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Internet traffic has been increasing at a rate faster than what
one would expect on the basis of Moore’s law, generating an
urgent need for the development of technologies that can

serve as an alternative to conventional WDM transmission based
on erbium-doped fiber amplifiers (EDFAs). Since the percentage
of data traffic exceeds the percentage of voice traffic, networks
worldwide must evolve from voice-centric systems to data-centric
systems. The trend translates into a need for higher capacity and
longer distance transmission than can be supplied by convention-
al WDM.

In WDM transmission, optical signals are conveyed on multi-
ple carrier wavelengths so that they can be multiplexed and de-
multiplexed, respectively, at the transmitter and receiver ends. For
this reason, a single optical fiber and optical amplifier can be used
for a number of different optical signal channels, making it possi-
ble to increase total transmission capacity without significant in-
creases in cost and complexity. This process was enabled primari-
ly by optical fiber’s wideband, low-loss window and by the broad
gain spectra of EDFAs.

Achieving increases in capacity and distance without higher
costs is the ultimate goal in the Internet-driven transmission mar-
ket. Because Internet packet traffic, unlike voice traffic, tends to
travel over global distances, it would be possible to reduce system
cost significantly by removal of expensive electrical regenerators
and by extension of the transmission distance that can be covered
all-optically. To reduce the number of transmitters and receivers
and hence the total cost, scientists are working to enhance WDM
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technologies so that higher bit rates per channel can be transmit-
ted. It was inevitable that pursuit of such improvements in WDM
technologies would narrow the margins of system design. For this
reason, researchers have begun seeking alternative enabling tech-
nologies capable of alleviating system impairments such as noise
and nonlinear effects, and handling bands wider than those that
can be managed by use of an EDFA. One of these new technolo-
gies is fiber Raman amplification, which is intrinsically character-
ized by low noise and the ability to provide gain over a wide wave-
length range.

In post-deadline papers presented at the Optical Fiber Com-
munication Conference (OFC) 2001, for example, researchers at
NEC and Alcatel reported transmission of over 10 Tbit/s through
an approximately 100-km-long, single-core optical fiber. At OFC
2002, transmission over several thousand kilometers of more
than 2 Tbit/s was experimentally demonstrated for a terrestrial
testbed system by research groups from OFS and Lucent. In ex-
periments for submarine systems, not included in Fig. 1, a num-
ber of groups reported multiterabit-per-second transmission over
transoceanic distances. It is worth noting that, in most of the
above cutting-edge experiments, Raman amplifiers have played
an essential role.

Figure 1 plots trends in capacity times distance in the terrestri-
al, high-capacity experiments reported in post-deadline papers at
recent editions of the OFC and the European Conference on Op-
tical Communication (ECOC). It is clear from the figure that ca-
pacity times distance is exponentially increasing; starting in 1999,



meters of fiber requires far more than 100 mW of pump power. In
the early days of optical amplifier development, efficiency was
paramount. Since Raman amplifiers were characterized by low ef-
ficiency, the leading role in optical communications was assumed
by EDFA technology, a latecomer developed in the late 1980s that
worked well with only a few tens of milliwatts of pump power
and a few tens of meters of erbium-doped fiber. There seemed to
be no place for Raman amplifiers before the explosion of Internet
demand, the advent of WDM and, more importantly, the matu-
ration of 14XX-nm high-power pump laser diodes.

It is worth recognizing that the inefficiency of Raman ampli-
fiers is fundamental to their ability to function as distributed am-
plifiers, since the pump light propagates over a long distance
without being significantly depleted by amplified signals. Distrib-
uted amplifiers, because of their low-noise characteristics, can be
essential to the enhancement of transmission performance. The
fundamental process of Raman amplification occurs through the
virtual upper states of a molecule. This fact implies that Raman
amplification does not entail any significant absorption of signal
photons. For this reason, Raman amplification generates little
noise in the absence of pump light: in this case, in fact, the Raman
amplifier simply becomes a passive, low-loss silica optical fiber. In
other words, Raman amplifiers are almost always “fully inverted,”
regardless of pump rate. An EDFA, on the other hand, contains Er
ions that strongly absorb signal photons in the absence of pump
light, generating much noise. As a result, pumping conditions
must be optimized to achieve good noise performance in EDFAs.

