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Abstract: This review presents the stimulated Raman scattering and its applications in three areas: optical amplification,
multiwavelength lasers and optical sensing. It is presented the basic concept of the Raman Scattering (SRS) phenomenon
focusing in the in-line distributed/discrete Raman amplification applications and in multiwavelength generation for optical
communications. The use of stimulated Raman scattering in optical sensors is also reviewed. Finally, the recent use of
photonic crystal fibers and waveguide devices to generate the Raman effect is also addressed.

INTRODUCTION

The nonlinear Raman phenomenon was observed by C.
V. Raman in 1928. In 1971, the stimulated Raman scattering
(SRS) in glass fiber was observed by Stolen et al. [1]. The
same group in 1972 measured the Raman gain in single-
mode fiber [2]. More recently, the SRS has been used for
optical amplification in optical telecommunications in dis-
tributed or discrete signal amplification. Even if discovered
many years ago [3] and highly investigated in the past [4],
applications of Stimulated Raman Scattering (SRS) pre-
sented a renewed interest for compensation of optical losses
in fibers transmissions [5], for the development of new tun-
able laser sources [6] or for low noise amplification of opti-
cally carried radiofrequency signals. For all these purposes,
the optimization of devices is based on a compromise be-
tween three factors: the Raman nonlinearity of the optical
medium, the interaction length and the pump beam intensity
[4]. Research on Raman amplification in optical fibers started
early in the 1970s [1]. The advantages from Raman amplifi-
cation in the transmission fiber were studied since the mid-
1980s [7, 8]. But, around 1995, when the maturity of suit-
able high power pump lasers was achieved [9] new interest in
Raman amplification emerged. Researchers have showed
some of the advantages that Raman amplifiers have over
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EDFAs, particularly when the transmission fiber itself is
used as a Raman amplifier [10, 11]. This enabled to increase
the advances in Raman amplifier technology [12]. Some of
these advances are the novel Raman pumping schemes re-
cently used in transmission experiments. The man newly
schemes studied are: co-pumping for broad-band amplifiers,
in which the OSNR tilt across the signal band is compen-
sated [13, 14]; timedependent Raman counter-pumping
scheme where impairments such as pump-pump FWM [15]
and the OSNR tilt [16] are seriously reduced [17-21] and
high-order Raman pumping scheme to improve the span
noise figure in a counter-pumping configuration or for a co-
pumping scheme, allows more signal power to be launched
before nonlinear distortions dominate [22, 23]. Recently,
there has been much investigation in order to obtain devices
to amplify or generate light using stimulated Raman scatter-
ing in silicon [24]. The Raman coefficient of silicon is sev-
eral orders of magnitude larger than silica [25], thus reducing
the needed interaction lengths for stimulated Raman scatter-
ing and optical gain to practical lengths for planar
waveguides [26]. The moda area in a silicon waveguide is
about 100 times smaller than in optica fiber, which results
in a proportiona increase in optical intensity. The conse-
quence is that it enables to develop chip-scale Raman devices
that in general need kilometers of fiber to work [27]. Planar
waveguide Raman amplifiers and lasers have already been
showed in the GaP material system [28]. As the first order
Raman scattering shift in silicon is 15.6 THz and the 1400-
1500 nm wavelength range high power pump lasers are al-
ready commercially available, Raman amplification is a pos-
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sibly implementable and attractive result for providing nar-
rowband gain or lasing in silicon-on-insulator waveguide
devices at the wavelengths for telecommunications [26]. The
first experiment of spontaneous Raman emission in silicon
waveguides in 2003 [24] was followed by the demonstration
of stimulated Raman scattering [25] and parametric Raman
wavelength conversion [29]. The Raman effect in silicon is
advantageous since it does not need rare earth dopants and its
spectrum is widely tunable through the pump laser wave
length. The use of germanium in the nonlinear Raman proc-
esses in silicon presents new possibilities for adjusting the
device characteristics. Recently, the first GeSi optical Raman
amplifier and laser were demonstrated [30]. The results indi-
cate that the spectrum of Raman scattering can be tailored
using the GeSi material system. Therefore, GeSi Raman
devices represent a stimulating subject for future research and
development.

In this work, the authors present an overview of stimu-
lated Raman scattering and its applications in three distinct
areas: Raman amplification for optical telecommunications,
multi-wavelength lasers and distributed optical sensing. Re-
cent advances in Raman using photonic crystal fibers and
waveguide devices are also reported.

