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Abstract

We overview the recent development in applications of spectral broadening and supercontinuum
generation in the field of optical communications. Special attention is dedicated to recent results
obtained in our research groups.
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1. Introduction

The spectral broadening of a coherent or partially coherent light signal in optical fibers
has captured much attention in recent years, fuelled by the advent of microstructured pho-
tonic crystal fibers (PCF) presenting a very high nonlinear response [1,2], and thanks to
its multiple practical applications, both within and outside the field of optical communi-
cations [3–11]. The growing interest to this phenomenon has led to a steady progress in
the understanding of the interplay between the different nonlinear processes affecting high
power radiation evolution in the optical fiber waveguide. By applying techniques such
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as frequency-resolved optical gating (FROG) [12–15] and spectral-phase interferometry
for direct electric-field reconstruction (SPIDER) [16–19], researchers have been able to
analyze nonlinearly-broadened radiation to a degree never achieved before, improve on
the models used to describe the broadening process and increase our understanding of
the phenomenon [20–27]. From a purely practical point of view, the progress has also
been impressive, and has allowed, for example, for the generation of supercontinuum (SC)
radiation with spectral widths in excess of the several hundreds nanometers [28–31] in
microstructured, tapered and highly-nonlinear fibers (HNLF). Supercontinuum genera-
tion, first observed in 1970 by Alfano and Shapiro in bulk borosilicate glass [32], is an
essentially nonlinear phenomenon, product of the synergy between several fundamental
nonlinear processes; most important of them are self-phase modulation (SPM), four-wave
mixing (FWM) and stimulated Raman scattering (SRS). The interplay between different
nonlinear effects affects important SC properties such as homogeneity and coherence. The
interaction between different nonlinear processes is determined by the pumps’ spectral lo-
cations and powers, and the nonlinear and dispersive characteristics of the medium. Recent
progress in the development of PCFs offers interesting opportunities to control (to some ex-
tent) SC generation by using specially designed fiber waveguides with desirable dispersive
and nonlinear properties [33]. Large spectral broadening and SC in optical fiber at telecom
wavelengths was first demonstrated in [34,35]. Application of photonic crystal fiber for SC
generation was demonstrated in 1999 in [36,37].

Despite recent advances in SC studies, there are a number of fundamental problems to
be studied, and a full understanding as well as a proper modelling of the phenomenon are
yet to be achieved. Some of the current tendencies for basic research on the field include
the study of the noise and coherence properties [25,26,38–42] of SC, and the analysis of
the effect of polarization [43,44] in the nonlinear broadening process, to name a few.

A healthy fraction of the current research is focused on the applications of spectrally
broadened radiation, whether in bio-medical optics, where it allows the improvement of
longitudinal resolution in optical coherence tomography by more than an order of magni-
tude [7,9–11,45–48]; in optical frequency metrology, where a revolutionary break-through
has been achieved [3–6,49–54]; or in many other areas from material science [55] to
telecommunications. Note that in some telecom applications, as opposed to the technolo-
gies mentioned above, the ultra-large broadening corresponding to SC generation is not
a desirable feature at all, and many useful applications require moderate or even minimal
spectral broadening of the signal or e.g., pumping wave. The aim of this manuscript is to
provide the reader with a general overview of the recent development of spectral broad-
ening applications and SC generation in the particular area of optical communications.
We would like also to point out that the main emphasis in this paper will be made on the
overview of the results obtained in our groups, and it is not our intention here to cover
comprehensively all the fast growing field of SC generation research.

2. Basic physics of optical spectral broadening and SC generation in fibers

Light radiation propagating through a nonlinear medium experiences spectral broaden-
ing that could be very substantial (up to two octaves or even more) under certain conditions.
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The SPM-effect caused by the dependence of the refractive index on the intensity of
the transmitted light (Kerr nonlinearity)—has been identified in the early works on con-
tinuum generation (CG) of 4-ps-long laser pulses propagated through bulk samples of
different glasses and crystals [32,56] as the main mechanism responsible for generation
of ∼50-THz-wide spectra. In a medium with Kerr nonlinearity, after propagation over the
distance z, an optical pulse acquires an additional phase (due to the nonlinear part �n of
the refractive index) that can be estimated [57] as

φNL(z, t) = �n
ω

c
z = n2I (t)

ω

c
z. (1)

The corresponding frequency shift is
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where n2 is the nonlinear refractive index of the medium, ω is the carrier frequency, c is
the light speed in vacuum, and I is the power flux density. It can be seen from (2) that,
as the optical pulse propagates the frequency at its leading edge decreases and that at
the trailing edge it increases. Spectral broadening is proportional both to the energy flux
and to the propagation distance; therefore, SPM can be amplified due to self-trapping,
which was reported in [56]. When the pump power is greater or about 10 TW/cm2, which
can be reached in light filaments, free-electron plasma formation can also occur, further
strengthening the effect of SPM [58].

