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The spectroscopic model is proposed to analyze the gain bandwidth of a fiber Raman amplifier
(FRA) with a multiple wavelength pumping scheme based on Raman gain theory. The oscillatory
lineshape, which is the analytic function to analyze Raman gain spectra, allows us to estimate the
gain bandwidth of the FRA. Based on the proposed theoretical modeling, we design and analyze
the characteristics of the FRA using the combined multiwavelength pumping sources. We achieved
the extended gain bandwidth of the FRA over 80 nm with the small gain ripple less than 0.5 dB.
Threshold pumping power and effective noise figure for the FRA can be also analyzed by using
the proposed model, which is also applicable for versatile fibers with other doping materials. The
proposed analysis method can be useful for the design of the FRA with the multiwavelength

pumping scheme.
OCIS codes : 060.2320, 170.5660

I. INTRODUCTION

Fiber Raman amplifiers (FRA) are being deployed in
almost every new long-haul fiber-optic transmission
system [1]. Despite the simple architecture of the FRA,
many design factors like pump-to-pump power transfer,
signal-to-signal power transfer, pump depletion (satura-
tion), double Rayleigh scattering (multipath interference),
and amplifier spontaneous noise should be considered
to get broad gain bandwidth and small gain ripple [2].
In a previous report [2], eight evenly spaced pumps
with equal pump power of 120 mW were used for the
FRA with broad gain bandwidth. The gain variation,
however, was more than 10 dB. In order to achieve
broad gain bandwidth with small gain ripple, the
power and wavelength of each pump laser diode (LD)
should be carefully chosen.

It is not easy to directly obtain the gain profile of
the FRA with the multiwavelength pumping scheme
based on the coupled equations since the stimulated
Raman scattering (SRS) process is so complicated.
Numerical optimization methods for the optimization
of the pumping power and wavelength such as simulated
annealing algorithm [3], single-layer feedforward neural
networks [4], and so on [5] have been investigated. The
theoretical analysis of the Raman gain coefficient with

one pumping wavelength in optical fiber and compre-
hensive analysis of its scaling with wavelength, modal
overlap, and material composition are also reported [6].
In previous methods, however, pump power distributions
that are undesirable in practice can be created due to
an inadequate choice of frequency dependent factors
like Raman gain coefficient and effective area when the
pump wavelengths are automatically arranged corres-
ponding to the wavelength of the Raman gain. All
parameters of the FRA can be obtained by the pro-
pagation equations for signal and pump waves with a
proper theoretical model in optical fibers.

In this paper, we will propose the spectroscopic
model for the analysis of Raman gain spectrum based
on the oscillator theory and its application to the
design of the practical FRA with the multiwavelength
pumping scheme. By introducing the oscillatory lineshape
function of Sr(v), we can analyze the amplification
process of the FRA. The experimental configuration of
the FRA with the broad gain bandwidth and small
gain ripple is proposed and analyzed by the actual
band model based on Sg(v). The threshold pumping
power and effective noise figure for the FRA can be
also analyzed by the proposed model, which is also
applicable for versatile fibers with other doping materials.
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II. The SPECTROSCOPIC MODEL FOR FRA

Total amplified power over all signal bands of the FRA
with one pumping source can be expressed by Pgi(z)=
[ dvpsic(v,2), where Pge(v,2)is the signal spectral power
density and v is the Stokes frequency [7]. When pumping
saturation is negligible, the signal spectral power density
can be written as Pgc(v,2)=p, (v,O)exp[— az+ c(v)(l - )]’
where p,(v, z) is the Stokes power and ¢ is the average
fiber attenuation in the signal band and 10(v)=0c,5(v).
The dimensionless function S(v) is the normalized
lineshape function so that its peak value is unity, and

Gy =gpFi 0/(Aeffa), where gr is the peak Raman Stokes
gain coefficient, Py is the input pump power, and Ay
is the effective area of the pump wave.

