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Abstract We investigate the generation of optical fre-
quency combs through a cascade of four-wave mixing
processes in nonlinear fibres with optimised parameters.
The initial optical field consists of two continuous-wave
lasers with frequency separation larger than 40 GHz
(312.7 pm at 1531 nm). It propagates through three non-
linear fibres. The first fibre serves to pulse shape the
initial sinusoidal-square pulse, while a strong pulse com-
pression down to sub-100 fs takes place in the second fi-
bre which is an amplifying erbium-doped fibre. The last
stage is a low-dispersion highly nonlinear fibre where
the frequency comb bandwidth is increased and the line
intensity is equalised. We model this system using the
generalised nonlinear Schrödinger equation and investi-
gate it in terms of fibre lengths, fibre dispersion, laser
frequency separation and input powers with the aim to
minimise the frequency comb noise. With the support of
the numerical results, a frequency comb is experimen-
tally generated, first in the near infra-red and then it
is frequency-doubled into the visible spectral range. Us-
ing a MUSE-type spectrograph, we evaluate the comb
performance for astronomical wavelength calibration in
terms of equidistancy of the comb lines and their stabi-
lity.

1 Introduction

Optical frequency combs (OFCs) provide an array of
phase-locked equidistant spectral lines with nearly equal
intensity over a broad spectral range. Since their in-
ception, they have triggered the development of a wide
range of fields such as metrology for frequency synthesis
[1], for supercontinuum generation [2,3], in the telecom-
munication for component testing, optical sampling, and
ultra-high capacity transmission systems based on opti-
cal time-devision multiplexing [4,5,6,7,8,9], or even for
mimicking the physics of an event horizon [10].

One interesting application of OFCs is the calibration
of astronomical spectrographs. Currently, wavelength ca-
libration of astronomical spectrographs uses the light of
spectral emission lamps (Th/Ar, He, Ne, Hg, etc.) or ab-
sorption cells, for instance, iodine cells to map the dis-
persion function of the spectrograph [11]. These sources
provide reliable and well characterised emission and ab-
sorption spectra, respectively, but have limitations in the
spectral coverage. Moreover, because these lamps pro-
vide a line spacing and a line strengths that are irregu-
lar, the wavelength calibration accuracy is below optimal
[12,13,14].

High-resolution applications like the search for extra-
solar planets via the observation of the stellar radial ve-
locities’ Doppler shifts and the measurement of the cos-
mological fundamental constants require an accuracy of
a few cm/s in terms of radial velocity [15,16,17]. The res-
olution of Th/Ar lamps is, however, limited to a few m/s.
Due to their properties, OFCs from mode-locked lasers
were proposed as an ideal calibration source since they
provide a much larger number of spectral lines at regions
inaccessible for current lamps and with more equalised
intensity [12,18]. In has been demonstrated that broad-
band OFCs improved the accuracy by almost three or-
ders of magnitude down to the cm/s−level. However,
due to the tight spacing of their comb lines, mode-locked
lasers have to be adapted using a set of stabilised Fabry-
Perot cavities in order to increase their line spacing from
hundreds of MHz to 1− 25 GHz. Frequency combs that
were adapted using this technique have been successfully
tested for high-resolution spectrographs (R ≥ 70000) in
the visible and near infra-red (IR) [13,14,17,18,19,20,
21,22,23,24]. However, for low- and medium-resolution
applications the filtering approach would require unfea-
sibly high-finesse stable Farby-Perot cavities to increase
the spacing from hundreds of MHz to hundreds of GHz.

Using monolithic microresonators, OFCs with a fre-
quency line spacing between 100 GHz and 1 THz (suit-
able for the medium- and low-resolution range) have
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been recently demonstrated [25,26]. However, due to the
thermal effects, microresonator-based combs cannot sus-
tain the resonance condition for a long time and have to
be regularly adjusted.

Another approach suitable for low- and medium-reso-
lution consists of generating a cascade of four-wave mix-
ing (FWM) processes in optical fibres starting from two
lasers. This allows OFCs to be generated with, in prin-
ciple, arbitrary frequency spacing. This approach has
been already extensively studied with the aim to gen-
erate ultra-short pulses at high repetition rates [4,5,6,7,
8,9,27]. But also some approaches specifically targeting
the task of the OFC generation in highly nonlinear fi-
bres were numerically and experimentally studied in the
recent past [28,29,30].

We numerically investigate the four-wave mixing cas-
cade approach with the particularity that it involves a
long piece of an erbium-doped fibre with anomalous dis-
persion where strong pulse compression based on the
higher-order soliton compression takes place [31,32,33].
We focus the analysis on how the quality of the compres-
sion and the pulse pedestal build-up depend on the input
power, laser frequency separation, and group-velocity
dispersion of the first fibre. We investigate how the inten-
sity noise and the pulse coherence also depend on these
parameters. Studies on the length optimisation of the
first and second fibre stage allowing low-noise system
performance are also carried out. Using a MUSE-type
spectrograph, we experimentally demonstrate that the
introduced approach is suitable for astronomical appli-
cations in the low- and medium-resolution range.

The paper is structured as follows: in Sec. 2.1, we de-
scribe the approach for the generation of OFCs in fibres
and, subsequently in Sec. 2.2, the according mathemati-
cal model based on the generalised nonlinear Schrödinger
equation (GNLS). We present our results on the fibre
length optimisation in Sec. 3. In Sec. 4, we show the
results on the figure of merit and the pedestal content.
The results of the noise evolution and coherence studies
are shown in Sec. 5 and Sec. 6, respectively. In Sec. 7, we
present the result on the experimental realisation of the
proposed approach in the near IR and the visible spec-
tral range. Finally, we draw our conclusions in Sec. 8.