BASIC CONCEPT

Stimulated Raman scattering in optical fibers is an im-
portant nonlinear phenomena which arises from the interac-
tion of an intense light beam (usually called pump) with the
vibrational modes of the fiber silica molecules when such
high pump power levels propagate throughout the fiber. Dur-
ing the scattering process, an optical phonon induces the
molecule to make a transition to an excited vibrational state
of energy 7%m, and as a consequence the scattered photon of
energy has is red shifted with respect to the pump energy
(ha,) by an amount equals to the difference between the
pump energy and the excited vibrational state energy. The
scattered light also called Stokes light frequency is e = o, -
ax. An anti-Stokes light of frequency wss = @, + @ can also
be scattered by the fiber silica molecule; nonetheless it re-
quires an initially populated excited vibrational state. The
anti-Stokes process is less efficient and consequently is not
so important for silica fibers. Fig. (1) presents an optical
communication system using Raman amplification. The sig-
nal propagates from the transmitter (Tx) to the receiver (Rx).
When the pump is traveling in the same direction of the sig-
nal it is called “the co- or forward pump”. If in the opposite
direction it is called the “counter- or backward pump”.
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Fig. (1). Schematic of an optical communication system employing
Raman amplification.
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The Raman gain spectrum is the intensity of the Stokes
light as a function of the Raman shift (frequency shift), Aw,
i.e, the frequency difference between pump and the Stokes or
signal light beam. The measured Raman gain efficiency
spectra are shown in Fig. (2) for two different fibers: True-
Wave® Reach Low Water Peak (LWP) and a Standard Single
Mode Fiber (SMF). The maximum Raman gain efficiency
occurs when the frequency difference is around 13.2 THz.
The Raman gain is defined over a 40THz frequency range,
and the gain peak is inversely proportional to effective core
area [3].
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Fig. (2). Raman Gain Efficiency for the SMF and LWP fibers for a
pump wavelength of 1453 nm.

For ultra-wide band Raman amplifiers a reliable estima-
tive of the Raman gain spectrum for other pump wavelengths
can be obtained using equation (1) [31]:

A A(A)
_A_SAeff (A’S) CR (Ak,/ll) (1)

In Equation (1), CM (4,4, ) and A (4;) are the measured
Raman gain efficiency and fiber effective core area at pump
and signal wavelength A, and A; respectively, meanwhile
ct (,1P,,15) and A (As) are the estimated Raman gain effi-

ciency and fiber effective core area at the desired pump and
signal wavelength A, and A, respectively.

Cs (A1 2s)

The intensity of the stimulated scattered light grows ex-
ponentially once the incident pump power exceeds a certain
threshold value. The threshold pump power Py, is defined as
the incident power at which half of the pump power is trans-
ferred to the Stokes field at the output end of a fiber of
length L [32]. The threshold pump power satisfies the condi-
tion [33]:

16 16«

(2)
where Le is the fiber effective interaction length in meters

and can be approximated by 1/, since alL >> 1, in practice;
arepresents fiber losses in m™.
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Cr = 0,/ A is the peak Raman gain efficiency value in
1/Wm, gr is the peak Raman gain value in m/W and A is
the fiber effective core area in m?.

In Table 1, typical Raman gain coefficient, effective core
area, Raman gain efficiency and attenuation are shown for
the LWP and standard SMF fibers. The pump threshold val-
ues are calculated using Equation (2) for a pump wavelength
at 1453 nm. The pump threshold power value for the stan-
dard SMF is around 69% above the LWP value. This is a
consequence of the standard SMF larger effective area
(68%).

The field propagation equation for optical beams propa-
gating inside a bi-directional multi-channel WDM optical
system distributed Raman amplifier, containing the main
propagation phenomena, is represented by Equation (3) [34].

Equation (3) assumes that the pump and signal fields are
in the form of CW beams. Even though the pump wave is
usually continuous in optical fiber communications systems,
the signal wave is generally in the form of a bit stream.
However, the CW theory can still be applied to such systems
since the signal power can be assumed as the average chan-
nel power. In fact, the Raman response is fast enough that
the entire bit stream can be amplified without any distortion
[43]. On the other hand, when very short pulses (less than 10
ps) are included, it is important to take into account the dis-
persive and nonlinear effects that are likely to affect the am-
plification of such short pulses in a Raman amplifier such as
self-phase modulation (SPM), cross-phase modulation
(XPM) and walk-off [43]. When both the pump and signal
fields are in the form of a pulse train, due to the dispersive
nature of silica fibers, the pump and signal pulses propagate
with different group velocities because of their different
wavelengths. Thus, although these pulses overlap initially,
they separate after the walk-off distance. At the same time,
the nonlinear effects such as SPM and XPM become impor-
tant and influence considerably the propagation of the pump
and signal pulses throughout the optical fiber [43]. Neverthe-
less, it is important to mention that generally Equation (3) is
valid since the signal pulse is > 10 ps and the pump field is
in the form of a CW beam, what usually occurs in lightwave
systems.