The pumping power saturation is not negligible in
distributed FRA with multiple wavelengths pumping.
The pumps depletion caused by the interaction between
the pumps and the amplified signals is described by a
well-known set of coupled equations [2-5,8]. Equations
for the multiwavelength pumping scheme, which preserves
the photon number and include the fiber loss @ (v, T) and
Rayleigh backscattering 7:(v), can be expressed as [5]

S ol 1 1 S
+ gﬂ( ’U) _
+2Z(P +P; )wA'um [nB(v 1))+1]
_ pt V ’U, gﬂ(vi’v) + —
i ZV v; A 4lv,; (P’ +h )AU
Vv, )
+2Z P*+P )wAvv 7 j:f(v"’vv) nB(v,—vj) ’ (1)

where the subscript ¢ represents the ith wavelength
with frequency v and V,, P; are the group velocity and
optical powers, respectively. A.{(v) is fiber effective
area and gp(v,v;) is the Raman gain coefficient at
signal frequency (v;) and pumping frequency (v;). In eq.
(1), the multiple channels with the optical bandwidth
of Av are included in the codirection (superscript “+)
and counterdirection (“-"). np(v)=[exp(hv/kT)-1]"
the phonons’ Bose-Einstein distribution, where h is
Planck’s constant, k is the Boltzmann constant, T is
the temperature. ng+1 describes the Stokes component
of the amplified spontaneous emission (ASE) generation,
and np describes the anti-Stokes ASE generation, which
are the results of photon number conservation. In
general, the frequency dependence of the Raman gain
coefficient gr(v)~ S(v) at each pumping wavelength is
determined by the lineshape function of S(v) in accor-
dance with the stimulated Raman scattering process.
The Raman gain coefficient is a fundamental parameter
for the Raman amplification.

When the frequency dependence of the Raman gain
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gr(v) is modeled as a frequency independent constant
or simple single peak, for example as a triangle, the
numerical methods may give unsatisfactory results
because the solutions of the coupled equations (1) are
very sensitive to absolute values of equation coefficients.
If the determination of gr(v;,v;) in eq. (1) is inaccurate,
the numerical methods can not be capable of fully
handling the FRA optimization problem. It is necessary
to take into account the material parameters of fibers
in the FRA.

SRS process has the frequency shifted Stokes within
the line of spontaneous scattering by vibration modes
of fiber material. According to the semi-classical
derivation [6], SRS can be described in terms of classical
optical fields and the molecular system can be treated
as a forced harmonic oscillator. This model reveals the
connection between the differential polarizability ( 9/
d¢n) of a molecular lattice and complex value of its
nonlinear susceptibility X(B), which is traditionally used
in nonlinear optics and can be written as

) = N 1 Z% Ooy
o1V el -0’ +201 $40g,\8q, ),  (2)

where w, is the undamped resonance phonon frequency,
w is the angular frequency of a phonon, [ is the
phonon damping constant, q. is the coordinate that
describes the local displacement that results from the
time-dependent electric field, m is the mass associated
with the vibration, N is the number of oscillators in the
interaction volume V, g¢ is the vacuum permittivity.
Since an optical fiber is made of a silica glass, which
is an amorphous material, the fourth-rank tensor X(s)
is isotropic. Thus, ¥ has only 21 nonzero elements and

their indexes are identical to xfi‘,f or occur in pairs szf,
XS,), and XSZJ) Therefore, the Raman gain coefficient in

the Stokes frequency w.=w, - w, can be written as [6]

30, Imfy®+y8)]
gc’n,n,  24% . (3)

i
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Assuming that the third-order susceptibilities are
frequency-independent, it is noticeable that the gain
coefficient gp linearly depends on the frequency of the
Stokes-shifted wave, and its frequency dependence can
be described by the imaginary part of nonlinear suscep-

tibility X(s) like the resonant denominator of phonon
harmonic oscillator.