2 Optical frequency comb approach and

mathematical model

2.1 Four-wave-mixing based frequency comb

Fig. 1 shows the experimental arrangement used to gene-
rate broadband optical frequency combs in the near IR
spectral region. The starting optical field consists of two
independent and free-running continuous-wave (CW) la-
sers. Both lasers have equal intensity and feature relative
frequency stability of 10−8 over one-day time frame that

is typical for state-of-the-art lasers. This stability is ad-
equate for calibration of low- and medium-resolution as-
tronomical spectrographs, no additional stabilising tech-
niques like laser phase-locking are required. The first
laser (LAS1) is fixed at the angular frequency ω1, while
the second laser (LAS2) has a tuneable angular frequency
ω2 so that the resulting modulated sine-wave has a cen-
tral frequency ωc = (ω1 + ω2)/2.

B CA

EOM

LAS2LAS2

LAS1LAS1

ISOL PCISOL PC

AMP1 F1 AMP2 F2

PUMP AUTOCOR

OSA

ESA

Fig. 1 Experimental setup for generation of OFCs in fibres.
ISOL: optical isolator, PC: polarisation controller, EOM:
electro-optical modulator, LAS1: fixed CW laser, LAS2: tun-
able CW laser, AMP1: Er-doped fibre amplifier 1, F1: optical
bandpass filter 1, AMP2: Er-doped fibre amplifier 2, F2: opti-
cal bandpass filter 2, A: single-mode fibre, B: Er-doped fibre,
C: highly nonlinear low-dispersion fibre, PUMP: pump laser
for fibre B, AUTOCOR: optical autocorrelator, OSA: optical
spectrum analyser, ESA: electrical spectrum analyser

The evolution of a frequency comb in this system is
governed by the following processes: as the two initial
laser waves at ω1 and ω2 propagate through the fibre A,
they interact through FWM and generate a cascade of
new spectral components [10,44]. The new components
are phase-correlated with the original laser lines, the fre-
quency spacing between them coincides with the initial
laser frequency separation LFS = |ω2 − ω1|/2π. In the
time domain, this produce a moulding of the sinusoidal-
square pulse: a train of well separated higher-order soli-
tons with pulse widths of a few pico-seconds is generated
[46,47]. These higher-oder solitons undergo further com-
pression as they propagate through the amplifying fibre
B [37,48,49]: sub-100 fs pulses are generated (Fig. 2)
[50]. The last stage is a low-dispersion highly nonlinear
fibre where the OFC gets broadened and the intensity of
the comb lines fairly equalised.

2.2 Generalised nonlinear Schrödinger equation

We model the propagation of the bichromatic optical
field using the generalised nonlinear Schrödinger equa-
tion (GNLS) for a slowly varying amplitude A = A(z, t)
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Fig. 2 Optical pulse shapes after propagation in fibre A
and B obtained by means of numerical simulations for laser
frequency separation LSF = 80 GHz and initial power
P0 = 2 W

in the co-moving frame [31,32,48,38,51]:

∂A

∂z
= i

K
∑

k=2

ik

k!
βk

∂kA

∂tk
+ iγ

(

1 +
i

ωc

∂

∂t

)

AR+ gErA, (1)

where βk =
(

∂kβ

∂ωk

)

ω=ωc

denotes the value of the dis-

persion order at the carrier angular frequency ωc. The
nonlinear parameter γ is defined as γ = ωcn2

cS
with n2

being the nonlinear refractive index of silica, S the ef-
fective mode area, and c speed of light. The integral
R =

∫

∞

−∞
R(t′)|A(z, t − t′)|2dt′ represents the response

function of the nonlinear medium

R(t) = (1− fR)δ(t) + fRhR(t), (2)

where the electronic contribution is assumed to be nearly
instantaneous and the contribution set by vibration of
silica molecules is expressed via hR(t). fR = 0.245 de-
notes the fraction of the delayed Raman response to the
nonlinear polarisation. As for hR(t), it is defined as fol-
lows:

hR(t) = (1− fb)ha(t) + fbhb(t), (3)

ha(t) =
τ21 + τ22
τ1τ22

exp

(

− t

τ2

)

sin

(

t

τ1

)

, (4)

hb(t) =

(

2τb − t

τ2b

)

exp

(

− t

τb

)

(5)

with τ1 = 12.2 fs and τ2 = 32 fs being the characteristic
times of the Raman response and fb = 0.21 representing
the vibrational instability of silica with τb ≈ 96 fs [48,38,
51]. gEr in the last term on the right-hand side of Eq. 1
represents the normalised frequency-dependent Er-gain.
Generally, gEr is a function of z. Here, we use a gain
profile that does not change with z. This approach is
justified by the fact that our numerical data are in a
good agreement with the experimental ones. The Er-
gain gEr is valid only for fibre B and is set to gEr = 0 for
fibres A and C.

The initial condition at z = 0 for Eq. 1 reads as

A0(t) =
√

P0 sin(ωct) +
√

n0(t) exp (iφrand(t)) , (6)

where the first term describes the two-laser optical field
with a peak power of P0 and a central frequency ωc =
(ω1 + ω2)/2 that coincides with the central wavelength
of λc = 1531 nm. The second term in Eq. 6 describes the
noise field and has the form of a randomly distributed
floor with an amplitude varying between 0 and

√
n0 and

a phase φrand randomly varying between 0 and 2π. To
mimic the experimental procedure in more detail, we
convolve the noise floor with two filter functions having
Gaussian shapes with a width of 30 GHz and a depth of
20 dB (see Fig. 3). The maximum of each Gaussian is
positioned at the respective laser frequency line as shown
in Fig. 3.

Fig. 3 Schematic representation of the initial condition

The numerical solution of Eq. 1 having the initial
optical field given by Eq. 6 is performed using the in-
teraction picture method in combination with the local
error method [43,44]. Low numerical error is obtained
by choosing 216 sample points in a temporal window of
256 ps.

We consider up to the third order dispersion in our
simulations, i.e. K = 3 in Eq. 1. Further, for the whole
set of simulations, the following parameters for fibres A,
B, and C are chosen: γA = 2 W−1km−1,
βB
2 = −14 ps2/km, γB = 2.5 W−1km−1,

βC
2 = 0.05 ps2/km, γB = 10 W−1km−1.