The first three terms in the right hand side of Equation
(3) represent linear effects while the remaining ones repre-
sent nonlinear effects. The description of each term follows:

. 1°" Term - Accounts for the attenuation or losses in
the fiber due to material absorption, scattering due to
defects in the waveguide, ultraviolet and infrared ab-
sorptions, among others.

. 2" Term - Accounts for the Rayleigh scattering, dou-
ble Rayleigh scattering (DRS) and their multiple
backscattering.
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(SRS) from higher frequency to smaller frequency

fields.

. 4™ Term - Accounts for the amplified spontaneous
emission (ASE) generation and the influence of ther-
mal noise.

. 5™ Term - Accounts for the depletion of the higher

frequency fields due to vibrational losses.

. 6™ Term - Accounts for the loss due to amplified
spontaneous emission influenced by thermal noise
and losses due to vibratory movements. The factor of
“2” is due to the uncorrelation between thermal noise

and ASE signals.
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In Equation (3), a [1/m] is the attenuation coefficient or
losses in fiber, # [1/m] is the Rayleigh scattering coefficient,
gr [M/W] is the Raman gain coefficient, I" is the polarization
factor of the fields in the waveguide (I' = 1 if the optical
fields present coherent polarization or I' = 2 if the fields are
depolarized [35]), A« [M?] is the fiber effective core area, h
[J/HZ] is the Planck constant, K [J/K] is the Boltzmann con-
stant, f; [Hz] is the spectral frequency and Av [m] and A [m]
are the noise bands. The vibrational losses are described by
the reason between the frequencies of two fields (i and j) that
are interacting between themselves (f;/ f;).

In addition, the nonlinear terms are pair related, repre-
senting the power transfer among distinct terms, according to
the principle of energy conservation. These power transfers
will be made by Stokes waves, through the stimulated Ra-
man scattering (SRS) effect, which will deplete the fields at
higher frequencies and intensify the fields at smaller fre-
quencies.

The propagation equation (Equation (3)) is modeled
through a set of coupled [34, 36] stationary state equations
[34], that scatter (SRS) a unidirectional wave, transferring
power between co-propagating and counter-propagating
fields. The equation becomes a contour problem, with two
contour conditions located at the extremes of the optical fi-
ber(z=0andz=1L).

An algebraic solution of Equation (3) can be reached if
we disregard the nonlinear terms. Although, the full propaga-
tion equation (Equation (3)) can be solved numerically using
an approximate numerical method such as the Fourier’s
Split-Step method [37, 38], the Predictor-corrector method
[34] or the Runge-Kutta method [39, 40].

. 3" Term - Accounts for Stimulated Raman Scattering
Tablel. TrueWave® Reach - Low Water Peak and Standard Single Mode Fiber Parameters and Pump Threshold Power Values
gr[M/W] Aerr [M?] Cr [1/Wm] o [1/m] o [dB/km] P [W]
TrueWave® Reach LWP (), = 1453nm) 3.42x10™ 56x10™2 0.61x10° 0.046x1073 0,20 1,21
Standard SMF (A, = 1453nm) 3.28x10™ 82x10™% 0.4x107 0.044x1073 0,19 1,76
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OPTICAL AMPLIFICATION

With the continued need for higher information capacity
over increasingly longer transmission spans, optical amplifi-
ers quickly became indispensable elements of optical com-
munications networks. One of the enabling technologies [41]
is Raman amplification, the main application of stimulated
Raman scattering (SRS). Raman fiber amplifiers (RFAS)
have low gains per unit length compared with erbium-doped
fiber amplifiers (EDFASs) and semiconductor optical amplifi-
ers (SOAs) [41]. Therefore long optical fiber spans are re-
quired to provide useful performance. The RFA guides light
at both the signal and pump wavelengths and it is normally
single mode to ensure the best overlap of all traveling waves.
Highest gains are achieved by using fibers with small effec-
tive areas and low losses [42]. One of the great benefits of
RFAs is that they do not require special dopants. The optical
fiber can be one of the common types used for transmission
or dispersion compensation. Moreover, as the spectral shape
of the Raman gain depends primarily on the frequency sepa-
ration between pump and signal (not their absolute frequen-
cies) [8], gain can be provided at almost any wavelength by
appropriate selection of the pump laser.

