astronomical optical frequency comb generation. In section II
we describe the approach we follow for pulse compression and spectral broadening for the astro-comb generation. We
also describe the details of the Generalized Nonlinear Schrodinger Equation that was solved numerically. Section III, IV,
and V describe our results for the first, second and third nonlinear stage, respectively. Finally, in section VI we draw our
conclusions.

2. ASTRONOMICAL FREQUENCY COMB GENERATION: THEORETICAL
FRAMEWORK

Figure 1 shows the schematic of the nonlinear system we are proposing to generate the astronomical optical frequency
comb. It consists of two phase-locked and equally intense lasers (with frequencies ®; and ®,) that are propagated
through three nonlinear stages. The two-tone initial field corresponds temporally to a sinusoidal square pulse that is
subject to an initial compression (or pre-chirping) during the propagation in the first fibre segment. The second stage is
the amplifying fibre that amplifies the average power and also provides strong (adiabatic) pulse compression. We seek to
understand if it is possible to adjust the interplay of dispersion and non-linearities in the first two fibre stages for
efficient compression of the initially sinusoidal pulses and with negligible pedestal. The aim is to generate clean sub-100
fs pulses with high repetition rates (>50 GHz) that would have enough peak power for subsequent generation of
astronomical optical frequency combs in a low-dispersion nonlinear fibre.
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Figure 1. Schematic of the proposed pulse compression approach.

To investigate the system described in Fig. 1, we consider the two-laser optical field described by
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Ay (z,1) = [P, sin(t/ r)e @) (1),
where ®, = (®; + ®,)/2 is the central frequency (center wavelength is at 1531 nm), B is the wavenumber, T is the period

of the sinusoidal envelope modulation, Py is the peak power of the sinusoidal pulse, and z is the propagation distance.
The noise characteristics of the pulses are investigated by including a noise contribution to the total field:

A = AO + ’no ei(wL't_BZ+¢7"Llnd{)Vl1 ) (2)'

where n is the noise amplitude and @;a4om 1S @ random phase with uniform distribution over [0, 27t]. The two laser input
was generated in two stages, in order to mimic the experimental configuration under development at innoFSPEC. First,
the noise level is set 65 dB lower than the laser level. Then 30 GHz band-pass filters are used to filter out further the
noise background. In this way the optical-signal-to-noise-ratio (OSNR) is 80 dB. The propagation of this field along the
three nonlinear stages depicted in Fig. 1 is numerically investigated by solving the Generalized Nonlinear Schrodinger
Equation (GNLSE) in the frequency domain using the split step Fourier method. The GNLSE is given by

MH@ A(Q)+A(Q)p(Q)= —iy(1+w£j><[F[(l— rA@YAY + £ () [hRFDZ(Qfm

Oz o
€)

where A(z,Q) as the Fourier transform of A(z,f), o is the fiber gain coefficient, the propagation constant f(w) around the
carrier frequency w,, y is the nonlinear coefficient of the fiber fundamental mode, R(¢) = (1-/z)d(¢) + frhz(?), and 0 < fz <
1 represents the fractional contribution of the delayed Raman response 4z, which is given by

hg () = (fo + f ) (O) + frhy, (2)
h,(H) =1, (z;2 +1752 )exp(—z /7,)sin(t/7,),

hy,(¢) = [(27,, —t)/ rﬂexp(—t/rb), 4)

where 7; =122 fs , 7, =32 1fs, 7, = 96 15, f, = 0.75, f, = 0.21, f. = 0.04, and fz = 0.24 [2]. We defined Q = o—o,, F stands
for direct Fourier transform, F~ for the inverse transform, and hy, = F(h,(t)) - Numerically, F"and F~ !"are computed using

the fast Fourier transform (FFT) and inverse FFT (IFFT), respectively.