The length of fibre C is set to LC = 1.27 m. These



4 M. Zajnulina et al.

parameters represent material features of fibres that can
be used in a real experiment.

3 Optimum lengths of fibres A and B

The aim of the propagation of the initial bichromatic
field through fibres A and B is to generate maximally
compressed optical pulses with a minimum level of inten-
sity noise (IN). As the optical pulses propagate through
fibres A and B, their intensity experiences periodical mo-
dulation over the propagation distance [45]. This periodi-
city in the peak power occurs due to the formation and
the subsequent propagation of higher-order solitons [33,
41].

Fig. 4 Peak power in W (upper graph) and intensity noise
in % (lower graph) vs. propagation distance in km for fibre
A

We define the optimum length Lopt of a fibre as the
propagation distance between the beginning of the fibre
and the first pulse intensity maximum. At the same time,
the optimum length denotes the propagation distance
point of the maximum optical-pulse compression and,
thus, of the broadest possible spectrum [36].

Rare-earth doped fibres are regarded as noisy envi-
ronments and usually their lengths are kept as short as
possible to avoid nonlinearities. Thus, the length opti-
misation studies provide us also with system parameters
required to generate low intensity noise (IN) pulses and,
so, low-noise OFCs. Fig. 4 and Fig. 5 show that the pulse
IN has a local minimum at optimum lengths of fibre A
(LA

opt) and B (LB
opt). A more detailed discussion of inten-

sity noise will be done in Sec. 5.

To perform the optimisation studies, we assume the
optical losses to be negligible, i.e. α = 0 dB/km (see
Eq. 1).

Fig. 5 Peak power in W (upper graph) and intensity noise
in % (lower graph) vs. propagation distance in km for fibre
B

3.1 Optimum lengths of fibre A and B depending on the

initial laser frequency separation

We consider three values of the initial laser frequency
separation, i.e. LFS = 40 GHz (312.7 pm), LFS =
80 GHz (625.5 pm), and LFS = 160 GHz (1.25 nm
at 1531 nm) that correspond to the medium and low
resolution of R = 15000, 7500, and 3750 at 1531 nm ta-
king into account that an optimum spacing between the
comb lines is 3-4 times the spectrograph resolution (cf.
[19]). Having these values of LFS, we look for optimum
lengths of fibre A and B, i.e. LA

opt and LB
opt, for different

values of the input power P0. For the studies, the group-
velocity dispersion (GVD) parameter of fibre A is set to
be βA

2 = −15 ps2/km.
Fig. 6 illustrates the dependence of optimum lengths

on the input power P0. Generally, solitons with higher
order numbers evolve on shorter lengths scales [37]. In
our case, the soliton number can be calculated as

NA =

√

γAP0

(2πLFS)2|βA
2 |

(7)

for fibre A, or as

NB =

√

(TA
0 )2P̂ γB

|βB
2 | (8)

for fibre B [36], where γA denotes the nonlinear para-
meter of fibre A, TA

0 ≈ TA
FWHM/1.763 is the natural

width of pulses after fibre A [38], and P̂ is the accord-

ing peak power. The dependence of N on
√
P0 or

√

P̂
explains the decrease of LA

opt and LB
opt as the value of P0

increases.
For the case of fibre A, the decrease of optimum-

length values is preceded by a plateau region where LA
opt
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Fig. 6 Optimum lengths of fibres A and B, LA
opt and LB

opt, in
m vs. input power P0 in W for different values of the initial
laser frequency separation LFS : LFS = 40 GHz (circles),
LFS = 80 GHz (rectangles), and LFS = 160 GHz (triangles)

is constant as a function of P0. In this region, P0 is not
sufficient to induce the nonlinearity that can effectively
compress the initial sine wave into a train of solitons. The
edge of the plateau ends denotes the the value of P0 from
which on the formation of solitons is fully supported. In
terms of soliton order, NA < 1 within the plateau region
and NA ≥ 1 for higher value of P0.

According to Eq. 7, the soliton order numbers in fi-
bre A are inversely proportional to LFS. For instance,
we have NA = 2.3 for LFS = 40 GHz, NA = 1.6 for
LFS = 80 GHz, and NA = 1.15 for LFS = 160 GHz at
P0 = 5 W. Therefore, one would expect that LA

opt goes

up with LFS. As Fig. 6 shows, this is not the case: LA
opt

is inversely proportional to LFS. We explain this phe-
nomenon as follows: the level of complexity of the soli-
ton’s structure and the evolution behaviour grows with
its order. For the initial sine-wave to be compressed into
a train of solitons with higher order, it needs to prop-
agate a longer distance so that the fibre nonlinearity
can mould the pulses properly. In any case, more precise
studies are needed to analyse the formation of higher-
order solitons out of a sine-square wave.

However, the soliton-oder scheme works perfectly for
fibre B: LB

opt increases with LFS. Fig. 6 shows that the

optimum lengths take the values 150 m < LA
opt ≤ 1100 m

for fibre A, whereas for fibre B 7 m < LA
opt < 35 m.

Since in our case the optimum performance is shown for
LSF = 80 GHz, we will use this value for further studies.

3.2 Optimum lengths of fibre A and B depending on the

group-velocity dispersion of fibre A

The dependency of the optimum fibre length as a func-
tion of three different values of the GVD parameter of
fibre A is illustrated in Fig. 7. The three dispersion values
of fibre A are: βA

2 = −7.5 ps2/km, βA
2 = −15 ps2/km,

and βA
2 = −30 ps2/km. These are standard values for

single-mode fibres [2,39,40]. The initial laser frequency
separation is set to be LFS = 80 GHz.