The nonresonant nature of Raman amplification also results
in another critical advantage: insensitivity to temperature. The
virtual states in the middle of the bandgap are insensitive to tem-
perature, and optical phonons of silica fiber are well described by
the mathematical model of harmonic oscillators, the energy lev-
els of which are intrinsically temperature independent.

Figure 4 plots signal power excursions over distance with and
without a distributed gain, showing how distributed gain en-
hances transmission performance. In designing an optical trans-
mission system, one should optimize the signal level in terms of
noise and nonlinearity; optical amplification of lower signal levels
adds higher noise, whereas higher-level signals suffer more from
nonlinearity in fiber. It is apparent from the figure that introduc-
ing a distributed gain increases the range of the optimal signal 
levels.
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Figure 1.Trend of capacity times distance in high-capacity, terrestrial transmis-
sion experiments reported in post-deadline papers at ECOC and OFC.
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)the effect of the use of Raman amplifiers for long-haul terrestrial
experiments can be clearly seen. More recently, experiments that
use all-Raman systems have demonstrated steadily increasing im-
provements in performance.

Stimulated Raman scattering in silica fiber
The Raman effect derives from the inelastic scattering of a photon
with an optical phonon, or vibration of a crystal or molecule,
which originates from a finite response time of the third-order
nonlinear polarization of the material. The incident photon loses
energy equivalent to that of an optical phonon, downshifting its
frequency by what is called the Stokes shift. In the process of tran-
sition, stimulated emission—called stimulated Raman scatter-
ing—is possible. Raman amplifiers exploit stimulated Raman
scattering for use in signal amplification. In stimulated Raman
scattering, a coincident photon at the downshifted frequency will
receive a gain. This feature means that, by proper selection of
pump frequency, one can realize gain in any signal band. It also
implies that the launch of pump lightwaves at more than one
wavelength can create an arbitrary composite spectral-gain pro-
file, as each pump lightwave independently undergoes stimulated
Raman scattering.

Figure 2 shows, in quantum-mechanical terms, the process of
composite stimulated Raman scattering. The nonlinear polariza-
tion causes an electron to be excited to an upper virtual state; the
level of excited energy depends on the energy of the incident
pump photon. Because the optical phonon contains a predeter-
mined amount of energy, selecting different pump frequencies at
the same time can arbitrarily set the different resonant frequen-
cies of the stimulated emission. Later we discuss applications of
this interesting feature within the context of Raman amplifiers
for WDM systems.

In silica, because of its amorphous nature, the energy spec-
trum of optical phonons exhibits a broad, continuous shape, the
peak of which is centered on 13.2 THz. For this reason, the Ra-
man gain of silica fiber extends over a broad band which is ap-
proximately equal to 5 THz. In the early 1970s, Stolen and Ippen
measured the Raman gain coefficient of an optical fiber made of
silica.1 Figure 3 shows the Raman gain coefficient for different
fibers. As the figure shows, the spectra are broad and continuous.
The magnitude is related to fiber nonlinearity, and the different
compositions of silica and germania are responsible for the slight-
ly different spectral profiles. In high-capacity optical communica-
tions, WDM signal wavelengths are in the 1550-nm range, a range
at which the Stokes shift is equal to a wavelength of approximate-
ly 110 nm. Therefore, around 1550 nm, the pump wavelength for
WDM signals must be 110 nm shorter than the signal wavelength.
For this reason, a key device in fiber Raman amplifiers is a pump
laser operating in the so-called 14XX-nm* range at considerably
high output power.

Features of the fiber Raman amplifier
Until the late 1980s, researchers studied most of the fundamental
features of fiber Raman amplifiers using large-scale pump laser
sources.2 Because the Raman-gain coefficient of optical fiber is
small, realization of a sufficient amount of gain over tens of kilo-

* 14XX nm is an expression used by the author to designate the range of wavelengths from
1400 to 1500 nm.