3. NUMERICAL RESULTS: COMB GENERATION IN A SINGLE PASS

3.1 FIRST STAGE: PRE-COMPRESSION

The GNLSE was numerically solved for the fibre propagation of the field at Eq. (2) for the case when the two lasers are
80 GHz apart and with input powers that can vary from Py, = 0.4 to 10 W. Two values of the fibre nonlinear coefficient
are considered in our analysis: y =2 and y = 10 (W-km)™'; while the second order dispersion is scanned from B, = -30 to -
5 ps’/km. The third order dispersion is set at B; = 0.1 ps’/km. Figure 2 shows the calculation results for the peak power
of the pulse train as a function of the propagation length for the case Py =1 W and for several 3, values. Note that as the
pulse propagates, its peak power increases and then reaches a maximum value and finally decreases. This power increase
is due to pulse compression caused by solitonic self-adjustment of the pulse width [20]. In the frequency domain the
pulse compression is manifested as spectral broadening: initially the two lasers interact by four-wave mixing (FWM) and
generate phase-locked sidebands which then further interact to generate a cascade of new spectral products. At some
point during the propagation, the amount of new spectral sidebands generated by FWM reach a maximum (consequently
the compression attains a maximum too) and after that the power flow from pumps to sidebands is reversed and the peak
power starts to decrease. Figure 2(a) shows the results for y = 2 (W-km)" while Figure 2(b) shows the case y = 10 (W-
km)™', revealing a similar behavior in both cases. However, the compression ratio increases as y increases or P,
decreases: for example, the propagation of a train of pulses with 1W of initial peak power grows to 12W after
propagation through 0.45 km of a fibre with y = 10 (W-km)" and B, = -6 ps®/km; this means a compression factor of 12.
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This fibre was cut at the length of maximum compression and the optical field at this position is then propagated through
the second fibre (the amplifying medium). Note that by changing the fibre dispersion and/or the nonlinearity we are not
only changing the peak power that is entering the amplifying medium but also the pulse width and the chirp of the
pulses. These changes in the input characteristics will affect the dynamics in the next nonlinear stage.
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Figure 2. Peak power as a function of propagation length when Py =1 W and for 3, = -30, -15, -10, -7.5, -6 ps¥/km. (a) y =2 (W-km)
and (b) y =10 (W-km)™.

3.2 SECOND STAGE: AMPLIFICATION AND STRONG (ADIABATIC) COMPRESSION

By propagating the pulses through the amplifying fibre, the aim is not only to increase the average power but by
judiciously adjusting the gain and anomalous dispersion to induce strong pulse compression in order to reach the
necessary peak power for broadband frequency comb generation.
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Figure 3. Spectrum of the gain coefficient (o) of the amplifying fibre.
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The spectral characteristics of the gain coefficient of the amplifying fibre used in our calculations are shown in Figure 3.
The gain has the typical shape of an Erbium doped fibre. The other important parameters of the fibre are the second and
third order dispersion with values B, = —14 ps/km, P; = 0.1 ps’/km, respectively; and the nonlinear coefficient y = 2.5
/W-km.

The peak power of the pulses as a function of the propagation length in the amplifying fibre was calculated for the case
when the first fibre has y = 2 (W-km)" and B, = -30, -15, -10, -7.5, -6 ps*/km and the power injected in this fibre was P,
=1 and 2.5 W. Figure 4 shows the peak power as the pulses propagated through the amplifying fibre. It can be observed
that in the first meters of propagation the peak power increases slowly (almost entirely due to the amplification process
and not to any compression effect). When the pulses (or the spectral sidebands) reach enough power to generate more
cascaded FWM tones, the pulses start to experience significant compression and the peak power increases rapidly from
less than 0.3 kW to a few kW. When the peak power reaches its maximum, the phase relationship between the different
spectral components changes its sign and the power flow is reverted producing pulse broadening and the peak power
decreases. As the amplifier continues to provide energy to the pulses, there will be again generation of new spectral
components due to FWM and the peak power will have an oscillatory behavior with a tendency of peak power increasing
as the pulses propagate further in the amplifying medium. A close inspection of Fig. 4 shows that the peak power at the
first maximum is higher as the first fibre has a larger B, or as the input power P, is smaller — both cases result in a
smaller power that enters the amplifier. Note also that when the input power at the second fibre is smaller, the amplifier
needs more length (gain) to compress the pulses and reach the first maximum. More importantly the peak power increase
is steeper which can make it difficult to properly setup this compressor section.
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Figure 4. Peak power as a function of the propagation length in the amplifying medium for y = 2 (W-km)™, B, = -30, -15, -10, -7.5, -6
ps*/km of the first fibre and for (a) Py =1 W and (b) Py=2.5 W.