Fig. 7 Optimum lengths of fibres A and B, LA
opt and LB

opt,
in m vs. input power P0 in W for different values of the GVD
parameter of fibre A: βA

2 = −7.5 ps2/km (circles), βA
2 =

−15 ps2/km (rectangles), and βA
2 = −30 ps2/km (triangles)

The optimum lengths for both, fibre A and B, de-
crease as the value of P0 increases. Depending on the
value of P0, the optimum length of fibre A takes the
values 180 m < LA

opt < 980 m, for fibre B 7.5 m <

LB
opt < 37.5 m. Also for different values of βA

2 , there
plateaus of optimum length values for low input power.
Precisely, the plateau region is 0.5 W ≤ P0 < 1.3 W for
βA
2 = −7.5 ps2/km, 0.5 W ≤ P0 < 1.5 W for βA

2 =
−15 ps2/km, and 0.5 W ≤ P0 < 2.5 W for βA

2 =
−30 ps2/km. In fibre A, the value of LA

opt increases as

the absolute value of βA
2 decreases, whereas it is the op-

posite dependency in fibre B. For further studies, we use,
however, the value of βA

2 = −15 ps2/km.

4 Figure of merit and pedestal content

The higher-order soliton compression in an amplifying
medium can be considered as an alternative technique to
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the compression in dispersion-decreasing fibres [34,35].
However, the compression of pico-second pulses suffers
from the loss of the pulse energy into an undesired broad
pedestal containing up to 70% of the total pulse energy
[34,36]. This has a reduction of the pulse peak power
as a result leading to the degradation of the peak-power
dependent FWM process.

To describe the amount of energy that remains in the
pulse and not in the pedestal, we introduce a figure of
merit that is defined as:

FoM =
Pulse peak power

Pulse average power
. (9)

Using the FoM , we address the following questions in
this section:

– How does the FoM of fibre B changes with the initial
input power?

– How does the FoM of fibre B depends on the initial
LFS and βA

2 ?
– How the pedestal content depends on the the initial

LFS and βA
2 ?

We define the pedestal content as a relative difference
between the total energy of one single pulse and the en-
ergy of an approximating sech-profile with the same peak
power and the FWHM as the pulse [34,36]:

PED =
|Etotal − Esech|

Esech

· 100%. (10)

The sech-profile was chosen, because the pulses are molded
into solitons in fibre A. The energy of a soliton with a
sech-profile with peak power P̂ and a FWHM is given
by

Esech = 2P̂
FWHM

1.763
. (11)

4.1 Figure of merit and pedestal content of fibre B

depending on the initial laser separation

To study the dependence of the figure of merit and the
pedestal content in fibre B on the initial LFS, we set
again LFS = 40 GHz, LFS = 80 GHz, LFS = 160 GHz
and βA

2 = −15 ps2/km.
Fig. 8 shows that the value of FoM in fibre B is

generally larger for smaller values of the initial LFS.
For LSF = 40 GHz and LSF = 80 GHz, FoM has a
rapid increase for low input powers, reaches a maximum
(FoM = 151 at P0 = 1.5 W for LSF = 40 GHz and
FoM = 93 at P0 = 4 W for LSF = 80 GHz) and starts
to decrease as the value of P0 increases further. A similar
behaviour occurs for LFS = 160 GHz with a maximum
lying beyond P0 = 10 W.

After decreasing of the pedestal content for low input
powers, the value of PED reaches a minimum (PED =
48.5% at P0 = 3W for LFS = 40 GHz and only PED =
30% at P0 = 5W for LFS = 80 GHz) and then increases

Fig. 8 Figure of merit in fibre B for different values of the
initial laser frequency separation LFS : LFS = 40 GHz (cir-
cles), LFS = 80 GHz (rectangles), and LFS = 160 GHz
(triangles)

Fig. 9 Pedestal energy content in fibre B in % for different
values of the initial laser frequency separation LFS : LFS =
40 GHz (circles), LFS = 80 GHz (rectangles), and LFS =
160 GHz (triangles)

with P0 again. The minima of PED coincide with the
soliton number N > 1.5 of the pulses formed in fibre
A. More precisely, N = 1.8 for LFS = 40 GHz and
N = 1.6 for LFS = 80 GHz. Contrary to fundamental
solitons with N = 1, any solitons with N > 1.5 can
be regarded as higher-oder solitons [42], the order will
grow for higher input powers according to Eq. 7. The
increase of the pedestal content with P0 presented in
Fig. 9 goes along with the increase of the soliton order
numbers. This result is consistent with results published
in Ref. [36]. In the considered input power region, PED
decreases continuously for LFS = 160 GHz reaching a
value of only PED = 22% for P0 = 10 W. The increase
of PED will occur for P0 > 10 W.

A comparison of Fig. 8 and Fig. 9 shows that the
increase of FoM for low input powers coincides with the
decrease of PED meaning that the most pulse energy
gets effectively converted into the pulse peak power via
the pulse compression. The increase of PED causes the
decrease of FoM for higher values of P0.
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4.2 Figure of merit and pedestal content of fibre B

depending on the group-velocity dispersion of fibre A

Fig. 10 shows that the maximum value of FoM of fibre
B does not depend on the GVD parameter chosen for
fibre A. It shifts, however, to higher values of P0 as the
absolute value of βA

2 increases (FoM = 93 at P0 = 2 W
for βA

2 = −7.5 ps2/km and FoM = 93 at P0 = 4 W for
βA
2 = −15 ps2/km). The decrease of FoM after reaching

a maximum is almost equally fast for βA
2 = −7.5 ps2/km

βA
2 = −15 ps2/km. A similar behaviour will also occur

for βA
2 = −30 ps2/km and higher values of P0.

Fig. 10 Figure of merit in fibre B for for different values
of the GVD parameter of fibre A: βA

2 = −7.5 ps2/km (cir-
cles), βA

2 = −15 ps2/km (rectangles), and βA
2 = −30 ps2/km

(triangles))

Fig. 11 shows that, again, the decrease of FoM coin-
cides with a build-up of the pedestal: after a minimum of
only PED = 33% for βA

2 = −7.5 ps2/km at P0 = 3.5 W
PED = 30% for βA

2 = −15 ps2/km at P0 = 5 W, both
curves start increasing. Thus, we have PED = 56.5%
for βA

2 = −7.5 ps2/km and PED = 38% for βA
2 =

−15 ps2/km at P0 = 10 W. The PED−minima coincide
with soliton order of N = 1.9 for βA

2 = −7.5 ps2/km
and N = 1.6 for βA

2 = −15 ps2/km. Again, the soliton
order evolution causes the build-up of the pedestal. For
βA
2 = −30 ps2/km, the PED−curve decreases continu-

ously as P0 increases within the input power range we
consider here, PED = 34% at P0 = 10 W.

