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Distributed Erbium-Doped Fiber Amplifiers 
with Stimulated Raman Scattering 

Senfar Wen and Sien Chi 

Abstract-The effect of stimulated Raman scattering (SRS) on 
the distributed erbium-doped fiber amplifier with 1.48 pm pump 
wavelength and 1.55 pm signal wavelength is numerically stud- 
ied. The contributions of the gains from SRS and the pumped 
erbium ions doped in the fiber core are shown. It is found that 
SRS enhances both the gain and signal-to-noise ratio of the 
amplifier except the signal-to-noise ratio may be decreased by 
SRS for high initial signal power. 

HE erbium-doped fiber amplifier (EDFA) has been con- T sidered as an effective optical amplifier for the fiber 
communication system because it has high gain and low 
noise, and its gain band coincides the ultralow loss regime of 
the wavelength near 1.55 pm [ 11. The EDFA can be used as 
lumped amplifier or distributed amplifier. The distributed 
EDFA (DEDFA) has the advantage of lower amplified- 
spontaneous-emission noise (ASEN) power than the lumped 
EDFA (LEDFA) [2]. In the literature, the Raman effect [3] 
in the fiber was usually neglected in the theoretical studies of 
the EDFA. The neglection is valid for LEDFA but is invalid 
for the DEDFA with the length of several tens of kilometers 
and high pump power. In this letter, we will study the effects 
of SRS on the gain and signal-to-noise ratio of the DEDFA. 

For the pump wavelength A, = 1.48 pm and the signal 
wavelength As = 1.55 pm, the EDFA can be modelled as a 
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two-level system [4]. The spectra of the absorption cross-sec- 
tion (U,) and emission cross-section (U,) of the doped Er3+ 
vary with the compositions in glass [5]. The spectra used by 
[6] are shown in Fig. 1 where the Raman gain (g,) are also 
shown. From the figure, it is seen that the gain bandwidth is 
large and the spectrum of the ASEN is broadband. We 
consider ASEN as a number of optical beams of frequency 
bandwidth AVk centered at the wavelength = c / v k  to 
resolve the ASEN spectrum [4]. The equations to describe 
the spatial development of the signal power (P,), pump 
power (P,) and ASEN power (P , ,  k = 1, N) in the er- 
bium-doped fiber with SRS can be derived by assuming the 
steady-state condition for the rate equations and are given by 
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Fig. 1.  Spectra of the absorption cross-section U, and emission cross-sec- 
tion U, of Er3+ in the erbium-doped fiber and the spectrum of the Raman 
gain g, with the pump wavelength at 1.48 pm. 
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Fig. 2. Variation of the gain G of the DEDFA with respect to the Er3+ 
density nt  for the fiber length L = 100 h, the pump power Ppo = 50 
mW, and the initial signal power Pso = 1 ,  10, 100 pW. The gains of the 
DEDFA with and without SRS are shown by the solid and dashed lines, 
respectively. 

where 

P,’ + Pi + .f Pk’ +Pi]/ and nt for Ppo = 50 mW and Pso = 1, 10, 100 pW. The 
gain G is defined as G = 10 x log(Ps(L)/Ps(0)) by con- 
vention, which is the net gain of the amplifier having the 
intrinsic loss and the gains from the pumped erbium ions and 
SRS. It is seen that G decreases as Pso increases and there 
exists an optimum n, to obtain the maximum gain for each 

k = l  PLh 

,= pr (4) 1 P, P,’ + P i  
P; 

is the ratio of the population density of the upper state n2 and 
the Er3+ density n,. For the two-level system, n, = n, + n 2 ,  
where n, is the population density of the lower state. The 
superscript + (-  ) designates the optical beam propagating 
along + (-) z direction and U+= 1, U-= - 1 .  In (3), 
m = 2 represents the two polarization modes of the ASEN. 
The coefficients in (1)-(4) are a,, = u,,r,n,, alk = 
U , k r k n t ,  Pih = A , h V k / U , , r , T ,  PF = A,hv,/(U,,  + 
U,k)rkT ,  and Yrk = g,, / A  ok where k = S, p correspond to 
the signal and pump waves, respectively, and k = 1 ,  N 
correspond to the ASEN with center of wavelength A,; ai, 
is the intrinsic loss of the silica based host glass; hv, is the 
photon energy; T is the spontaneous lifetime of the upper 
level; A, is the effective area of the Er3+ in the fiber core; 
A,, is the effective area of the optical mode with wavelength 
A,; r k  is the overlap integral between the dopant and optical 
mode. We assume a step-like Er3+ density profile where 
Er 3 +  is uniformly doped over a radius of b in the fiber core 
and assume Gaussian approximation for the optical mode 
with power spot size ak. If the radius b is small enough that 
the doped Er3+ is uniformly pumped, then we have A, = 
?rb2, A, ,  = ?ra2,, and r, = 1 - exp(-b2/a2,). 