Because Raman gain does not depend on the relative di-
rection of propagation of pump and signal [8], pumping can
be cofforward, counter/backward or bidirectional with re-
spect to the signal [43]. Co-directional pumping provides
better performance from the noise viewpoint since the signal
experiences amplification before decaying, but suffers from
elevated nonlinear effects due to higher signal levels. That is
why counter-directional pumping is often preferred. Back-
ward launching also minimizes the transfer of relative inten-
sity noise (RIN) from the pump laser to the signal. Moreover,
it averages any polarization-dependent gain. Bidirectional
pumping offers the best of both schemes at the cost of an
extra pump. Another possibility is higher order pumping [44]
to further reduce the noise figure (NF) of the amplifier by
distributing the gain more evenly across the length of the
fiber. Besides RIN-transfer and polarization dependent gain,
RFAs have to deal with additional challenges including noise
originating from (amplified) spontaneous Raman scattering
and multipath interference caused by double Rayleigh back-
scattering. The flexibility of Raman amplification allows
shaping the gain spectrum by combining multiple pump
wavelengths [43]. Using this broadband pumping approach,
amplifiers with gain bandwidths greater than 100 nm have
been demonstrated [45]. They are particularly useful for am-
plifying (dense) wavelength division multiplexed (WDM)
systems. However, these broadband RFAs suffer from strong
Raman pump-pump interactions [46]. The short wavelength
pumps amplify the longer wavelength pumps, and so more
power is typically needed at the shortest wavelengths. This
interaction between the pumps also affects the noise proper-
ties of broadband amplifiers and results in noise figure tilt.
Broadly speaking, there are two classes of Raman amplifiers
[42]. One class is distributed Raman amplifiers, so called
because the gain is distributed along the fiber span. Another
class is called discrete/lumped Raman amplifiers because the
signal gain occurs within discrete elements in the transmis-
sion system. Naturally, the two classes can be combined to
form a hybrid amplifier, where the discrete RFA can be re-
placed by an EDFA [47]. The term distributed amplification
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refers to the method of cancellation of the intrinsic fiber loss.
In an ideal distributed amplifier, the loss is counterbalanced
at every point along the span. The transmission fiber is in
fact turned into an amplifier. As a consequence the SNR is
improved when compared to (ideal) discrete amplification.
This improved noise performance may be used in different
ways. One way is to extend the reach between repeaters,
another is to extend the total reach of a transmission system,
and finally a third is to improve the transmission capacity.
An elaborate investigation that demonstrated the application
of distributed Raman amplification as a means to upgrade
existing systems was reported in 1997 [48]. A power budget
improvement of 7.5 dB was demonstrated by launching 1.0
W of 1423 nm pump light from the receiver end. This im-
provement was sufficient either to increase the bit-rate in a
single channel from 2.5 Gb/s to 10 Gb/s or to increase the
channel count from one 10 Gb/s to four 10 Gb/s channels
centered around 1550 nm. In the following years multiple
experiments showed continued improvements in reach be-
tween repeaters, total span length and transmission capacity
[49]. Single channel bitrates evolved from 10 Gb/s to 160
Gb/s [50] and even a record-breaking 320 Gb/s [51]. In
multi-channel communication the most common bit rate for
a single-channel nowadays remains at 40 Gb/s. In 2001, re-
searchers were able to combine up to 270 channels to create
a massive WDM system which is capable of handling bi-
trates up to 10 Th/s over 117 km [52]. This is accomplished
by using the S-, C- and L-bands. Other experiments include
also the U-band [53]. Recently a 25.6 Th/s experiment was
demonstrated over a 240 km repeatered span by employing
160 WDM channels with 50 GHz channel spacing in the C-
and L-bands (see experimental configuration in Fig. (3))
[54]. Each channel contained two polarization-multiplexed
85.4 Gb/s RZ-DQPSK signals, yielding an impressive spec-
tral efficiency of 3.2 b/s/Hz in each band. Simultaneously
with growing transmission capacity, increasingly larger
reach between repeaters and total span length are realized.

In one experiment second-order backward pumping and
forward pumping were combined to establish 500 km long
unrepeatered transmission of 16 x 10 Gh/s RZ-DPSK signals
[55]. Another experiment demonstrates trans-pacific (10000
km) 40 Gb/s transmission using all Raman amplified 100 km
spans, SRZ-DPSK and enhanced forward error correction
[56].

Other experiments include the applicability of special
fibers like silica core PCF [57]. Incoherent pump sources
also become interesting to further improve the RFA technol-
ogy. More specifically they improve the gain flatness (while
using less pump lasers when compared to coherent pumping)
and the polarization insensitiveness at the cost of a small
degradation of the noise figure at the shorter wavelengths
[58-59]. However, more research is necessary.

Researchers also experiment with alternative configura-
tions of RFAS. In one experiment optical phase conjugation
is performed in the middle of the span to compensate for the
nonlinear signal distortions and to diminish signal fluctua-
tion. In this manner a 46 nm broadband WDM system was
realized while simultaneously limiting the power fluctuation
of the signals to 3.5% and the gain ripple to 5.3 % [60]. Si-
multaneously, a number of authors [61-63] abandon the big-
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Fig. (3). Experimental setup at 160 WDM channels with 50 GHz channel spacing in the C- and L-bands [54].

ger and better philosophy and focus on larger operating mar-
gins to produce systems ready for industry deployment.