Comparing the results obtained in Sec. 4.1 and Sec. 4.2,
we see that the optimum system performance is obtained
for βA

2 = −15 ps2/km and LFS = 80 GHz.

5 Intensity noise in Fibre A, B, and C

The intensity noise (IN) coming from fibres A and B,
can be strongly detrimental when the pulses propagate
through fibre C. The high nonlinearity of this fibre in-
creases the amount of the amplified noise of fibre B which
leads to the reduction of the optical signal-to-noise ra-
tio (OSRN) in the frequency domain. In this section, we

Fig. 11 Pedestal energy content in fibre B in % for for
different values of the GVD parameter of fibre A: βA

2 =
−7.5 ps2/km (circles), βA

2 = −15 ps2/km (rectangles), and
βA
2 = −30 ps2/km (triangles)

investigate IN in fibre B that comes from the amplifica-
tion of any noise contributed from fibre A. In fibre A, the
increase of intensity noise can be caused by modulational
instability [41].

The following questions are addressed here:

– How does the level of intensity noise in the amplifying
fibre B, i.e. INB, depends on the initial LFS and the
value of the GVD of fibre A?

– What importance has the initial IN−level for all
three fibre stages?

– How effective is the filtering technique consisting of
two optical bandpass filters we proposed for the ex-
periment?

We define the intensity noise IN as the difference
between the maximum peak power within a pulse train
at the end of each fibre, i.e. max(|Â|2), and the according
peak-power average, i.e. 〈|Â|2〉, in percentage terms:

IN =
|max(|Â|2)− 〈|Â|2〉|

〈|Â|2〉
· 100%. (12)

Here, we consider three cases of the initial IN−power
(Eq. 6): the ideal case of n0 = 2P010

−10 that conicides
with 90 dB OSRN, n0 = 2P010

−8 that corresponds to
70 dB OSRN, and n0 = 2P010

−6 that corresponds to
50 dB OSRN. The first case is hardly realisable in a real
experiment, while two latter ones are, on the contrary,
realistic. We use optimised lengths of fibre A and B.

5.1 Noise level in the amplifying stage depending on the

initial laser frequency separation

To study of the intensity noise evolution in fibre B as a
function of the initial LFS, we chose the following va-
lues: LFS = 40 GHz, LFS = 80 GHz, LFS = 160 GHz.
The initial intensity noise contribution is generated as a
randomly distributed noise floor with the maximal power
of n0 = 2P010

−8. The GVD parameter of fibre A is
βA
2 = −15 ps2/km.
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Fig. 12 Intensity noise in fibre B, INB, in % vs. input power
P0 in W for different values of the initial laser frequency
separation LFS : LFS = 40 GHz (circles), LFS = 80 GHz
(rectangles), and LFS = 160 GHz (triangles)

Fig. 12 shows that, for input powers for which fibre
A has plateaus in its optimum lengths, the INB−level
is very high (cf. Fig. 6). In this P0−region, the optical
pulses are not moulded into solitons yet when they prop-
agate through fibre A (cf. Sec. 3). Therefore, they lack
the stability and robustness of real solitons to sustain
the perturbation that is caused by the parameter change
(GVD and nonlinearity) as they enter fibre B. As a re-
sult, the pulses break-up which yields a high level of IN
in fibre B.

The resemblance of an optical pulse with a real soli-
ton means its stability grow as the value of P0 approaches
the edge of the plateau region. So, the level of INB de-
creases until it reaches a minimum at the plateau edge.
Beyond the plateau region, the pulses are robust against
the perturbation caused by the fibre parameter change
since they are compressed to real solitons in fibre A.
This has low intensity noise as a result: IN < 1% for
LFS = 80 GHz and LFS = 160 GHz. In Sec. 3.1, we
showed that the soliton order is higher for smaller LFS.
Higher-order solitons are subjected to a break-up which
leads to to the increase of intensity noise. This is why IN
increases up to ca. 10% for LFS = 40 GHz. An optimal
system performance is shown for LSF = 80 GHz.

5.2 Noise level in the amplyfying stage depenging on

the group-velocity dispersion of fibre A

Having the maximal initial noise power of n0 = 2P010
−8

generated as a floor and initial laser frequency separa-
tion of LSF = 80 GHz, we now vary the GDV param-
eter of fibre A and choose the following values: βA

2 =
−7.5 ps2/km, βA

2 = −15 ps2/km, βA
2 = −30 ps2/km.

Fig. 13 shows that for input powers in the plateau
region, the value of INB is very high. Again, it occurs
due to the instability and the resulting break-up of the
optical pulses. For higher values of P0, however, IN

B

Fig. 13 Intensity noise in fibre B, INB , in % vs. input power
P0 in W for different values of the group-velocity dispersion of
fibre A βA

2 : βA
2 = −7.5 ps2/km (circles), βA

2 = −15 ps2/km
(rectangles), and βA

2 = −30 ps2/km (triangles)

remains below 1% for βA
2 = −15 ps2/km and βA

2 =
−30 ps2/km and increases up to 10% for βA

2 = −7.5 ps2/km.
As discussed in Sec. 3, the soliton order grows as

the absolute value of GVD of fibre A decreases. Higher-
order solitons incline to the break-up for higher numbers
of their order which has an increase of the intensity noise
as a result. This is why we observe an increase of INB

up to 10% for βA
2 = −7.5 ps2/km.

The best performance is shown for βA
2 = −15 ps2/km,

thus, we will use this value for further studies.