The coupled equations (1)-(3) are numerically solved with 
the absorption cross-section U,, and emission cross-section 
U,, and Raman gain g,, given in Fig. 1 and the following 
parameters: 7 = 10 ms, fiber length L = 100 km, b = 1 
pm, and (Yik = 0.26 dB/km, a, = 3.34 pm for all k for 
simplicity. The initial signal power Pso is launched into the 
fiber at z = 0 and the initial pump powers Ppo are launched 
into the fiber at z = 0 and L bidirectionally. We use 130 
points to sample the ASEN spectrum, which corresponds to 
spacing of the AA = 1 nm. 

Fig. 2 shows the relations of the gains G of the DEFFA 

case. In the figures of this paper, the corresponding data of 
the DEDFA without SRS ( g ,  = 0) are also shown by the 
dashed lines for comparison. It is found that the gain of the 
DEDFA with SRS is always larger than the gain without SRS 
for the same Pso. For Pso = 1 pW, the optimum n, for the 
DEDFA without SRS is 90.3 x lo2’ m-3 and the maximum 
gain is 27.8 dB; while the optimum n, of the DEDFA with 
SRS is decreased to 86.9 x lo2’ m-3 and the maximum gain 
is increased to 30.8 dB. There is 3 dB improvement of the 
optimum gain for the DEDFA with SRS to compare with the 
optimum gain of the DEDFA without SRS in this case. The 
gain enhancement due to SRS can be reasoned by studing the 
variations of the gain coefficients in (1). The gain coefficient 
from the pumped Er3+ is aes = (ags + als)n2 /n, - cyls 

and the gain coefficient from SRS is ars = yrs( P,’ + P i ) ,  
and the total gain coefficient is ats = aes + ars. For the 
DEDFA without SRS, ars = 0. The gains from the two 
effects are the integrations of the gain coefficients over the 
fiber length. Fig. 3 shows the variations of the gain coeffi- 
cients along the fiber with Pso = 1 pW and n, = 90 x lo2’ 
m-3. The gain coefficient aes of the DEDFA without SRS is 
shown by the dashed line and the intrinsic loss coefficient ais 
is also shown for reference. It is seen that the gain coefficient 
from SRS is significant at the beginning but decays quickly 
due to not enough pump power. The gain coefficient from the 
pumped Er3+ is lower than the case without SRS due to part 
of the pump power is depleted by SRS. The total gain 
coefficient of the DEDFA with SRS is larger than the gain 
coefficient of the DEDFA without SRS except in the middle 
of the transmission length. Although the gain from the pumped 
Er3+ is reduced due to part of the pump powers is depleted 
by SRS, the gain from SRS is larger than the reduction of the 
gain from the pumped Er3+. In this case, there is 2.95 dB 
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Fig. 3. Variations of the gain coefficients arS. a,,, and aIs of the 
DEDFA alon the fiber with the fiber length L = 100 km, Er3+ density 
nr = 90 X 10%' I I - ~ ,  the pump power P,, = 50 mW and initial signal 
power P,, = 1 pW. The gain coefficients of the DEDFA with and without 
SRS are shown by the solid and dashed lines, respectively. The intrinsic loss 
coefficient ais is shown for reference. 

gain enhancement. It is found that when the effect of SRS 
increases, e.g., increasing the pump power or reducing the 
effective optical mode area A ok in (4), the gain enhancement 
is improved. 

Fig. 4 shows the relations of G and P,, for n, = 90 x 
lo2' m-3 and Pso = 1, 10, and 100 pW. The gain decreases 
as P,, increases. It is seen that the gain of the DEDFA with 
SRS is larger than the gain of the DEDFA without SRS for 
the same P,, and the gain enhancement increases as the 
pump power. It is noticed that the gains are saturated for the 
pump power larger than about 50 mW for the both cases, but 
the slope of the gain of the DEDFA with SRS is larger than 
the DEDFA without SRS. This indicates that the gain en- 
hancement due to SRS is more significant for higher pump 
power. Although the gain is enhanced by SRS, the power of 
the ASEN is also enhanced. Using the bandpass optical filter 
with center of wavelength at A = A, and bandwidth AAf = 
0.2 nm at the end of the fiber, we define the signal-to-noise 
ratio (SNR) as the ratio of the output signal power and the 
output ASEN power and SNR = 10 x log (AXP,(L)/ 
AAfP:(L)) where P;(L) is the power of the forward 
ASEN with bandwidth AA centered at A,. Fig. 5 shows the 
SNR in Fig. 4. It is seen that SNR is enhanced for the 
DEDFA with SRS to compare with the DEDFA without SRS 
for P,, = 1 and 10 pW. For the case with P,, = 1 pW and 
Ppo = 50 mW, SNR is enhanced 0.57 dB. From the figure, 
SNR increases as the pump power and is saturated for the 
pump power larger than about 40 mW. When the pump 
power is high, the signal is amplified in about the same rate 
as the ASEN and the improvement of the SNR is little. As 
P,, increases, SNR increases but the enhancement of SNR by 
SRS decreases. In Fig. 5, for the case with P,, = 100 pW, 
SNR is not only enhanced less than the other two cases, but 
decreased by SRS for 46 mW < P,, < 85 mW. However, 
the decrement of SNR is small and is not more than 0.1 dB. 
The gain of a distributed amplifier is usually designed to be 
zero where the fiber loss is just compensated. From Fig. 4, 
the required pump powers for the zero gain of the DEDFA 
for different P,, are around 25 mW and the corresponding 