One of the primary inherent disadvantages of CG schemes based on bulk media (also
including those based on liquids [59,60] and gases [61–63] as nonlinear media) is the
requirement of high pump powers. Typical level of power density required is around several
terawatts per cm2, thus necessitating additional amplification of laser pulses at the risk
of sample damage. It became possible to alleviate such high pump power requirements
during the next phase of SC generation studies using optical fibers as nonlinear medium
[20,64–66]. The required pump power was lowered, on the one hand, due to a substantially
longer path of the interaction between light and matter, and on the other hand, thanks to
a higher localization of radiation. Thus, for example, the dispersion length for 4-ps-long
Gaussian pulses at 530 nm in standard SMF-28 is about 80 m, being 5.3 × 104 times larger
than the length of light filaments observed in [56], which amounted to about 1.5 mm. The
effective area of SMF-28 at 530 nm is about 50 µm2, which is 30–60 times less than the
area of the power concentration estimated for 5–10 light filaments having a diameter of
20 µm each as observed in [56]. Correspondingly, the generation of continuum covering a
significant part of the visible spectrum became possible with a peak pump power of only
1 kW [64], whereas the power used to induce CG in glasses was about 200 MW [56].

In early experiments exploiting optical fibers [64,65] continuum was formed by broad-
ening and merging of separate spectral lines, generated due to SRS and FWM. Phase
matching conditions for the latter were met as a result of multi-mode propagation of light
through the fiber. SPM could not contribute considerably to the spectrum broadening be-
cause of low power density and comparatively long pulses (within pico- and nanosecond
range), so that the value of dI/dt in (2) was small compared to those used in bulk media
experiments.
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In the next generation of fiber experiments on SC generation, however, SPM plays the
key role again, allowing one to obtain flat spectra with good noise parameters in the nor-
mal dispersion regime. By using additional optical elements with negative second group
velocity dispersion β2 it is possible to achieve a temporal compression of pump pulses as
well [67–69]. With this method, it was possible to generate pulses as short as 6 fs [70]. An-
other physical mechanism of spectral broadening is based on adiabatic soliton compression
in a fiber with decreasing dispersion [20,71–73]. The relative disadvantage of this method
is the instability of higher-order solitons in the presence of noise, which imposes an upper
limit on the pump power and hence on the resulting spectral width.

One can also combine these two approaches using specially designed fibers with dis-
persion smoothly changing along the fiber from positive to negative values [72–74].

The most recent period of CG investigations is associated with the development of
PCFs [75–83]. Essentially, they consist of quartz fibers sheathed with a conduit formed
by a two-dimensional (usually regular) array of air-filled capillaries [84]. It is pertinent to
note that there are two different types of fibers called PCF. The first of them proposed in
1996 [75] has a quartz core with refractive index greater than the average refractive index
of cladding formed by an array of air capillaries. The principle of light propagation for this
type of fiber is similar to that of standard optical fibers where the condition ncore > ncladding
is also met. Fibers of the second type introduced in 1999 [85] have an air channel in the
core, so that the inverse inequality holds: ncore < ncladding. These fibers can be considered
as two-dimensional crystals and the one or several holes (capillaries) absent in the center of
the lattice can be treated as a defect. Light propagation along this type of fiber is possible
due to the photon band gap effect. One of the most important applications of hollow-core
PCF is in high power lasers as the breakdown threshold of gases is much higher than that
of solids [84]. In this paper we will use the term PCF for fibers of the first type—guiding
light through the effect of total internal reflection.

Compared to conventional optical fibers PCF features several significant advantages.
First of all, this type of fiber gives a quite unique opportunity of dispersion control. This
is possible because the penetration of the electromagnetic field into the fiber cladding (and
hence, its effective index of refraction) depends on the wavelength of radiation inside the
fiber. As a result, the refractive index of the cladding at different wavelength can be con-
trolled by arranging capillaries in a certain way at the time of pulling. This technique was
used to create fibers with flat dispersion profile [86–93] which allow generation of flat and
wide SC spectra. In addition, one can shift the zero dispersion wavelength λZD of PCF and
produce anomalous dispersion in the visible spectral region [94,95]. It is the latter feature
that made it possible to generate SC spanning more than two-octaves [37]. Another advan-
tage is that PCF can be designed to support only one spatial mode in a wide spectral range
[77,82] having rather small effective area of the waveguide mode.

We note also a special type of PCF called free-strand or cobweb fiber [28,96]. The
quartz core of such waveguides is attached to the cladding by a cobweb-like structure of
thin bridges, from which the name of the fibers comes. Since the core of cobweb fibers is
almost entirely surrounded by air, the structure of these waveguides is similar to that of air-
clad tapered fibers (ACTF). Continuum spectra generated in these two types of fibers under
the same conditions are nearly identical [28]. In particular, CG spanning two-octaves was
observed in ACTF [97,98]. Soliton self-frequency shift of several hundred nanometers was
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also demonstrated in ACTF [99]. ACTF have some advantages such as an easier fabrication
process compared to PCF as they can be made by pulling a heated conventional single-
mode fiber. On the other hand, the design freedom is limited as there is practically only one
single parameter of ACTF that can be controlled—its waist diameter, which means there
are limitations on the fabrication of ACTF with the required dispersion characteristics.
Besides, it is quite complicated to make long ACTF because of the fragility of very thin
quartz strand.