5.3 Intensity noise depending on the initial noise level.

Effectiveness of the proposed filtering technique

For the study on the intensity noise of all fibre stages,
i.e. INA, INB, and INC , we consider three cases of the
initial IN−power generated as a randomly distributed
floor (Eq. 6): n0 = 2P010

−10, n0 = 2P010
−8 and n0 =

2P010
−6. The value of the frequency separation is chosen

to be LFS = 80 GHz and the GVD parameter of fibre
A is set to βA

2 = −15 ps2/km.
Fig. 14 shows that the whole system is sensitive to

the value of the initial noise power. This dependence
begins already in fibre A. Thus, INA takes the following
values: ca. 0.1% for the ideal case of n0 = 2P010

−10, ca.
1% for n0 = 2P010

−8, and ca. 10% for n0 = 2P010
−6.

In the fibre-A plateau region, the pulses not being
real solitons yet and propagating through fibre B are ex-
tremely noisy for any values of n0 due to their instability
and the inclination to a break-up. Although one would
expect the intensity noise level to increase in the amp-
lifying fibre B, it actually gets slightly suppressed for
2.5 W ≤ P0 < 8 W. Apparently, fibre B has a stabilising
effect on the optical pulses in this input power region.
For higher values of P0, fibre B is not adding any addi-
tion noise, either.

The nonlinearity of fibre C, however, adds a signifi-
cant amount of IN to the system, especially if the initial
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condition is highly noisy. So, we have INC of < 1% for
n0 = 2P010

−10, ca. 6% for n0 = 2P010
−8, and ca. 40%

for n0 = 2P010
−6 for the values of P0−region beyond

the plateau region of fibre A. Thus, to keept the level of
the intensity noise as low as possible it is advisable to
choose a low-noise initial condition.

Now we analyse the effectiveness of the proposed fil-
tering technique. Two 20 dB−filters with 30 GHz band-
width was suggested to filter the noise coming from the
amplifiers (AMP1 and AMP2 in Fig. 1). The filters are
modelled by two Gauss functions as described in Sec. 2.2.
In our studies, the Gaussians filter the initial noise floor
with n0 = 2P010

−6 down to n0 = 2P010
−8 (cf. Fig. 3).

The according results are presented in Fig. 14 as crosses.
As one can see, the crosses lie close to the curves that
present the IN−level for the situation when a noise floor
with n0 = 2P010

−8 is chosen as initial condition. To be
precise, the INA

filter
is ca. 2%, INB

filter
< 1%, and INC

filter

is less than 12% for P0 > 2.5 W. That means that the
proposed filtering technique is highly effective in the sup-
pression of intensity noise and should be deployed in a
real experiment.

6 Coherence in Fibre A, B, and C

The timing jitter of the optical pulses causes the broad-
ening of the OFC lines. We study the impact of the
timing jitter by means of the pulse coherence time Tc

that we define as the FWHM of the pulses that arise by
a pairwise overlapping of pulse trains generated at two
different times, i and i+1, and having, accordingly, dif-
ferent randomly generated initial IN−level. The overlap
function is given by

g̃(t) =

〈

A∗

i (t)Ai+1(t)
√

|Ai(t)|2max|Ai+1(t)|2max

〉

(13)

where
|Ai|2max = max(|Ai|2) (14)

is the maximum norm (cf. [38]). For the calculation of
g̃(t), we use 10 different pulse trains, i. e. i ∈ (1, ..., 10). A
high level of pulse coherence corresponding to low timing
jitter is presented when Tc > Tp. Note, Tp is the pulse
FWHM.

We consider the coherence time Tc for three different
values of the input power P0 and initial noise IN with
n0 = 2P010

−8 generated as a randomly distributed floor.
Afterwards, these results will be compared with the case
when the initial noise level with n0 = 2P010

−6 is filtered
down to n0 = 2P010

−8 by means of Gaussian filters as
described above. The initial frequency separation is cho-
sen to be LFS = 80 GHz.

As one notes from Tab. 1, the pulse width Tp de-
creases with the input power P0 in fibre A due to the
power-dependent compression process. Thus, we have
Tp = 1.58 ps for P0 = 2.0 W and Tp = 0.46 ps for

Fibre A

P0, [W ] IN Tc, [ps] Tp, [ps]

2.0 floor 6.16 1.58
filtered 6.39

5.5 floor 6.14 0.67
filtered 6.28

9.0 floor 6.15 0.46
filtered 6.41

Table 1 Coherence time Tc and FWHM of optical pulses
Tp in fibre A for a floor and filtered initial noise with n0 =
2P010

−8

Fibre B

P0, [W ] IN Tc, [ps] Tp, [ps]

2.0 floor 1.56 0.06
filtered 1.61

5.5 floor 0.66 0.08
filtered 0.67

9.0 floor 0.46 0.09
filtered 0.47

Table 2 Coherence time Tc and FWHM of optical pulses
Tp in fibre B for a floor and filtered initial noise with n0 =
2P010

−8

P0 = 9.0 W. However, for any values of P0, the co-
herence time Tc remains almost the same, it slightly
varies around the average value of 〈Tc〉 = 6.15 ps that is
close to the natural pulse width of T0 = 6.4 ps in fibre
A indicating high level of pulse coherence and very low
timing jitter.

In fibre B (Tab. 2), the pulse widths Tp slightly in-
crease with the input power P0. This is the result of the
decreasing compression effectiveness for the increasing
input powers which we found out in further studies lying
beyond the scope of this paper. So, we have Tc = 0.06 ps
for P0 = 2.0 W, Tc = 0.08 ps for P0 = 5.5 W, and Tc =
0.09 ps for P0 = 9.0 W. Contrary to fibre A, the value
of Tc strongly depends on the initial power: Tc = 1.56 ps
for P0 = 2.0 W, Tc = 0.66 ps for P0 = 5.5 W, and finally
Tc = 0.46 ps for P0 = 9.0 W. This occurs due to the fact
that the pulse pedestal gets destroyed to a large extend
as the input power increases. Nonetheless, the coherence
Tc is more than 5 times larger than the pulse width Tp

meaning still a good coherence performance with low
timing jitter.