This class of RFAs is called discrete because they pro-
vide amplification at specific points along the transmission
span. The fiber lengths used are a lot shorter (order tens in-
stead of hundreds of km) when compared to distributed
RFAs. And because gain accumulates with fiber length, Ra-
man amplification better fits in the latter amplifier class.
Though, discrete Raman amplifiers have many attractive
aspects over rare-earth-doped fiber amplifiers such as ED-
FAs including arbitrary gain band, better adjustability of
gain shape and better linearity [41].

On the other hand, the pump-to-signal power conversion
efficiency (PCE) of a discrete RFA is very low as compared
with EDFASs, which can easily achieve several tens percent
of power conversion efficiency [64]. However, the PCE of a
Raman amplifier can be increased by using higher input
power, because the gain of a Raman amplifier has a larger
saturation power than an EDFA. In one experiment an aver-
age power conversion efficiency of 27% is achieved for a
total input signal power of 0.04 dBm [65]. Another impor-
tant performance measure is the noise figure. Discrete Ra-
man amplifiers with noise figures as low as 4.2 dB have been
reported [66]. In this paper, such a low NF was achieved by
means of (i) a short length and high efficiency of the gain
fiber, (ii) a two-stage amplifier configuration with an inter-
mediate isolator to block the Rayleigh backscattered signal,
and (iii) a high pump power. Besides its obvious use, dis-
crete Raman amplification is very often employed in disper-
sion-compensating modules to overcome their loss or even

provide some gain to also address the losses of constituent
components such as filters, isolators and connectors [67, 68].
In spite of the short fiber lengths, the dispersion-
compensating fiber (DCF) used in these modules provides
enough gain thanks to its small effective core area and high
doping level of Germanium [69]. In one example of a disper-
sion-compensating Raman amplifier it is possible to com-
pletely compensate for the losses and to lower the NF by at
most 1.5 dB [70]. Other examples include C+L-band disper-
sion-compensating Raman amplifier for SMF transmission
links [71], S-band dispersion -compensating Raman ampli-
fier for SMF [70] and 100-nm bandwidth dispersion-
compensating Raman amplifier for SMF [71].

MULTIWAVELENGTH LASER

Raman scattering can be also used for other applications,
usually in configurations that implement multiwavelength
Raman fiber lasers. In the last years, this type of configura-
tion deserved lots of attention, mainly for applications that
require high transmission capacity demand in optical com-
munications (i.e., wavelength division multiplexing (WDM)
and dense wavelength division multiplexing (DWDM)) [72].

Multiwavelength generation based on Erbium doped fi-
bers (EDF) has been extensively reported in the past [73].
This specific generation method shows some disadvantages;
namely: the suppression of the homogenous line broadening
and an unstable gain competition for a stable multiwave-
length operation at room temperature. Raman fiber laser im-
plementation in multiwavelength generation appears as a
potential and prosperous solution to avoid the aforesaid dis-
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advantages. Multiwavelength generation based on Raman
shows also the advantage of an extremely large bandwidth
(only limited by the numbers of pumps wavelength available
for improved gain flatness). These characteristics are ex-
tremely helpful in WDM generation.

Multiwavelength Raman lasers have been studied and
developed in different configuration types, incorporating
fiber Bragg gratings [74], long-period fiber gratings [75],
Sagnac loop mirrors [76], Fabry-Perot filters, etc. The main
characteristic of multiwavelength fiber lasers is their channel
spacing, which should be tunable in order to provide a flexi-
ble and a functional design. In the next paragraphs the fun-
damental works carried out in this area will be discussed.

Matos et al. [77] developed one of the first works in the
area, in a fiber Bragg grating (FBG) Raman ring fiber laser
configuration. Four lasing wavelengths were obtained with a
channel spacing of ~5 nm. The four channels show a line
width of approximately 0.6 nm and signal-noise ratio (SNR)
higher than 40dB. The main advantage of this configuration
is that an increase in the FBG counts enlarges the channel
number and consequently improves its tunability.

On the other hand, using a Fabry-Pérot filter in the cavity
of a Raman fiber ring laser was possible to generate over 58
WDM channels with 50GHz channel spacing. The WDM
multiwavelength shows a stable operation for the entire
channels with an extinction ratio of ~50 dB. Modifying the
pump wavelengths and the pump power ratio several opera-
tion ranges could be obtained [78].