Micro-structured fibers can be designed within a huge range of possible dispersive char-
acteristics and parameters and their nonlinearity can be rather large due to a small effective
area. These remarkable features call into play a plethora of nonlinear mechanisms of spec-
tral broadening in PCF that may differ depending on waveguide dispersion profile, power,
wavelength and duration of pumping pulses. For example, using femtosecond pump pulses
within the anomalous dispersion region, most of the authors point out a key role of soliton
effects in CG [100–103]. The red wing of the spectrum generated under these conditions
is formed due to soliton self-frequency shift [104–106], while the blue one, is a result of
resonant energy transfer and soliton fission. In the case when a femtosecond pump falls
within the normal dispersion region CG develops in two stages. First, the spectrum of the
pumping pulse is broadened to the point of zero dispersion due to SPM and SRS, then
soliton effects come into play [100]. Parametric processes and Raman scattering are also
observed to contribute to CG under these circumstances [101].

When the duration of pumping pulses is within the picosecond and nanosecond domain,
SPM does not affect CG significantly. Spectral broadening is usually assumed to occur as a
result of SRS which generates a series of spectral lines, each of these once emerged can act
as a pump source for parametric processes. Phase matching conditions can be met in this
case due to vicinity of zero dispersion wavelength [107–109]. When energy is transferred
to the region of anomalous dispersion, modulation instability (MI) and soliton effects come
into operation and broaden the spectrum further [1,109].

Let us illustrate in more detail the spectral broadening of femtosecond pump pulses
propagating in the anomalous dispersion region, this case being the most frequent in CG
studies. To do this we will examine the dynamics of spectrum broadening as a function
of pump power. Figure 1 shows simulated spectra of chirp-free 60-fs-long sech2 pulses
after passing 10 cm through a 2.3-µm-diameter ACTF waist. Pump pulse power increases
from 0.5 kW for the bottom graph a up to 20 kW for the top graph f . The pump pulse
spectrum is shown in the bottom of the figure with dotted line. Our simulations are based
on the generalized nonlinear Schrödinger equation [57] which is mostly used for theoretical
modelling of CG when polarization effects can be averaged out or neglected. Continuum
spectra given in Fig. 1 are typical for the case of femtosecond pump; similar results can
be found in numerous published papers [13,25,107]. When P0 = 0.5 kW (Fig. 1a) the
pump pulse spectrum is broadened due to SPM. As the pump peak power reaches 2.5 kW
(Fig. 1b) a peak at the long-wavelength side of the spectrum emerges. It corresponds to
an optical soliton which experiences an increased shift of its frequency farther into IR
region as the pump power grows, thus leading to further spectral broadening. Besides, in
this process the number of solitons increases, their spectra begin overlapping and form
the red wing of the continuum spectrum. As the pump power rises, the spectrum is also
broadened towards shorter wavelengths. The position of the short-wavelength spectrum
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Fig. 1. Simulated spectra at the exit of 10-cm-long tapered fiber waist with diameter of 2.3 µm. We use 60-fs-long
sech2 pump pulses at λ = 800 nm. Pump peak power is 0.5 kW (for graph a), 2.5 (b), 5 (c), 10 (d), 15 (e), and
20 kW (f). The pump pulse spectrum is shown at the bottom with dotted line.

edge depends on the fiber dispersion and is governed by the equality of temporal delays
for long- and short-wavelength components of continuum radiation, which agrees with the
model of resonant energy transfer into the short-wavelength part of the spectrum mentioned
above.

Reports on observation of spectral broadening in media or with light sources never
used before with the purpose of CG constituted a significant part of early papers in this
field, and they have not ceased to appear. Among these are, for example, generation of
broadband continuum directly in Ti:Sa laser [110,111] and CG in fibers with continuous
wave pump [112–115]. However, at the present phase of CG studies papers of another
sort are more common. They are dedicated to the investigation of different properties
of continuum radiation, such as spectral shape and width [28,74,96,116–118], tempo-
ral structure [13,25,116,118–120], polarization [1,96,121], noise and coherence [20,25,
51,96], as well as to research into dependence of these properties on conditions of CG.
Aside from this, a considerable number of papers seek to understand physical mecha-
nisms of spectral broadening [1,13,100–103,107,122]. The practical goal of the most of
these studies is to optimize continuum generation for diverse applications, every one of
which sets its own specific requirements to the SC properties. For instance, the longi-
tudinal resolution of 3D-images collected in optical coherence tomography is inversely
proportional to the temporal coherence of a probe radiation, therefore, to obtain more de-
tailed tomograms one should use continuum sources with lower temporal coherence. In
order to develop continuum-based universal high-precision optical frequency meters for
metrology it is essential that the span of the continuum spectrum be wider than a full oc-
tave (i.e., ωmax/ωmin > 2) and represent an equidistant frequency comb. For utilization
of continuum for frequency stabilization and optical clock development, output within
the entire spectral range from ωmin to ωmax may be unnecessary, so continua with deep
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spectral gaps or those failing the condition of equidistant frequencies in unused wave-
length regions will be quite acceptable. For example, this is the case of self-frequency
shifted soliton generation regime; radiation spectra may meet the condition ωmax/ωmin > 2,
but the question of its coherence remains open [123]. As far as telecom applications are
concerned, the spectral flatness and temporal parameters of continuum are of a prime im-
portance in the development of multiplexing schemes for fiber communication systems.
Development of broadband Raman fiber amplifiers requires a high degree of spectral uni-
formity of the gain factor and a continuum with a specific spectral profile I (λ) can be
used as a pump source to solve this problem in a cost-efficient way, avoiding multi-pump
schemes.