The optical pulses do not get compressed any further
in fibre C (see Tab. 3). However, the values of the coher-
ence time Tc drop after the pulses propagated through
fibre C and are only a bit higher than the pulse widths
Tp: Tc = 0.07 ps for P0 = 2.0 W, Tc = 0.08 ps for
P0 = 5.5 W, and Tc = 0.09 ps for P0 = 9.0 W. The rea-
son for low coherence time is the break-up of the pulse
pedestal into pulses with irregular intensity and repeti-
tion due to the high fibre nonlinearity.

For the performed studies, the coherence time Tc of
the filtered signal lies slightly below the Tc−values of
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Fig. 14 Intensity noise of fibres A, B, and C, INA, INB, and INC , in % vs. input power P0 in W for different values of
the initial noise power: n0 = 2P010

−10 (solid line), n0 = 2P010
−8 (dashed line), and n0 = 2P010

−6 (dotted line). The crosses
present the intensity noise of the filtered signal.

Fibre C

P0, [W ] IN Tc, [ps] Tp, [ps]

2.0 floor 0.07 0.06
filtered 0.08

5.5 floor 0.08 0.08
filtered 0.09

9.0 floor 0.09 0.09
filtered 0.10

Table 3 Coherence time Tc and FWHM of optical pulses
Tp in fibre C for a floor and filtered initial noise with n0 =
2P010

−8

the unfiltered (floor) noise. This has only a negligible re-
duction of the coherent bandwidths. Thus, the proposed
filtering technique proved to be effective once again.

7 Experimental data

Using the results from the numerical section where opti-
mum fibre lengths, dispersion values, and input powers
were found, we have setup an experimental arrangement
to generate frequency combs for calibration of astronom-
ical spectrographs. Fig. 1 shows the schematic of the ex-
perimental setup.

In the setup we used (cf. Fig. 1), the EOM carves
the initial wave that arises after the combination of both
CW lasers into pulse trains with total extension of 20 ns.
The first amplifier AMP1 provides an average power of
12 mW. The second amplifier AMP2 raises the average
power to a value of 100 mW. The first filter F1 has a
bandwidth of 100 GHz, the bandwidth of the second fil-
ter F2 is 30 GHz. As the first stage (A) a conventional
single-mode fibre with total length of LA = 350 m and
the parameters βA

2 = −21 ps2/km, γA = 2 W−1km−1

was deployed. Instead of an Er-doped fibre (B), a double-
clad Er/Yb-fibre with length of LB = 17 m was used.
This fibre got pumped with power of 3 W at 940 nm.

The fibre parameters are βB
2 = −15 ps2/km, γB =

2.5 W−1km−1. Fibre C has the length of LC = 3.5 m and
the parameters βC

2 = −0.5 ps2/km, γB = 10 W−1km−1

at 1550 nm. The initial laser frequency separation was
LFS = 200 GHz (1.56 nm at 1531 nm) which corre-
sponded to the pulse repetition rate of 200 GHz in the
time domain.

Fig. 15 shows typical spectra after fibre A, B, and
C, respectively. The spectrum of fibre A ranges from
1546.2 nm to 1560.5 nm, while the spectral bandwidth
for fibre B is greatly extended from 1465 nm to 1645 nm.
The line intensities in fibre A and B differ, however, in
a few orders of magnitude. After propagation through
fibre C, it is further broadened to the range between
1400 nm and 1700 nm and the line intensities are bet-
ter equalised. Characterisation beyond 1700 nm was not
possible due to limitations of the spectrometer used in
the experiment.

To prove the effectiveness of the proposed system, we
use a MUSE-type spectrograph (Fig. 16.1). This spectro-
graph combines a broadband optical spectrograph with a
new generation of multi-object deployable fibre bundles.
It is a modified version of the Multi-Unit Spectroscopic
Explorer (MUSE): instead of using image slicing mirrors,
a 20×20 fiber-fed input is used (Fig. 16.2 and Fig. 16.3).
The MUSE instrument itself operates in the wavelength
range between 465 nm to 930 nm with a 4096 × 4096
CCD detector having 15 µm pixels. Its wavelength cal-
ibration is performed using the spectral lines from Ne
and Hg lamps. The modified MUSE-type spectrograph
we used exhibits the same features.

Thus, for the comb to be detectable by a MUSE-type
spectrograph, we need to frequency-double the OFC ob-
tained after fibre B into the visible spectral band. For
that, an OFC centred at 1560 nm and spanning over
350 nm is focused into a BBO crystal with a thickness
of 2 mm by means of a collimator and a focusing objec-
tive.
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Fig. 15 OFCs obtained after propagation through fibre
stages A, B, and C with LFS = 200 GHz

Fig. 17 shows the frequency-doubled spectrum ob-
tained with LFS = 708 GHz (5.54 nm at 1531 nm). The
spectrum extends from 736 nm to 850 nm and exhibits
ca. 80 narrow equidistantly positioned lines. The lines
have, however, different intensities which is caused by
the frequency-doubling process. The frequency-doubling,
however, has not imply a noticeable change of the coher-
ence characteristics of the OFC. The best performance
is in terms of the equality of line intensities is achievend
in the spectral range between 780 nm and 800 nm.

A comparison between the calibration spectra of a
Ne lamp and the frequency-doubled OFC was done us-
ing the MUSE-type spectrograph. The time exposure for
both, the Ne and comb light, was 30 s, while different
exposures were taken with a few minutes of difference
between them. Fig. 18 and Fig. 19 show the CCD im-
ages for two contiguous spectral regions (each one with
19.5 nm width) covering the range of 780−820 nm. Each
comb line was sampled by 5 pixels. While the comb spec-
tra exhibit bright and uniformly spaced peaks, the Ne
light shows only three lines in the spectral region 1 and
none in the other region.