The noise characteristics of the optical frequency comb will be dictated by the quality of the pulses generated in the
amplifying medium. To assess the noise characteristics of the train of pulses we have calculated its relative intensity
noise (RIN). The RIN was defined as the ratio between the pulse with the highest peak power and the average peak
power in the train of pulses. Since the simulation time window is 256 ps, the calculation was done for a train of pulses
consisting of 20 pulses (period T = 13 ps). The noise intensity results corresponding to Figure 4 are shown in Figure 5.
As with the peak power, the intensity noise increases as the pulse propagates along the fibre, reaches a maximum but
decreases to a minimum value for a length that corresponds exactly to the length when the peak power reaches a
maximum. A comparison of Figures 5(a) and 5(b) shows that the RIN is smaller for smaller 3, of the first fibre and for
larger input powers. This indicates that there is a range of peak power values and pulse widths entering the amplifying
fibre that minimize pulse intensity noise: the lowest noise is obtained when the amplifying fibre provides moderate
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compression ratios rather than large ones. This behaviour is explained in terms of pulse compression of high-order
YPT, o2
Bl

smaller than 10. The larger the soliton order is, the higher will be the compression ratio but the compression will not be
adiabatic, and the non-adiabaticity will lead to the formation of a strong pedestal around the pulse. If the soliton order
becomes too high (>10), the interaction of the pulse with the pedestal can result in pulse break-up (soliton fission).

solitonic pulses. In order to have a gentle compression, the order (N = ) of the solitonic pulse needs to be

We checked that at maximum compression the pulses have a width smaller than 80 fs in most of the cases, which means
a compression factor of 80 (from the initial 6.3 ps of the sinusoidal square wave). However, it is also noted that the
pedestal carries more than 20 % of the total power. After the first maximum, the pulses are further amplified and will
become noisier and unstable since the soliton order will continue to grow as the power increases. Therefore, the pulses
will undergo soliton fission into several pulse components (the powerful spectral components will interact with the
background noise) and the RIN will increase prohibitively.

a) T b)) T

401 ’\

{

[ ] [y 1

2 30 'i 2 !

© 5}« © i

= g ¢ = :

T 20 b S i

1 G I:

o) E o it
X i X

Figure 5. Intensity noise as a function of the propagation length in the amplifying medium for y =2 (W-km)™, B, = -30, -15, -10, -7.5,
-6 ps*/km of the first fibre and for (a) Py =1 W and (b) Py =2.5 W.

3.3 THIRD STAGE: FREQUENCY BROADENING

We have cut the amplifying fibre segment at the length where we have the first maximum compression and propagate
the compressed pulses through the third and last fibre segment having a length of L = 1 m, B, = 0.05 ps®/km, B3 = 0.0081
ps’/km, and y = 10 (W-km)". We chose the case when the train of pulses compressed in the amplifying medium had a
peak power of 3.45 kW (corresponding to Py =2.5 W, for y =2 (W-km)™ and B, = -15 ps*/km for the first fibre) and the
result is shown in Figure 6.
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Figure 6. Output spectrum after third nonlinear stage having L = 1 m. (a) Whole comb spectrum spanning 145 THz. (b) Zoom
showing the frequency range between 20 and 25 THz.

The optical frequency comb extends over a bandwidth of 145 THz (one octave spanning) and this is a respectable
bandwidth for this relatively low peak power. The optical signal to noise ratio (OSNR) is ~ 40 dB for nearly the entire
comb. Even though the power carried by each comb tooth is not equalized along the 145 THz (power variation is 20 dB),
our results are a significant step forward for the understanding of frequency comb generation at large comb spacing.