3. Application of spectral broadening and continuum generation in telecom

In this section we briefly overview the main applications of the spectral broadening
effect and SC generation in optical fiber communications.

3.1. Pulse compression and short pulse generation

Islam et al. [124] demonstrated the application of nonlinear broadening to the generation
of femtosecond pulses. When a fiber is pumped in the anomalous dispersion regime with a
narrow-spectrum laser, modulation instability and the soliton self-frequency shift initiate a
multi-soliton collision that generates a series of short, low intensity solitons. On the other
hand, nonlinear temporal compression has been for a long time a well-known technique
for generating ultra-short pulses [69,125]. In this technique, the spectrum of the signal is
first nonlinearly broadened, and the chirp is then eliminated by a dispersion-compensating
element. Südmeyer et al. have recently demonstrated [126] that the use of microstructured
fibers, combined with a prism pair for chirp elimination, would make it possible for this
method to be applied at very high power levels, obtaining a train of 33 fs pulses with
peak power of 12 MW, whereas Schenkel et al. [127] employed gas-filled hollow fibers
for the broadening, together with a spatial light modulator using SPIDER measurements as
feedback signal acting as the dispersive element, to generate 3.8 fs pulses with estimated
energies up to 15 µJ.

The fundamental limits for the generation of few-cycle pulses from compression of
SC spectra generated in microstructured fiber have been analyzed by Dudley et al. [128],
confirming that the compressed pulse quality was closely related to the spectral coherence
of the SC. According to their work, a median coherence of about 0.7 could be expected to
be a good benchmark for the potential compressibility of SC to few-cycle pulses, provided
compressors with high enough resolution to compensate for the fine structure in the SC
group delay would be made available in the future.

Conversely, high-power ultra-short pulse sources obtained with techniques such as the
ones explained above can be used as the input to generate ultrabroadband octave-spanning
SC radiation in optical fiber, as illustrated, for example, by the works of Nishizawa
et al. [31,129]. Stretched femtosecond pulses have been used by Nicholson et al. [130]
in the development of a high repetition rate, swept-wavelength Raman pump source.
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3.2. Multi-wavelength optical sources

One of the most important applications of SC to the field of telecommunications is the
design of multi-wavelength sources for ultra-broadband wavelength-division-multiplexed
(WDM) systems based on spectral slicing of SC generated by a single laser. As mentioned
in Section 3.1, a powerful short optical pulse can be nonlinearly broadened into a SC
spectrum. This spectrum can then be sliced in an array of filters to create a series of WDM
channels. This was the approach originally adopted by Morioka et al. [66] using short (few
ps) pulses with GHz repetition rates in dispersion-decreasing fiber (DDF) to create WDM
pulsed sources, and different variations have been implemented by multiple authors [131–
133] ever since.

The ultimate limit for dense packing of WDM channels in a SC generated from a pulsed
source is imposed by the spectral distance between cavity modes in the original mode-
locked laser. In a medium with normal dispersion, the cascaded nonlinear processes used
to broaden the spectrum preserve the structure of cavity modes [134] present in the origi-
nal laser output. This makes possible to generate an ultra-broad frequency comb, in which
the separation between peaks corresponds to the microwave modelocking frequency of the
source laser, with an accuracy of the order of kHz. Each peak can be considered as poten-
tial transmission channel. This property was used by Takara et al. [135] to generate more
than 1000 optical frequency channels with a channel spacing of 12.5 GHz between 1500
and 1600 nm. Out of them, between 600 and 700 were demonstrated to offer SNRs and
Q-factors sufficient for 2.5 Gbit/s multi-span transmission. Following the same principle,
Takara et al. [136] recently reported 124 nm seamless transmission of 3.13 Tbit/s, over
160 km using 313,10 Gbit/s channels spaced 50 GHz. In their experiment they used Ra-
man amplification in hybrid tellurite/silica fiber for improved gain flatness. In an even more
recent experiment from the same group, Ohara et al. [137] demonstrated transmission of
over 1000 channels, with a 6.25 GHz-spacing, using a SC multi-carrier source. The conser-
vation of coherence properties was also successfully employed by Sotobayashi et al. [138]
to create a 3.24 Tb/s (84-channel 40 Gbit/s) WDM source of carrier-suppressed return-to-
zero (CS-RZ) pulses. By generating the SC in a normal dispersion fiber, the relative phase
between adjacent pulses is preserved in the different channels, allowing for the multiplica-
tion of the CS-RZ structure.

SC WDM sources can be of great use in more modest systems: Kartalopoulos
et al. [139] recently studied the use of supercontinuum sources in coarse WDM appli-
cations with channel protection, and concluded that in systems with a limited number of
channels, the use of supercontinuum WDM sources can result in lower costs and increased
reliability.

3.3. All-optical analog-to-digital conversion

In a series of recent papers [140–142], Oda et al., proposed and successfully demon-
strated a novel quantization scheme for all-optical analog-to-digital conversion based on
the splicing of the nonlinearly broadened spectrum of a train of short pulses by means of
an arrayed waveguide grating (AWG).