In Sec. 3, we drew our attention to the optimisation
of the lengths of fibre A and B with the aim to achieve
well-compressed optical pulses exhibiting minimal inten-

Fig. 16 The MUSE-type spectrograph (1), the input (1) and
the output (2) of the fibre bundle

Fig. 17 OFC obtained by means of the frequency-doubling
of the output of fibre B

sity noise. The lengths af stages A and B used for the
experiment are close to the lengths obtained via nu-
merial simulations. Thus, a good IN−performance was
expected. However, the optical amplifiers add a large
amount of IN to the OCF. Nevertheless, the comb shows
a good OSRN of more than 20 dB with the amount of op-
tical power entering the spectrograph that is well above
the detector’s noise floor.

To determine the line spacing between the comb lines,
the detected light was reduced using a p3d software.
Each line was independently fitted using a Gaussian func-
tion in order to have an accurate determination of the
central wavelength and the line width. Fig. 20 shows the
plot of the centre frequency as a function of the comb
line.

This was performed for all comb lines and for a rep-
resentative number of the 400 fibres distributed over the
field of view of the spectrograph. The results are sum-
marised in Tab. 7 for several fibres in the fibre bundle. As
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Fig. 18 Comparison between calibration with a Ne lamp
and an OFC in spectral region 1 of the MUSE-type spectro-
graph

Fig. 19 Comparison between calibration with a Ne lamp
and an OFC in spectral region 2 of the MUSE-type spectro-
graph

Fig. 20 OFC line spacing for fibre no. 50 of the fibre bundle

one can see, the line spacing changes from 708.5 GHz to
708.8 GHz among the different fibres while the standard
deviation for a single fibre is always 0.1 GHz. The main
source of this deviation are the errors that arise during
the fitting process with the help of Gaussian functions.
Combs with this value of standard deviation are accept-
able for astronomical application in the low- and medium
resolution range.

Fibre no. Line spacing, [GHz] Stand. dev., [GHz]

25 708.6 0.1

45 708.7 0.1

50 708.5 0.1

51 708.5 0.1

55 708.5 0.1

100 708.7 0.1

150 708.8 0.1

Table 4 OFC line spacing for different fibres in the fibre
bundle

8 Conclusion

We investigated a fibre-based approach for generation
of optical frequency combs via four-wave mixing in fi-
bres starting from two CW lasers. This approach de-
ploys an amplifying erbium-doped fibre stage. We per-
formed numerical studies on the fibre length optimisa-
tion for different values of the input power P0 (0.5 W ≤
P0 ≤ 10 W), laser frequency separation LSF, LSF =
40 GHz (312.7 pm), 80 GHz (625.5 pm), and 160 GHz
(1.25 nm at 1531 nm), and the group-velocity dispersion
parameter of the first fibre stage (βA

2 = −7.5 ps2/km,
−15 ps2/km, −30 ps2/km). Depending on the system
parameters, the following fibre lengths were achieved via
simulations: 150 − 1100 m for the first fibre stage and
7 − 37.5 m for the second (amplifying) stage. Since the
simulations were performed neglecting the optical fibre
losses, the real optimum length of the first fibre stage
might be up to 50 m longer, for the second stage up to
10 m.

The pulse compression in the amplifying fibre stage
in our approach corresponds to the well-known higher-
order soliton compression in dispersion-decreasing fibres.
Using optimised fibre lengths, we showed that the unde-
sired pulse pedestal content can be minimised to 30%
within the frame of our approach. Having introduced
a figure of merit that describes the conversion of the
pulse energy into the pulse peak power, we showed that
the maximum of the figure of merit does not depend on
the group-velocity dispersion parameter of the first fi-
bre stage, but it is inversely proportional to the initial
laser frequency separation. Accordingly, to achieve broad
comb spectra, one should choose smaller laser frequency
separation.

However, we also showed that smaller laser frequency
separation leads to the higher intensity noise in the amp-
lifying stage. Our simulations showed that the intensity
noise increases up to 10% for the smallest value of the
laser frequency separation chosen, i.e. for 40 GHz. For
80 GHz and 160 GHz, it can be kept below 1%. That
means to achieve the best possible results, one needs
to balance between the figure of merit and the noise
performance. In our case, the optimum parameters were
LFS = 80 GHz and βA

2 = −15 ps2/km.
Having chosen the optimum values, we studied the

evolution of the intensity noise in all three fibre stages as
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a function of the initial intensity noise level. We showed
that for the initial noise level that corresponds to 70 dB
optical signal-to-noise ratio, the intensity noise in the
first fibre is ca. 1% for any values of the input power, is
< 1% in the amplifying fibre, and < 10% in the third
highly nonlinear fibre stage for input powers > 3 W.
Moreover, we showed that the optical pulses exhibit high
level of coherence in the first and second fibre stage and
an acceptable level in the third one.

We also showed that the proposed filtering technique
that consists of two 20 dB-filters with 30 GHz bandwidth
is highly effective for the controlling of the intensity noise
and the coherence properties of the system.

Having used the numerical results, we generated a
frequency comb to be used in an astronomical applica-
tion. For that, we generated a frequency comb with laser
frequency separation of 200 GHz (1.56 nm at 1531 nm)
in all three fibre stages. To prove the equidistance of the
comb lines, we deployed a MUSE-type spectrograph. For
that, we frequency-doubled the comb (with frequency
separation of 708 GHz) (5.54 nm at 1531 nm) achieved
after the second fibre into the visible spactral range. The
comb that was detected by the MUSE-type spectrograph
ranged between 780 nm and 820 nm. Having plotted the
centroids of the comb lines, we realised that the stan-
dard deviation of the comb line spacing amounts to only
0.1 GHz (0.8 pm). In the course of further studies, we
expect to generate a comb with a bandwidth of 150 nm
at 800 nm.

To conclude, the approach we presented here is suit-
able for astronomical application in the low- and medium-
resolution range in terms of noise and stability perfor-
mance. A possible application taking advantage of our
approach can be the 4MOST instrument addressing the
research on the chemo-dynamical structure of the Milky
Way, the cosmology with x-ray clusters of galaxies, and
the Dark Energy [53].
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