III. ACTUAL BAND MODEL

The frequency distribution of Raman cross section is
described by two types of lineshape S(v) functions in
spectroscopy. The Lorentzian lineshape Si(v) can be
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written as {7,9]

N
5.(2) (v—v, F +(w/2y , (4)

where 1 is the center frequency and w is the full width
at half maximum (FWHM). This function is widely
used for many spectroscopic models, particularly Raman
scattering. From eq. (2) and (3), the frequency depen-
dence of Raman gain S(v) can be written as

1 W
Slv)=-1I =
*) m{vé—vum} @-vf oy, )

where the v’ s are wave numbers (w, w./27¢, v=w/2 ¢,
and y=I/nc) and 7 is approximately the FWHM
of S(v). The normalized function of Sg(v) is the line-
shape function, which is dimensionless, and can be
written as

SR(”): YUOS(U)
Splvy)=1

Since the Stokes shifted line profile of Raman gain
in SRS process repeats the line form of phonon vibra-
tions in fiber material, the lineshape functions of Si(v)
and Sg(v) can be useful for modeling of Raman ampli-
fication. The Lorentzian lineshape of Si(v) is very
closed to the normalized curve Sg(v) for the phonon
harmonic oscillator, especially, when w>>w, 7, as
shown in Fig. 1. A small shift at line center frequency
of Sgr(v) in comparison with Sz(v) deals with influence
of the pumping shift on the phonon harmonic oscillator.
The amount of the shift increases with 7 because the
maximum value of the Lorentzian function is equal to
unity (Sr(w)=1) and independent of 7 at w. The large
difference is visible in the low frequency as shown in Fig.

1
o] .
P —— Oscillatory shape
'z 0-8 .__. Lorentzian shape
8
=
g 0.6
D
@
o 0.4
j =
(&)
8 0.2
g o.
<
o
0

0 100 200 300 400 500 600 700
Wave Number [cm™]
FIG. 1. Lineshape functions: Lorentzian Si(v) (dotted

line) and oscillatory shape Sg(v) (solid line) under w=435
em’, w/2= 7y =130 cm™.

2. In contrast with the oscillatory function (Sp(0)=0),
the Lorentzian function is not zero at v=0. The small
difference between two curves of Si(v) and Sg(v) takes
place in the long wavelength region. The integral
intensity of both line shapes, however, remains almost
the same at w> >w,y . We use the oscillatory func-
tion of Sgp(v) in our modeling in accordance with the
conventional Raman gain theory. Fig. 3 (a) and (b)
show the measured results of Stokes Raman line with
20 mol. % GeO [10] and the theoretical results based
on the proposed lineshape function of Sz(v) (dotted line
in Fig. 3 (b)), respectively. When the undamped
resonant phonon frequency (w) and photon damping
constant (7) are 435 cm and 130 cm’’, respectively,
the phonon harmonic oscillator function of Sp(v) be-
comes the best fitting curve to experimental data of the
Raman gain in highly Ge-doped fibers as seen in Fig.
3 (b).

To estimate the fitting accuracy we used the square-
law deviation ¢°=[Sp(v)-Sep(v)]’/Fern(w) for the varia-
tion of the oscillator lineshape function of Sr(v) obtained
from the experimental result of the gain profile Sm(zv),
which shown in Fig. 3 (b). It should be noted that ¢°<
1% for all wave numbers, which ranged from 100 cm”
up to 600 cm’’, and its average value was ¢2=0.2%.
In addition, good conformity between theoretical and
experimental results could be obtained and the di-
fference of the integrated intensity in the gain profile
was less than on 0.8% in the specified amplification
band.

We applied the proposed modeling method to the
analysis of the amplification process in the FRA. For
each doping material with the one dominant vibration
mode, it is necessary to get two parameters like the
central vibration frequency and its dumping constant
in the lineshape function of Si(v). In many cases, it is
expedient to use one actual band for the effective
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FIG. 2. Lineshape functions Si(v) (dotted line) and
Sp(v) (solid line) are shown in logarithmic scale. Para-
meters are the same as in Fig. 1.
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FIG. 3. (a) Experimental measurements of zero Kelvin
Raman cross-section relative to silica in germanosilicate
glass [9] (solid lines) and (b} approximation of the Stokes
Raman line in 20 mol. % GeO; by Sr(v) function (dotted

line).

account and to display several spectral bands to
analyze the complex spectra with many overlapped
lines. The real multiple spectra can be represented by
one spectral component, which gives the maximal
spectrum profile and the approximation of the inte-
grated intensity. The resulting component with proper
lineshape Sg(v) is called the actual band for a real
spectrum. The concept of the actual band has been
frequently used in spectroscopy. It is also useful for the
analysis and synthesis of the Raman spectra with the
multiwavelength pumping scheme. The actual band
approximation of the Raman gain provides a good
fitting curve in Ge-doped fibers as seen Fig. 3, but the
conformity is not good for the case of pure silica fibers.