By varying the power of the input pulses by means of an erbium-doped fiber amplifier
(EDFA), prior to their launch into a section of dispersion-decreasing fiber (DDF), they were
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able to generate a series of nonlinearly broadened quasi-symmetrical spectra, in which the
degree of broadening was directly dependent on the amount of power injected into the
fiber. The broadened spectra were then passed through an AWG providing a series of out-
put ports set in the Stokes side of the initial signal. The number of ports that are “on”
(i.e., the number of ports that transmit power above a certain threshold) for each spectrum
depend on the amount of broadening, and thus on the power of the input pulses. This imag-
inative solution, partially based on the work of Ho et al. [143] still has to overcome some
important problems, such as the high average power requirements of the first prototype, but
could open the door to a new generation of all-optical analog-to-digital convertors. A re-
cent refinement [144] uses a NOLM for the coding of the signal after the slicing. Since
the proposed solution relies only on fiber nonlinearity, and not on electronic devices, the
scheme can operate beyond 40 GHz.

3.4. TDM-to-WDM-to-TDM conversion

Sotobayashi et al. [145,146] proposed and demonstrated the concept of a photonic gate-
way able to perform conversion from time-division-multiplexed (TDM) signals to WDM
signals and vice-versa by using SC generation. Their scheme is based on combining ultra-
fast photonic processing in both the time and the frequency domain, using optical gating
and time shifting in the time domain, combined with nonlinear broadening under normal
dispersion and spectral slicing.

In order to convert from TDM to WDM, the signal is first amplified and then nonlin-
early broadened. The spectral properties of SC generated under normal dispersion (high
coherence, flat spectrum, easily equalized channel power, similar pulsewidth in different
frequencies and relative independence of the spectrum on the input pulse characteristics)
allow for the possibility of generating a series of independent channels through spectral
splicing, all carrying the same sequence of pulses as the original signal. By time-shifting
the different channels, and using an optical time gate with the appropriate repetition rate,
it is then possible to split the information between the newly created WDM channels, ef-
fectively switching from TDM to WDM.

For the opposite conversion, the process starts by differentially time-shifting the WDM
channels, so the bits transmitted at different frequencies are all in temporal sequence. Then,
nonlinear broadening allows for the superposition of all the different channels, and spectral
splicing selects a single channel at the central frequency, that now contains the complete
bit sequence.

The solution, of course, is not without its drawbacks. Although quite robust against
input pulse quality and presenting a good noise performance, its response is polarization
dependent (because of the time-gating devices) and its application is limited to the return-
to-zero format. It is nevertheless an excellent illustration of the possibilities that nonlinear
broadening has opened in terms of adding flexibility to signal manipulation.

3.5. Optical fiber characterization

We have already mentioned that nonlinearly broadened radiation can be applied to
optical metrology. Measurements of the wavelength-dependent attenuation can be made si-
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multaneously over a wide bandwidth, and group-velocity-dispersion (GVD) measurements
in conventional fiber with group delay resolutions of 0.01 ps/km in fiber lengths of up to
130 km over more than 600 nm, using SC white pulses was demonstrated by Mori et al.
[147]. GVD measurements can also be carried out in nontypical media such as tapered air–
silica microstructure fibers by using white-light interferometry with the help of broadband
sources, as demonstrated by Ye et al. [148]. Spectral interferometry with a SC source was
also used by Jasapara et al. [149] to perform GVD measurements in photonic bandgap fiber.

4. Design of supercontinuum fiber sources

The SC is a particular form of nonlinearly broadened radiation that preserves the coher-
ence properties of the input source. An important effort has been dedicated to the creation
of acceptably compact sources of SC radiation, usually with additional specific proper-
ties dependent on the application they are aimed towards, such as increased flatness, high
coherence, low noise or a fixed polarization [150–153].

The noise limitations [26] and coherence properties [25] of SC spectra generated in
different kinds of fiber have been studied theoretically and experimentally by multiple
groups with the goal of designing the best possible SC sources. The effect of pump fluc-
tuations in the generation of SC pulses was first studied by Mori et al. [38], showing that
pulses were more stable when generated in dispersion flattened dispersion decreasing fiber
(DDF). Nakazawa et al. [39] studied the degradation of coherence during SC generation in
DDF, concluding that FWM phase-matched by SPM and a small anomalous dispersion in
the presence of amplified spontaneous noise (i.e., modulational instability) was the main
cause for the loss of coherence. In more recent times, other studies have appeared about
the noise and coherence properties of SC generated in PCF and highly-nonlinear fiber
(HNLF) [42,154]. Corwin et al. [26,41] identified the amplification of quantum-limited
shot noise and spontaneous Raman scattering as the main sources for amplitude fluctu-
ations in microstructure fiber, and concluded that short input pulses were critical for the
generation of broad SC with low noise, whereas Dudley et al. [25] demonstrated that co-
herence degradation depended strongly on the input pulse duration and wavelength, and
that the effect of modulational instability in anomalous dispersion could be reduced by
using short pulses. All these and other theoretical and experimental studies that have fol-
lowed, have contributed to refine the design of potential SC sources.