One could also “earn” extra power-budget margins by intro-
ducing distributed Raman gain; these margins could be “spent”
for various system improvements, such as increasing bit rates per
channel, extending electrical regeneration distances, and enhanc-
ing spectral efficiencies.

In 1995, the so-called cascaded Raman resonator (CRR) pump
sources were invented by Grubb et al.3 The CRR constituted an
important breakthrough, since it showed that a simple combina-
tion of fiber Raman resonators and a double-cladded fiber laser
pumped by broad-area, multimode, high-power laser diodes
could generate watt-class high-power output. Before the matura-
tion of 14XX-nm high-power pump laser diodes, CRR played an
indispensable role in the investigation of the advantages of Ra-
man amplifiers in WDM transmission.4,5 Recently, multiwave-
length operation of CRR to obtain broad and flat gain was also
demonstrated.6

Figure 5 shows a schematic of a fiber Raman amplifier. Fiber
Raman amplifiers typically consist of an optical fiber as the gain
medium, a counterpropagating pump light source, a wavelength-
sensitive coupler to combine the pump and the signal, and an op-
tical isolator. With the exception of the gain medium, the config-
uration resembles that of an EDFA. In Raman amplification, it is
important to use unpolarized pump sources to avoid polariza-
tion-dependent gain, because stimulated Raman scattering is a
polarization-sensitive process. Depolarization, in particular, is
necessary for laser diodes that emit linearly polarized light.7

Because of the isotropic nature of optical phonons, stimulated
Raman scattering can occur for almost any orientation of pump
and signal lights: since for a given range of frequency, optical
phonons can have wave vectors that are almost arbitrary, they can
couple with pumps and signals in any direction. In fact, fiber Ra-
man amplifiers can be configured to be either copumped or
counterpumped, maintaining in either case almost the same gain
efficiency. Because the signals receive gain from both copumped
and counterpumping light, the Rayleigh-backscattered signal also
receives gain and does not—as happens under unpumped condi-
tions—decay. In this case, the nondecaying Rayleigh-backscat-
tered portion of signal light Rayleigh backscatters again to inter-
fere with the original signal with an indefinite amount of time

delay. This phenomenon is called double-Rayleigh backscattering
(DRBS) multiple-path interference (MPI) noise. Because DRBS
signals travel the gain medium twice whereas the original signals
travel the gain medium once, the signal-to-DRBS-MPI-noise ra-
tio decreases when the Raman gain and the effective interaction
length increase. This phenomenon translates into a limit on gain
or effective length beyond which Raman amplifiers no longer im-
prove system performance.

The lifetime of upper virtual states in fiber Raman amplifiers
is of the order of ten femtoseconds. Therefore, unlike EDFA, with
its millisecond lifetime, Raman amplifiers could be susceptible to
pump-mediated noise; pump-light noise is superimposed on the
amplified signal through amplification. However, a sufficiently
long interaction length with sufficient dispersion should average
out the noisy portion. In the case of counterpumped Raman am-
plifiers, the signal and pump lights travel in opposite directions so
that the pump-mediated noise is averaged out.

For WDM signals to be amplified, the amplifier must not gen-
erate cross talk caused by cross-gain saturation among signals.
The low efficiency of Raman amplifiers, on the other hand, often
results in linear amplification, so that this type of amplifier sel-
dom suffers from cross-gain saturation. In most cases, counter
pumping is free from cross-gain saturation.

Counterpumped, distributed Raman amplifiers can achieve
better signal-level excursion because the signals tend to be ampli-
fied only when their power level is lowered because of fiber span
loss. In Fig. 4, in which a counterpumped Raman gain is assumed,
it can be seen that the average path signal level is low, allowing
nonlinear effects to be avoided, although the signal level fits well
in the admissible transmission window. To resolve various noise
issues, Raman amplifiers are usually configured as counter-
pumped.

Design and realization of WDM pumping7

Gain bandwidth is another key feature of optical amplifiers for
WDM signals. By proper choice of pump wavelength, Raman am-
plifiers can have gain at any wavelength within the optical fiber’s
low-loss window. We have proposed a novel scheme, the so-called
WDM pumping technique, that is capable of realizing Raman
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Figure 2. Quantum mechanical description of stimulated Raman scattering
for two different sets of frequency.