4. NUMERICAL RESULTS: COMB GENERATION WITH A FEEDBACK

The dynamics of frequency comb generation in a nonlinear medium might be drastically changed by placing the medium
in a loop [22]. To study how an optical feedback can improve the characteristics of an OFC, we analyse the simple
system shown in Figure 7. It consists of two lasers that are combined in a fibre and then propagated through a nonlinear
fibre. Lossless couplers are used to form a loop, where some percentage of the power is reinserted to the input (point B).

Non-LinearFiber

WDM (((E ZZ}} Output

coupler coupler —»
B

Figure 7. Simplest configuration for optical frequency comb generation in a fibre loop.
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To study the advantage of using the fibre loop we compare the number of FWM sidebands with an OSNR larger than 15
dB for the single pass case (i.e. when the loop is open), against the case when the loop is closed with a given reinserted
power. We also compare both cases against the single pass case but with an input power as large as the effective power
in point B in Figure 7 when the loop is closed and the steady state conditions are reached. The effective peak power in B
depends on the reinserted power. Using standard fiber couples one could reinsert over 95% of the output power.
Simulations show, however, that no more than 20% of reinsertion is generally optimal because under realistic conditions
a broad band noise starts to deteriorate the OSNR at the output. With 20% of reinsertion, the input peak power at B
under steady state conditions is 3.3 times larger than the peak power at A.

[
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——single pass
20 -1 ——single pass times 3.3
10+ :
0 —

power (dBm)
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lambda (nm)

-l
o
T

Figure 8. Output spectra: for 2.5 W input peak power, without loop (red) and with a loop with 20% reinserted power (black), and for
8.25 W input peak power (blue).

Figure 8 shows the output spectra for the single pass case with peak powers at point A of 2.5 W and 3.3x2.5 =8.25 W,
for an input peak power of 2.5W, and a closed loop with 20% reinsertion. It is clear from this figure that using the loop is
the best option: the number of comb lines with an OSNR larger than 15 dB is 26 in this case, against 10 and 14, for the
single pass case with input peak powers of 2.5 and 8.25 W, respectively. We observed that using larger reinsertion
powers do not improve the comb because the noise starts to be amplified prohibitively deteriorating the OSNR of the
comb lines.

It was also tested if the comb bandwidth could be increased by introducing an optimized phase shift in the loop (in a real
experiment this shift can be adjusted by adjusting the length of the feedback loop). Figure 9 shows that the comb
bandwidth cannot be increased: for phase shift from 0 to 8000 fs the bandwidth of the comb is almost constant. At larger
phase shift the behavior is quite complex but in no case the bandwidth is improved.

An interesting observation is that, depending on the amount of phase shift, we either could, or rather could not achieve a
converged numerical solution, respectively. For some phase shifts the spectra at the output converges towards a stable
solution or changes significantly at each loop infinitely. This chaotic fractal-like behavior was already observed in [22].
An interesting observation is that depending on the amount of phase shift, the loop could or not achieve a converged
numerical solution. For some phase shifts the spectra at the output converges towards a stable solution or changes
significantly at each loop infinitely.
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Figure 9. Output spectra for a loop with 20% reinsertion power and 2.5 W input peak power at point A, for different amounts of shift.
The shift is given in femto-seconds in the legends.

5. CONCLUSIONS

We have numerically investigated the generation of astronomical optical frequency combs in a three-stage nonlinear
system. The generation of low-noise ultra-short high-repetition-rate pulses starting from two lasers and using two
nonlinear stages with appropriate dispersion and nonlinear characteristics was investigated. The first one serves as an
initial compression (pre-chirping) stage, while the second fiber provides gain and simultaneously strong pulse
compression down to sub-100 fs. The obtained pulses are shown to be very clean due to the adiabatic compression and
are appropriate for subsequent generation of broadband frequency comb spanning nearly one octave. The effect of
introducing an optical feedback was also investigated, showing that the number of comb lines can be increased by almost
a factor of three. The envisaged next step is to verify these findings and to setup an experiment for the generation of a
low-noise broadband astronomical frequency comb.
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