50 
P,o=,l 

- 
m 2 20 

0 

-1 0 

i\ 
\ 

20 50 I00 150 

PUMP POWER (mW) 
Fig. 4. Variation of the gain G of the DEDFA with respect to the pump 
power Ppo for the Er3+ density n r  = 90 x 10'' m-3,  the fiber length 
L = 100 km, and the initial signal power Pso = 1,  10, 100 pW. The gains 
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lines, respectively. 
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Fig. 5.  Variation of the signal-to-noise ratio SNR of the DEDFA with 
respect to the pump power Ppo for the Er3+ density n, = 90 x 10'' 
the fiber length L = 100 km, and the initial signal power Pso = 1, 10, 100 
pW. the SNR's of the DEDFA with and without SRS are shown by the solid 
and dashed lines, respectively. 

gain enhancements due to SRS are about 2 dB. However, to 
obtain high SNR for low initial signal power, higher pump 
power is required as indicated in Fig. 5. 

In conclusion, we have considered the distributed erbium- 
doped fiber amplifier with stimulated Raman scattering. The 
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pump Wavelength is 1.48 pm and the Signal Wavelength is 
1.55 pm for the amplifier. The contributions of the gains 
from SRS and the pumped Er3+ in the fiber ‘Ore are shown* 
We have found that both the gain and SNR of the amplifier is 
enhanced by SRS except SNR may be decreased by SRS for 
high initial signal power. 
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Bending Loss Effect on Signal Gain in an 
Er 3+-Doped Fiber Amplifier 

Masaharu Ohashi and Kazuyuki Shiraki 

Abstract-This letter gives a theoretical description of the 
bending loss effect on signal gain in an optical fiber amplifier 
when Er3+-doped fiber is wound on a bobbin. The dependence 
of signal gain on bending radius for an Er3+-doped fiber ampli- 
fier pumped by a 1.48 pm laser diode is determined using the 
rate equation for a three-level laser system, taking the bending 
property into account. The fiber parameters necessary to achieve 
maximum signal gain are shown to be dependent on the bending 
loss. 

I. INTRODUCTION 

3+ doped fiber is an attractive medium for optical 
signal amplification in the 1.5 p n  wavelength region [l], 

[2]. A lot of effort has been concentrated on demonstrating 
optical transmission systems using Er +-doped fiber ampli- 
fiers [3]-[5]. As the Er3+-doped fiber amplifier has many 
advantages, such as high-gain, wide bandwidth, low-noise, 
and polarization independence, it is widely used as if it were 
a required optical component. Therefore, it is necessary to 
design and fabricate an Er3+-doped fiber amplifier module 
for practical use. The design and fabrication of such a 
module has been reported [6].  There have been few reports, 
however, on how the bending loss influences signal gain in 
Er +-doped fiber amplifiers [7]. 

This letter investigates theoretically the relationship be- 
tween the fiber parameters of an Er3+-doped fiber with a 
step-index profile and the signal gain for an Er3+-doped fiber 
amplifier pumped by a 1.48 pm laser diode, using the rate 
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equation for a three-level laser system when the Er3+-doped 
fiber is wound on a bobbin. The bending loss effect on the 
signal gain is shown in relation to the fiber parameters. 

11. BASIC BACKGROUND 
The three-level laser system approximation is justified for 

Er3+: glass fibers as shown by Desurvire et al. [8], [9]. 
Fiber amplifiers are analyzed in [8]-[lo]. 

Let P,’ ( z, v) and Ps- ( z ,  v) be the forward and backward 
optical powers at frequency v in a frequency interval A V ,  
and at longitudinal fiber coordinate z .  They correspond to the 
signal powers that propagate in opposite directions in the 
fiber. When Er3+-doped fiber is wound on a bobbin with a 
radius of R, the steady-state variation of Psi ( z ,  v) along the 
fiber follows the equation [9], [lo]: 

- [ r a ( z ,  .) + C Y b ( v ) ] P s ’ ( z ,  ’)> ( l )  

where y,(z, v) and ya(z,  v) are the spectral emission and 
absorption coefficients, respectively. CY b denotes the bending 
loss coefficient with a bending radius of R.  Po is the power 
of two photons per unit frequency in bandwidth A V ,  and 
corresponds to the spontaneous emission in the two polariza- 
tion modes of the fiber [9] as follows: 

Po = 2hvSAv .  (2) 

The length dependence of the pump power is expressed as 
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