In 2003, Kim et al. [79] presented a cascaded Raman
fiber ring laser using a tunable dual section high birefrin-
gence fiber Sagnac loop filter. In this configuration, the posi-
tion of a single (or multiple) Stokes wave is controlled by the
pump power and the cavity. Tuning the above parameters the
source operates between 1.12 nm and 1.58 nm. The authors
generated more than 20 lasing wavelength with a channel
spacing of 0.4 nm.

At the same time, Han et al. [75], proposed a multiple
wavelength generation with the introduction of a cascaded of
long period gratings (LPGs) as multichannel fiber filter (Fig.
4). Since the LPG is a simple and flexible multichannel fil-
ter, it is an effective method to generate multiple wave-
lengths. Based on this method it is obtained up to five WDM
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channels with SNR higher than 20 dB in the L-band. De-
pending on physical parameters of cascaded LPGs (i.e., grat-
ing distances, grating length and number of gratings) several
results can be achieved. One year later, the characteristics of
a tunable multiwavelength semiconductor and a tunable
multiwavelength all-fiber-built Raman fiber laser were com-
pared by Chen et al. [80].

To get a tunable wavelength spacing a high birefringence
fiber loop mirror (HiBi-FLM) is used [76].

The number of lasing wavelengths was determined by the
total insertion loss of the HiBi-FLM, as well as the gain
bandwidth of the amplifier. It was obtained four or five
lasing wavelengths with a spacing of 3.2 nm and 1.6 nm,
respectively. Both lasers exhibited stable operation at room
temperature and selectable wavelength spacing.

Han et al. [72], developed different configurations of the
tunable multi-wavelength Raman laser setup (Fig. 5). They
found that modifying some of the components, the number
of channels could experiment some variation. The first work
was based on a FBG cavity with polarization maintaining
fiber (PMF) Lyot-Sagnac filter. The number of channels and
wavelength spacing of the multi-wavelength fiber laser were
controlled by the two PMF segments in the intra-cavity of
the filter. Based on this configuration, seven channels with
0.6 nm-spacing wavelengths and five channels with 0.8 nm-
spacing wavelengths were achieved at room temperature.

In further articles, Han et al. substituted the Lyot-Sagnac
filter by a tunable chirped FBG with high reflectivity and a
phase-shifted FBG [81]. The authors also used similar Fig.
(5) configuration and a modified sensing head formed by
two uniform FBGs with different cladding diameter [82]. In
the above two methods two channel generation with an ex-
tinction ratio of more than ~50dB were obtained.

Han et al. [83] also proposed a tunable multiwavelength
Raman fiber laser based on Bragg grating written in a few-
mode fiber and follow the similar configuration shown in
Fig. (5). In this system, the number of lasing wavelengths
can be adjusted by the properties of few-mode Bragg grating.
Thus, the lasing wavelength of the multiwavelength Raman
fiber laser could be effectively controlled depending on the
direction of the bending curvature of the FBG when it is
glued in a flexible metal plate. Based on this method, it is
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Fig. (5). Experimental setup for tunable multi-wavelength Raman laser based on FBG cavity incorporating PMF Lyot Sagnac filter [72].

achieved high quality Raman laser output with SNR higher
than 45 dB and a bandwidth less than 0.12 nm in each chan-
nel. The wavelengths of the laser can be changed with FBG
curvature in a dynamic range of more than 15 nm.

Replacing the few-mode Bragg grating of the above work
by multiples few-mode Bragg gratings, Han et al. [84] ob-
tained three-channel Raman laser output with an extinction
ratio of more than 45 dB. This result is similar as the last
reported; but with the improvement that is not necessary to
implement curvature to the FBG. In this case, the lasing
wavelengths are tuned by properly choosing the characteris-
tics of the FBG.

In the same year, Wang et al. [85] proposed a multiwave-
length generation employing sampled Bragg grating (SBG)
in a Raman fiber ring configuration. The characteristics of
the multiwavelength laser can be tuned adjusting the parame-
ters of the SBG, such as: sampling period and sampling
length. Using this method four oscillating wavelengths as
well as five wavelength channels were achieved.

A novel free-spectral-range (FSR)-tunable comb filter
based on a superimposed chirped-fiber Bragg grating
(CFBG) and a linear cavity formed by a bandwidth-tunable
CFBG reflector was also proposed. Dong et al. [76] pre-
sented a multiwavelength Raman fiber laser with an inde-
pendently-adjustable channel number. The channel numbers
were determined by the bandwidth of the CFBG reflector
and the channel spacing. Multiwavelength laser operation
with spacing tuning from 0.3 to 0.6 nm and channel number
adjustment from 2 to 10 were achieved.