Being able to produce SC in a particular polarization is not only essential for some
applications, but indeed fiber birefringence has to be taken into account in the nonlinear
broadening process, for a preserved polarization leads to enhanced nonlinear interactions
so less power is required to generate SC. Lehtonen et al. [44] demonstrated the possibility
of generating SC in a highly birefringent PCF in two orthogonal polarizations simultane-
ously. The two states of polarization presented different dispersion characteristics, and as
such the SC in each polarization exhibited a different spectral profile. Both polarization
states could be combined freely, thus adding an extra degree of freedom to the tuning of
the final spectral properties.

The properties of highly-nonlinear germanosilicate (HNLF) fibers make them interest-
ing nonlinear broadening media to be used in SC sources. As with microstructure fibers, the
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small effective area allows the fiber to be shortened even to the order of centimeters [155],
and in addition, their nonlinear and dispersion properties can be more-or-less easily altered
by a series of post-processing techniques, such as tapering [97] and UV irradiation [156].
This allows for a greater flexibility in the design of SC sources. A proper dispersion profile
of the fiber can lead to the generation of a broader SC or one with lower relative intensity
noise. UV irradiation is not the only available method for varying the dispersion properties
of a fiber, and other possibilities, such as the immersion of tapered fibers in different liq-
uids, have been studied with the idea of making them more suitable for the generation of
SC [157]. In a recent contribution, Westbrook et al. [158] demonstrated that SC generation
is greatly modified in the presence of fiber Bragg gratings, and reported enhancements of
more than ten times in fibers with single and multiple grating resonances. Pre-shaping of
the input pulse in a fiber Bragg grating prior to its broadening by SPM in a highly nonlin-
ear fiber has also recently been suggested and demonstrated by Almeida et al. [159] as an
interesting alternative for generating ultra-flat SC. The idea derives from the behaviour of
the broadened spectrum of parabolic pulses [160].

4.1. Supercontinuum generation using dual-core air-clad fiber

In this section we focus on SC generation using special design of highly nonlinear ta-
pered fiber. Advantage of a relatively simple fabrication process for tapered fiber can be
combined with a reasonable design freedom using a dual-core tapered fiber (DCTF). The
dual-core tapered design of highly nonlinear fiber allows a simple fabrication procedure
leading to low cost for such a device. Compact design is advantageous for packaging. SMF-
compatible input and output ports provide high splicing efficiency. Dual-core configuration
makes possible richer and more flexible design possibilities compared to conventional
cylindrical tapered fibers. Dual-core tapered fiber has been manufactured by drawing a
pair of stripped SMFs. During the draw process the cross-section profile of the fiber can be
changed from a figure-of-eight shape to quasi-elliptic. A formed fused dual-core waveguide
has two input ports and two output ports, which makes possible its application as a coupler.
It is smoothly tapered to the input and output ports that retain a structure of original SMFs.
We discuss now in more detail an experiment on SC generation in DCTF.

4.1.1. Flexibility of DCTF design
A new degree of freedom (the core separation) of DCTF determines fiber geometry and

can be used for better control of the SC generation process. A dual-core fiber is essentially
multi-mode because of high contrast between the glass core and air cladding. However it
is possible to design a dual core configuration so that only one mode is efficiently excited.
A dual-core fiber configuration is characterized by the core diameter b and distance be-
tween the core centers a, or aspect ratio b/a. It is possible to tune the fiber geometry so
that the light coming into one of the input ports can be efficiently coupled to only one of
the waveguide modes. In the considered configuration a launched laser beam excites as
asymmetric dipole mode.

Figures 2 and 3 show dispersion of the dipole anti-symmetric mode that is exited in
the DCTF. An important feature of the dual core design is the possibility of tuning the
zero dispersion point (ZDP) (shown by the bold line in Fig. 2) by variation of waveguide
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Fig. 2. Contour plot of dispersion of silica–air clad fiber for different aspect ratios (b = 2 µm). Bold line—ZDP.

Fig. 3. Zero dispersion point versus aspect ratio a/b for different core diameters (labelled).

parameters. Several general properties can be observed. Smaller core diameter and larger
distance between the cores correspond to higher dispersion. Another distinctive property
is a noticeable shift of zero the dispersion wavelength with variations of the core diameter.

4.1.2. Experimental setup and results
The experimental setup shown in Fig. 4 comprises a Ti:Sapphire femtosecond laser

source followed by the double-prism pair to provide optimal pre-chirping for SC generation
in the DCTF. The SC generation takes place in a uniform section in the middle of the DCTF
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Fig. 4. Experimental setup.

Fig. 5. Polarization properties of generated SC.

because it has the smallest effective area throughout the device. This waveguide also has a
controllable dispersion provided by the anti-symmetric dipole mode as described below.

It has been observed that SC is initiated at a certain point in dual-core fiber. Typically,
this point is at 2 cm after the input taper to get the widest output spectrum and is controlled
by the initial pre-chirp. Another important observation is that the two output beams have
the same peak power. It implicitly confirms the generation of the dipole single mode inside
the dual core waist section of this device, because the equal partition of power between two
output ports does not depend on the waist length. Both output light beams have practically
Gaussian profile and are polarized along the major axes.