Based on the actual band model in the Raman gain,
we obtain the amplified stimulated emission (ASE)
spectra to compare with the experimental results of the
effective noise figure with respect to wavelength [11].
Fig. 4 shows the theoretical results of ASE spectra
(solid line) for 6 wavelengths pumped Raman amplifier
in both C- and L-bands. We compared our simulation
results with experimental data for the effective noise
figure [11] (points with dashed lines in Fig. 4). Six
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FIG. 4. Simulated relative ASE spectra (solid line) and
measured effective noise figure for 6 wavelengths pumped
Raman amplifier in C + L band. 1 — 60 km; 2 — 100
km; 3 — 140 km (Exp. data from [11]).

wavelengths (1428, 1445, 1466, 1480, 1494 and 1508 nm
with pumping powers of 338, 215, 83, 30, 19, and 39
mW, respectively) were used in experiment [11]. These
wavelengths were chosen to uniformly distribute the
pumps in the optical frequency.

Modeling conditions are as followed. The ASE spectral
density at the FRA output should have the same form
as the Raman gain profile at the uniform distribution
of optical noise. We have modeled the gain profile band
based on the pumping wavelengths and pumping
powers data as given in Ref. [11]. The ASE results in
the frequency dependence of the noise figure over the
FRA bandwidth. The shape of the noise figure is
proportional to the ASE distribution at the FRA
output in experimental conditions of Ref. [11], when
the gain ripple is minimal. The slope of the ASE
distribution was ~7 dB in both C- and L-bands. This
value was good agreement with the noise figure slopes
(approximately 7 dB) in all fiber lengths of 60 km, 100
km, and 140 km as seen in Fig. 4. The noise figure in
the FRA is mainly formed at near to the pump sources
because the pumping power is maximal. General pum-
ping losses including the pump depletion during the
propagation through the fiber reduces the pumping
power and it becomes insufficient for the ASE genera-
tion. Therefore, the average slopes of the noise figure
become constant regardless of the various fiber lengths
and finally they are the same as the ASE distribution
in Fig. 4. Therefore, the actual band model allows us
to get the information about the nature of the for-
mation mechanism of the noise parameters in the
practical FRA as well as the bandwidth of the FRA.

To verify that the proposed spectroscopic model is
applicable for the analysis of the Raman gain spectra
with any complexity, it is necessary to use the multiple
vibrational mode model with the appropriate set of
approximating functions for each participating oscillation
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in the SRS process.

IV. THEORETICAL RESULTS

The spectroscopic modé¢l allows us to estimate the
gain bandwidth of FRA with the multiply pumping
sources. Based on the proposed model, it is easy to
obtain the gain bandwidth of FRA without solving the
coupled waves equations. We applied the proposed
spectroscopic model to analyze the FRA with four
pump sources (1426, 1436, 1456, and 1466 nm) with
the maximum pump power of 300 mW. In Fig. 5 (a),
the bandwidth of the FRA at 1 dB level was about 50
nm in the range from 1520 nm to 1570 nm and its gain
ripple was about 0.5 dB. After measuring the FRA for
980 SMF and ordinary SMF, which are the same length
of 340 m, we compared the theoretical and experimental
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FIG. 5. (a) The calculated gain bandwidth of the FRA
with 4 LDs pumping based on actual band model and (b)
theoretical (dashed Line) and experimental (solid lines)
results of the Raman gain in C-band for 980SMF fiber
(Ayr=32 pm’ length=340 m : A) and SMF fiber (Ae=80
¢’ length=340 m : B).

results as seen in Fig. 5 (b). The theoretical results
based on the proposed model have the good conformity
with experimental ones as seen in Fig. 5 (b). The gain
ripple of the FRA in the wavelength range from 1528
nm to 1562 nm was about 1 dB.