Figure 3. Raman gain spectra for different fibers. DCF, dispersion-compensated
fiber; DSF, dispersion-shifted fiber; SMF, single-mode fiber.
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amplifiers with 100-nm-wide, ultrabroadband, ultraflat-gain
spectra.

Figure 6 shows the design of Raman amplifiers with WDM
pumping. In a WDM pumping scheme, one combines a plurality
of pump lasers, with different center wavelengths, to launch into
the optical fiber at the same time. The WDM pump lightwaves in-
teract with each other through stimulated Raman scattering,
transferring the energy from short to long wavelengths. For this
reason, the path-average, or effective, pump power at each wave-
length is different from the launched power, to an extent which
depends on the strength of the interaction. However, because
each of the stimulated Raman scatterings caused by different
pump wavelengths occurs independently, the composite gain that
is created is simply the sum of every logarithmic gain proportion-
al to the effective pump power at each wavelength. The number
and allocations of the wavelengths depend on the gain band and
on the degree of flatness required in the system. The pump wave-
length range determines the gain band.

A wide, flat composite gain can be constructed by creating a
pair of opposite gain slopes: because the spectral shape of Raman
gain has a slope that is less steep around the peak on the shorter
wavelength side, it is necessary to prepare many small gains,
slightly shifted from each other, to form jointly a smooth spectral
slope opposite, around the peak on the longer wavelength side. By
addition of these two opposing slopes at an optimal interval, as
shown in Fig. 6, one can realize a wide, flat gain spectrum. Denser
allocation of pump wavelengths can create smoother and flatter
gain shapes.

Originally developed in the late 1980s to pump Raman ampli-
fiers, the high-power, pump laser diodes that operate in the
14XX-nm range have been refined to pump EDFAs. Output pow-
ers have steadily increased, varying from 120 mW in the early
1990s to 250 mW in 1999. Commercially available pump laser
diodes now achieve more than 400-mW output from a SMF. In a
WDM pumping scheme, output from a pump laser, combined
with that of other lasers that operate at different wavelengths,
contributes to the total composite gain. For this reason, the out-
put power needed from each pump is relatively low. To achieve ef-
ficient and stable WDM pumping, a fiber Bragg grating is used as
an external cavity, to narrow and to stabilize the lasing spectrum
of a 14XX-nm pump laser.

Figure 7 shows an example in which one can achieve 6 dB of
Raman gain in the C+L band in a SMF with seven pump laser
diodes with five center wavelengths; here, although the total
pump power is approximately 400 mW, each of the pump lasers
needs to emit power of 130 mW or less. The continuous 80-nm
flat gain achieved with this simple scheme is not possible by
means of an EDFA. WDM pumping is thus superior, not only be-
cause the gain can be broad and flat, but also because the pump
power per laser can be reasonably low, to conform to the range of
commercially available solutions. These attributes of WDM-
pumped Raman amplifiers, coupled with their practicality and
reliability, have attracted the attention of those working in a num-
ber of different application fields.

Figure 8 shows the gain and noise figure profiles of a C+L-
band Raman amplifier with 13-wavelength pumping. Because the
pump wavelengths are so densely allocated, gain flatness can be
equal to or better than 0.2 dB at an average gain of 10 dB. Excel-
lent gain flatness was achieved in this case exclusively through
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Figure 4. Signal excursion over distance.

Figure 5.Typical scheme of fiber Raman amplifier.

Figure 6.WDM pumping design.
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Figure 7. Calculated Raman gain spectra at 6 dB of Raman gain over C+L band.
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WDM pumping, without use of any gain flattening filters. It is
also worth noting that the gain stability is excellent despite the
number of pump wavelengths; this is to be attributed mainly to
the temperature insensitivity of Raman gain.