Polarization properties of the generated SC are illustrated in Fig. 5. Solid curve shows
the degree of polarization of SC (%) versus the angle α between input polarization plane
and major axis of dual core waveguide. The degree of polarization δ is determined from
the results of measurement of maximal (Imax) and minimal (Imin) SC intensities pass-
ing through the rotating polarizer (Glan prism) by the formula: δ(%) = 100 × (Imax −
Imin)/(Imax + Imin). The dashed curve shows the SC polarization tilting angle versus α.
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Fig. 6. Super-continuum spectra for different degrees of polarization: A: δ = 93% (α = 0◦), B: δ = 68% (α =
120◦), C: δ = 23% (α = 225◦), D: δ = 93% (α = 270◦).

Figure 6 shows the spectrum of generated SC. It is seen that the output spectra of polarized
SC cover over 400 nm at the −20 dB level.

5. Nonlinear broadening of continuous wave sources

As we have shown, nonlinear broadening is usually achieved by transmitting short,
high-power pulses through a strongly nonlinear medium. The initial modulation leads to
an increased initial bandwidth and allows for the effect of SPM to act on the transmitted
signal from the beginning, usually increasing the efficiency of the broadening process. On
occasion, however, it can be practical to generate a wide spectrum from a conventional
high-power CW source (typically a fiber laser). This possibility was illustrated in 2000
by the work of Prabhu et al. [161], who demonstrated the generation of a 100 nm SC
centered at 1483.4 nm with output power of over 1 W and a weak spectral modulation of
0.11 nm, from a 1064 nm CW 8.4 W yterbium-doped fiber laser. The broadening medium
was comprised of 700 m phosphorus-doped and 500 m Flexcor-1060 single-mode fiber
that, together with a series of gratings, formed a Raman and a Brillouin cavity. The whole
setup worked as an hybrid Raman–Brillouin fiber laser that produced a broad output SC
spectrum. Further work on this direction was carried out by Abeeluck et al. [112,162],
who in 2003 demonstrated the generation of a broad 247 nm SC by pumping a 4.5 km
HNLF with a tunable Raman fiber laser, and clearly identified modulational instability
(MI) as a fundamental effect in the generation of the SC. The same authors have recently
reported much broader SC generation of more than 544 nm bandwidth, with output powers
of up to 3.2 W [115,163]. Other groups have made recent contributions to the use of CW
to generate SC. González-Herráez et al. [113] showed that CW-generated SC could be
effectively used to perform accurate, long-range (>200 km) measurements of polarization
mode dispersion in fibers.



136 S.V. Smirnov et al. / Optical Fiber Technology 12 (2006) 122–147
5.1. Nonlinear pump broadening for Raman amplification

Nonlinear broadening can also be applied to the pumps of a Raman amplifier, in order
to reduce its gain ripple when amplifying over a large bandwidth. The gain ripple in broad-
band Raman amplification can also be minimized by using a large number of pumps, but
this is not always a practical solution, since it implies an increase on the complexity of the
system, reducing its adaptability and increasing its cost. A Raman pump can be initially
modulated and then rapidly broadened through SPM, but a more interesting possibility is
to use modulational instability in the fiber to provide the initial modulation, thus consider-
ably simplifying the design of the amplifier by using continuous wave pump lasers. This
was the approach originally taken by Ellingham et al. [164], and later followed by Chestnut
et al. [165] to broaden the spectra of single pumps in different sets of fiber. In Ellingham
et al.’s original paper, the broadening performance of several non-zero dispersion-shifted
fibers was evaluated for different pump input powers, and a five-fold gain ripple reduction
was predicted for future dual-pump implementations. In order to maximize the effect of
modulational instability, the wavelengths of the pumps must be such that they propagate
through the broadening fiber in the slightly anomalous regime, close to the zero-dispersion
point. Other desirable properties of the fiber include a high nonlinear coefficient and a small
attenuation, in order to minimize the power loss of the pump. The nonlinear-broadening
method was finally applied to a multi-pump Raman amplifier by Ellingham et al. [166],
using Truewave fiber, and increasing the 0.1 dB gain ripple bandwidth from 5 to 19 nm in
an amplifier designed to provide gain in the 1565–1595 nm region.

5.1.1. Setup and basic theory for Raman amplification with nonlinearly broadened pumps
Figure 7 (after [166]) depicts a traditional transmission line, backward-pumped with

two conventional laser pumps, centered at 1455 and 1480 nm, respectively.
Each of the pumps propagates through a different broadening pre-fiber before being

combined together by a 3 dB coupler and then injected into the transmission/amplification
medium via a WDM. The WDM not only couples the pump light into the transmission line
but also removes any spontaneous component that may otherwise occupy the signal band.

Fig. 7. Nonlinearly-broadened, dual-pump amplifier system schematic.
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In the first stages of nonlinear broadening, in which MI is the dominating effect, the
frequency-dependent gain coefficient, under the assumption of a coherent pump (which is
enough for the purpose of this explanation), is given by the well-known expression

g(Ω) = |β2Ω|[Ω2
c − Ω2]1/2

. (3)

Obviously, the gain exists only if

Ω2 < Ω2
c = (

4γPine
−αz

)/|β2|, (4)

where γ is the fiber nonlinear coefficient, β2 is the dispersion, α is the fiber loss, and Pin
is the pump input power. The MI causes power transfer from the CW pump and generates
two bands symmetrically positioned at both sides of the initial pump, with a maximum at

ω0 ± Ωmax = [
2γPin exp(−αz)/|β2|

]1/2
. (5)