Recently, Ning et al. [86] implemented a multi-wavelength
Raman fiber laser inserting a sampled chirped FBG. Adjust-
ing the polarization controller in the ring cavity up to ten
stable wavelengths with equalized peak power and SNR of
~50dB are achieved at room temperature.

Generation systems based on multiwavelength Raman
fiber are quite useful in several applications (i.e., in optical
communication systems with high transmission capacity and
in long-distance remote sensing systems). Multiwavelength
fiber lasers have also the advantages of simple structure,
equalized peak power and simple fabrication with low cost.
In the next section, several results employing Raman multi-
wavelength generation as a remote sensor are presented.

OPTICAL SENSING

Previously, it was analyzed all the characteristics of Ra-
man effect for amplification and multiwavelength generation
(i.e., bandwidth, gain, spectral response, noise figure, output
power, etc). Moreover, Raman scattering can be easily used
in other applications that do not include amplification. Ra-
man effect has also been studied over the years as an optical
fiber distributed temperature sensor [87-89]. It was particu-
larly attractive, because the system only needed a single
pump source in all the sensing structure, reducing the net-
work’s cost and complexity [90]. Different configurations
have been developed in order to measure changes in tem-
perature, incorporating EDF, FBG, chirped FBG, etc. Its
purpose was to obtain higher precision and sensitivity and
larger output range along the kilometers of conventional sil-
ica fiber. In the early 90s, most commercial Raman sensors
for distributed temperature were based on Raman optical
time reflectometry (ROTDR). In this configuration a short
pulse is sent along the fiber and the backscattered Raman
light is detected. In 1999 it was reported a method to use the
spontaneous Raman scattering for remote sensing, where the
ROTDR method was applied. To accomplish the remote
sensing, Farahani et al. [88] analyzed the behavior of differ-
ent types of fibers. They achieved that the best results were
obtained when a probe wavelength of 1550 nm is employed
in a single-mode fiber over a maximum distance of 10 km.

In the same year, Kee et al., developed a Raman-based
distributed temperature sensing (DTS) system for tempera-
ture monitoring [87]. This work achieved a distance greater
than 10 km in single-mode silica fiber, with a temperature
resolution of 4°C. Grating based devices (i.e. FBG, SBG,
phased-shifted FBG, chirped FBG, LPG, etc) are truly help-
ful for distributed sensing application. Using FBGs simulta-
neously with a proper power source (like a Raman laser) an
advantage of higher resolution in wavelength shift and
higher optical SNR is obtained [91]. Peng et al. [92], pro-
posed a linear cavity fiber laser configuration based on a
fiber Bragg grating sensor. The medium gain is done by the
distributed Raman amplifier. In this configuration since two
FBG are used, when the wavelength of FBG2 drifted no in-
fluence on the lasing wavelength of FBG1 is exhibited. In
this case, the strain sensitivity was 2.27 nm/ue for a sensing
distance near to 25 km. The use of multiple laser cavities
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based on FBGs and a tunable chirped FBG was proposed by
Lee. The temperature sensitivity in this configuration shows
a linear response of 7.15 pm/°C. The Raman lasers have a
high stability and an extinction ratio greater than 50 dB over
the 50 km [93]. Afterwards, the authors improved the con-
figuration of the system in order to obtain simultaneously
strain and temperature sensitivity [94].

Full details of the principle of cascading, a sensing probe
of an erbium-doped fiber (EDF) and a FBG, for simultane-
ous measurement of temperature and strain can be found in
[95] (Fig. 6). The sensing distance was also higher than 50
km with a temperature sensitivity of 8.19 pm/°C in a range
from 30 °C to 100 °C.

On the other hand, a strain sensitivity of 1.1 pm/ue was
observed. In 2005, Han et al. [86] upgraded their system,
adding multiple phased-shifted FBGs and a tunable high
reflection chirped FBG. In this case, the temperature and
strain sensitivities were found to be 10.1 pm/°C and 7.5
pm/ue, respectively. In June of the same year, the same
group obtained an output with two channels.

The two generated peaks showed the equivalent tempera-
ture sensitivity but different strain sensitivity. A temperature
sensitivity in each channel was measured to be 9.5 pm/°C
with a minimum 5.3 pm/ue for strain sensitivity. These re-
sults were obtained by the improvement of the configuration,
due to the addition of two uniform FBGs with different clad-
ding diameters [82]. Cho et al., studied a distributed Raman
amplification combined with a remotely pumped Erbium
doped fiber amplifier (EDFA) in order to enhance the per-
formance of spontaneous Brillion-based distributed tempera-
ture sensors. Based on this configuration a temperature reso-
lution of 5.7°C with a spatial resolution of 20 m in a distance
of 88 km was achieved [96]. Sensor availability range is an
important parameter and a lot of efforts have been carried
out in order to increase this parameter. Usually, these efforts
include the increasing of the pump power, which is limited
by the cost and the nonlinear problems. The above-
mentioned increase results also in a degradation of the sensor