The gain bandwidth of the FRA can be extended to
the I-band if two pumping sources at 1486 nm and
1510 nm are added. Fig. 6 shows the experimental
schematic of the FRA with six pumping sources for the
extension of its gain bandwidth to L-band. It is
composed of 4 pumping LDs ( A1,=1426, 1436, 1456,
and 1466 nm) and two grating cavities (1486 and 1510
nm). The pumping power at long wavelength can be
enhanced by the interaction between short and long
wavelength pumping sources in a distributed Raman
amplifier. To improve the gain flattening of the FRA
with the multiwavelength pumping scheme, 10% of
pumping power at short wavelength should be used for
amplification and the rest will be utilized for the
generation of other pumping sources at long wavelength
based on fiber grating cavity. After analyzing the
Raman gain based on the proposed theoretical model,
the pumping power was adjusted to optimize the gain
flatness of the FRA. The ratio of the effective pumping
powers was 0.8 : 1.0 : 0.75: 0.7 : 1.1 : 1.5. Compared
with the experimental result in Fig. 5 based on 4 LDs
pumping scheme, we could obtain the extended band-
width of the FRA ranged from C-band to L-band with
the small gain ripple. Fig. 7 shows the theoretical
results of the FRA with the wide bandwidth over 80
nm and the low gain ripple less than 0.5 dB.

The threshold power of pumping source can be
achieved if the input pumps power for the pure ampli-
fication of the spontaneous Stokes emission becomes
higher than fiber loss, @, the lasing threshold pump
power, Pp(w), can be found when the pump wave
interacts with the spontaneous Stokes wave, which can
generate the stimulated power Py(w) [8]. The propa-
gating Stokes wave in the z-direction along the fiber
increases under the condition of Pp(w )= a. Aey/gr( w)
(dPy(w)/dz>0). Since the proposed spectroscopic model
can give the function of gr(w), we can get the thre-
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Pump combiner
Raman Fiber P °

1510 1486 1486 1510

L |
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FIG. 6. Experimental setup of 6 pumping sources for
the FRA with the extended bandwidth to L-band.
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FIG. 8. (a) Threshold pumping power for Raman lasing
with respect to the different pumping wavelength and (b)
the variation of the threshold pumping power at 1.426
mm according to different optical loss in Ge-doped fibers
for gme (Raman fiber GeOz) = 6.1 (W - km)" [12].

shold power of the pumping source to get a gain. Fig.
8 (a) shows the threshold power of each pump source
when the fiber loss was 0.2 dB/km and Fig. 8 (b) shows
the threshold power at 1426 nin with the variation of

TABLE 1. Threshold powers for Raman lasing on A;
corresponding to pumping sources on Aj.

. Threshold power in mW for
Pumping 25, Raman lasing at A, pm
m
# 1.486 1.510
1.426 42.6 9.7
1.436 69.6 20.3
1.456 144.0 62.7
1.466 190.9 93.9

the fiber loss. The detailed parameters of each pumping
source with grating cavities are shown in Table 1.

V. CONCLUSION

In summary, the spectroscopic model was investigated
for the design of the FRA with the multiwavelength
pumping sources based on the Raman gain theory. The
oscillatory lineshape functions of Sr(v) can simply
describe the wavelength dependence of Raman gain in
optical fibers and is very useful for the estimation of
the gain bandwidth, Raman lasing, noise performance,
and amplification processes in Raman amplifiers. The
concept of an actual band based on the lineshape
function of Sp(v) is useful for the design of the FRA
with the multiwavelength pumping scheme. Using the
proposed actual band model, we obtained the para-
meters of FBG and lasing thresholds that were good
agreement with experimental parameters for the FRA
in Ge-doped fibers. In addition, the proposed theoretical
model allows us to get the information about the
mechanism of the noise parameters formation in the
practical FRA. The proposed spectroscopic model can
be further extended for the analysis of the complex
SRS spectra with other doping materials.
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