In the time domain, the CW beam is converted into a periodic pulse train with the period
T = 2π/Ωmax. The separation of the side peaks depends on the characteristics of the fiber.
A low (but anomalous) dispersion leads to a more substantial broadening. Therefore, a
simple design rule is to choose pump/fiber parameters using the expression for Ωmax in
order to shift the side peaks to the required positions in the spectral domain. The depen-
dence of MI characteristics on input power, dispersion and nonlinear coefficient can be
used to select the best combination of pump/fiber parameters in order to achieve optimal
pump broadening at any given frequency. Please note that although the simple analytical
approximation used in Eqs. (3)–(5) is sufficient for our purpose of illustrating the initial
break-up mechanism of the continuous wave beam, a precise analysis of the MI process in
realistic conditions would have to account both for the fiber loss in a nonphenomenological
way [167] and for the partial coherence of the pump sources, as illustrated in [168,169].

MI is the dominant effect on the initial stages of the pump broadening only, and the
final spectrum of the broadened pump will be defined by the interplay between the various
nonlinear effects on the fiber. Nevertheless, the necessary conditions for MI initiation set
fundamental requirements on pump/fiber parameters, as illustrated by the results of exper-
imental tests presented in Fig. 8, which shows the variation of the −10 dB m bandwidth
of 900 mW CW pump transmitted through 25 km truewave reels with slightly different
dispersion values. The dispersion was varied by using different reels and operating temper-
atures.

5.1.2. Effects of nonlinear broadening on the amplifier gain
Figure 9 gives an idea of the improvements that can be obtained by using this method.

In this case, two truewave-RS fibers were used for the broadening of the pumping waves.
For the 1455 nm pump, a 10.390 km reel with a zero-dispersion wavelength of approxi-
mately 1454 nm and a dispersion slope of 0.046 ps/nm2/km was used. The 1480 nm pump
was broadened in a 5.077 km piece of fiber with zero dispersion wavelength at approxi-
mately 1475 nm with a dispersion slope of 0.049 ps/nm2/km. The nonlinear coefficient
of truewave (given at 1550 nm) is 1.84 W−1km−1. The transmission/amplification fiber
was a 25.26 km E-LEAF reel. Due to the fact of the broadening fibers not being ideal, the
broadened spectra are asymmetric, causing a noticeable offset of the effective central wave-
length of the pumps at high powers. Both the broadening and the offset are less evident for
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Fig. 8. Experimental −10 dB m bandwidth (in nm) for different low dispersion values.

Fig. 9. Comparison between the gain ripples with and without pump broadening.

the 1480 nm pump, which is more than 5 nm apart from the zero-dispersion wavelength
of its broadening fiber and has a shorter length. Even though these led to a drop in the
gain at about 1590 nm for the broadened pump amplifier, the improvements in gain rip-
ple performance are evident, as shown in Fig. 9. In particular, the continuous bandwidth
corresponding to a gain ripple of 0.1 dB is increased from 5 to 19 nm, and the total gain
variation over a 20 nm window is halved from 0.26 to 0.13 dB. The integrated pump pow-
ers of the broadened pumps used were 391 mW (1455 nm) and 715 mW (1480 nm), from
input powers of 690 and 1052 mW, respectively. Further losses in the coupler between the
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broadening fibers and the transmission fiber will bring the pump powers down to 190 mW
(1455 nm) and 290 mW (1480 nm) at the input of the transmission fiber.

This example illustrates the possibility of applying the broadening technique to multi-
wavelength Raman amplifier design, but also shows that an improvement of the degree
of broadening and a reduction of the pump power losses in the ‘pre-fiber’ are required to
obtain a more viable solution. Utilizing fibers with more appropriate nonlinear/dispersive
characteristics such as HNLF can be the best way of achieving this goal.

6. Conclusions

In this paper we have overviewed applications of nonlinear spectral broadening in
telecommunications such as: multi-wavelength optical sources, TDM-WDM-TDM con-
version, Raman amplifiers and others. While we have done our best to be thorough and fair
towards all publications cited in our paper, the reader will obviously detect an intentional
bias in terms of the space and detail dedicated towards those topics with which we are par-
ticularly familiarized and involved. This is not at all to imply a higher relative importance
of such topics in comparison with the rest of the subjects discussed on the review, but in-
stead should be considered as an attempt to provide additional detail on specific examples
of nonlinear broadening applications whenever our proximity to the subject has allowed us
to do so.

A large number of experimental and theoretical studies of SC properties and the pecu-
liarities of nonlinear broadening in various media and conditions have been published in
recent years. However we would like to emphasize that in spite of the significant progress in
the development of SC sources and successful application of theoretical models to optimize
the generation of broad radiation sources, the comprehension of the complex nonlinear
mechanism of CG is not complete, and future development of these investigations is di-
rectly related to further improvement of the aforementioned models. At the present time,
a quantitative agreement between experimental and numerical simulation results of CG is
rather an exception than the norm. Furthermore, in the recent publications on CG both with
pulsed [96,116] and CW [112] pumps, the authors pointed out some qualitative discrep-
ancies between experimental results and theoretical predictions. Many questions remain
unanswered, and the great potential for further improvement of our understanding of these
remarkable scientific problems, along with the impressive range of interesting practical
applications of SC are the main factors that make the field so exciting and attractive.
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