Sensing Head

\
\
FBG Q [ WDM WDM
\ g
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performance. Gong et al. [97] proposed a new method based
on ROTDR to enlarge the sensing distance. They found a
theoretical solution using different type of fibers, which in-
creases the Raman gain efficiency (gr/Ae). This is a good
alternative in the near future; however it is not easy to per-
form due to the lack of fibers with different gr/Acsr. Recently,
Chakrasborty [98] exposed a novel form to compensate the
temperature dependence in the Stokes signal and projected a
method to carry out a dynamic self-calibration of the Raman
distributed temperature sensor. The temperature dependence
of the Stokes signal introduced several errors and proved that
this effect degrades the signal over the 90%. The above-
mentioned discussion shows that distributed Raman fiber-
optic sensors provide an excellent method to measure tem-
perature over long distances, which is normally limited up to
25 km due to Rayleigh scattering. In the near future, it is
expected that Brillion and Raman scattering will be investi-
gated simultaneously in order to reach better results.

PHOTONIC CRYSTAL FIBER TECHNOLOGY

Photonic crystal fiber (PCF) represents a promising op-
portunity for the development of devices based on Raman
effect. On advantage of this technology is to reduce the fiber
length and the power levels required. Yusoff et al. [99] pre-
sented the first preliminary results in photonic crystal fiber
for Raman amplification and for an all optical Raman Modu-
lator. Fuochi et al. [100] reported an analysis of the Raman
properties in triangular photonic crystal fiber. Here, it was
also investigated how the presence of the germanium doped
core can influence the Raman properties. Bottaccini et al.
[101] have developed a model of photonic crystal fiber am-
plifiers. The PCF with germanium doped can enhance the
gain for the same pump power. Finally, stimulated Raman
scattering in ethanol core PCF was demonstrated by Yiou et
al. [102]. This new approach of PCF with ethanol or with
another liquid opens new development perspectives for
stimulated Raman scattering nonlinear properties with appli-
cations in optical communications and sensing.
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Fig. (6). Simultaneous measurement of strain and temperature combined two different technologies [95].
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WAVEGUIDE TECHNOLOGY

In the last years, several investigations about Raman ef-
fect were accomplished in others technologies besides silica
fiber. The goal was to discover and obtain new possibilities
for laser generation and optical amplification using the SRS
in waveguide technology. The waveguide can be performed
in several materials but is widely fabricated in silicon [103].
The use of silicon waveguides is based on Raman gain coef-
ficient, in other words, is used because the silicon presents a
gain coefficient that is several times larger than that of stan-
dard glass. This is a seducing characteristic for amplification
since it is possible to obtain high gains in small lengths. As it
was reported by Claps et al., [104] this gain can be up to 10
db in only a 2cm silicon waveguide. Using this same SRS
principle it is possible to provide a mean to generate optical
gain in a silicon waveguide in order to obtain high power
Raman lasers [105]. Obviously, the silicon waveguiding
technology presents some disadvantages when compared
with optical fiber technology; one of them is caused by
losses on coupling light from the fiber to the waveguide.
However, the main drawback is the loss generated inside the
waveguide, which limits the system performance. This last
constraint is due to a nonlinear absorption called two-photon
absorption (TPA) [106]. One can think that one way to coun-
terbalance these losses is by increasing the pump power of
the source, but in reality it is the key to increase the loss due
to TPA. Generally, this free carrier generation is reported as
an answer to explain the short amount of gain that is intro-
duced in the system [26, 29]. In literature some solutions
have been reported in order to improve the coupling effi-
ciency and diminish the damaged of the TPA on waveguid-
ing, but until now injecting the pump power in a surrounding
cladding is the most successful one [107, 108]. The use of
silicon waveguide has diverse application fields and with
Stimulated Raman Scattering the performance of the inte-
grated optical circuits can be improved, however it requires
further investigation and analysis to overcome and under-
stand all the difficulties of the use of silica as waveguides.

CONCLUSION

In summary, a review of stimulated Raman scattering and
its applications was addressed. The basic concept of the Ra-
man scattering phenomenon focusing in the in-line distrib-
uted/discrete Raman amplification applications and in
multiwavelength generation for optical communications was
presented. The use of stimulated Raman scattering in optical
sensors was also addressed. Finally, recent advances in
stimulated Raman scattering in photonic crystal fibers were
also reported. The study of the Raman effect in new types of
fibers, having different doping or geometry, has renewed the
interest of the Raman effect for applications in optical com-
munications and sensing.
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