To demonstrate that 13-wavelength pumping can be used in
the field, the authors and their colleagues developed a compact
Raman pump unit with 13 pump laser diodes. To save space,
some of the pump lasers with lower output power were packaged
in an uncooled package. The size of the unit could thus be reduced
to 215 x 120 x 29.6 mm3. Figure 9 shows a photograph of the as-
sembled unit. It is equipped with tight-pitch radiation fins to make
it suitable for operation over a wide range of temperatures.

Counter-WDM-pumped Raman amplifiers, as is known, have
a large noise figure in the shorter wavelength range mainly be-
cause of pump-to-pump energy transfer by means of stimulated
Raman scattering among pump channels. In other words, at
shorter wavelengths, higher pump powers are necessary, because a
considerably larger portion of their energy is transferred to the
pumps at longer wavelengths. As a result of this process, the sig-
nals at shorter wavelengths receive higher noise because they ex-
perience larger loss and larger gain than those at longer wave-
lengths.

We proposed that one could reduce and flatten noise figure
spectra by introducing copumping in the shorter wavelength
range. Since copumped Raman amplifiers tend to suffer from
pump-mediated noise, development of a low-noise pump laser8, 9

was of critical importance. The use of copumping along with
counterpumping has other advantages. First, it helps to reduce
the total launched pump power from the counterpumping light
source. This is particularly important for safety. Second, copump-
ing—compared with counterpumping—yields further enhance-
ments, with relatively low pumping power, in the optical signal-
to-noise-ratio (OSNR). It should be noted, however, that too
much copumping also increases nonlinearity. Third, balanced,
bidirectional pumping best suppresses DRBS-MPI noise.

Despite their many advantages, WDM-pumped Raman am-
plifiers are characterized by a serious problem: the effect of four-
wave mixing (FWM) of pump and signal lights in small disper-

sion fibers. In particular, many nonzero dispersion-shifted fibers
(NZ DSFs) have zero-dispersion wavelength in WDM pumping
and in signal wavelength ranges. FWM occurs around the zero-
dispersion wavelength. The pump and signal lightwaves at differ-
ent wavelengths around the zero-dispersion wavelength generate
FWM lightwaves, which deteriorate the signals. To avoid these
adverse effects, one should use a fiber with a zero-dispersion
wavelength shorter than the pump wavelengths. One option is to
use a dispersion-managed combination of super-large-area (SLA)
fiber and inverse-dispersion fiber (IDF).10 Recently, other new
types of NZ DSFs with such dispersion characteristics have been
developed.11,12

Concluding remarks
Unprecedented developments in optical transmission technolo-
gies driven by Internet growth have triggered widespread use of
WDM based on EDFAs. The growing demand for increased ca-
pacity and distance means that Raman amplifiers should be
viewed in a new light because of their intrinsic low-noise nature.
Reborn Raman amplifiers are now equipped with WDM pump-
ing, which enables wide and flat gain characteristics, low-noise
performance, and high reliability. We have also briefly reviewed
some ongoing issues that surround WDM pumping technologies,
such as low noise copumping laser diodes and novel types of NZ
DSF suitable for use in a WDM pumping scheme.

It should be noted that safety issues with regard to high-pow-
er pump sources for distributed Raman amplifiers must be ad-
dressed. Yet we expect that, because of their compelling advan-
tages, WDM-pumped Raman amplifier technologies will be ex-
tensively developed and widely used for a number of application
areas in the near future.
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Figure 8. Gain and noise figure profiles of a C+L-band Raman amplifier with
13-wavelength pumping.

Figure 9. Photograph of a compact, 13-wavelength Raman module.

Raman Gain  and NF
50 km SMF

Pump Configuration

Wavelength (nm)

G
ai

n 
(d

B
)

Mechanical Configuration

Max. Operating Temp. 40° C

N
F

 (
dB

)

10.5

10.3

10.1

9.9

9.7

9.5

15

14

13

12

11

10

212.5
211.5
210.5
209.5
208.5
207.5
206.5
205.5
204.5
203.5
202.5
201.5
198.5

107
107
110

74
55
44
44
42
38
27
24
40
70

Frequency
THz

Power
mW

Unit mm

Width Depth Height
Type 1 215 125 30.4
Type 2 150 160 31.8

1520 1540 1560 1580 1600 1620


