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Paper Summary 
We proposed a normalized model to describe the general 
dynamics of polarization attraction in backward-pumped 
FRAs using different fibers. The results indicate 
polarization attraction is mainly determined by Raman 
gain instead of nonlinear polarization rotation. 

Introduction 
Fiber Raman amplifies (FRAs) is a promising 
technology for today’s long-haul optical transmission 
network because their broad gain bandwidth and low 
effective noise figure in distributed setups [1].  
Polarization attraction effect in the FRAs was reported 
recently which uses nonlinear polarization pulling 
(NLPP) effect to control the state of polarization (SOP) 
of the Stokes signal of the FRAs [2]–[4].   In the 
backward pumped FRAs, the signal wave gets more 
energy from the Raman pump at the output end. Since 
the parallel component of the signal experiences a higher 
gain than the orthogonal component, the output SOP of 
the signal can be determined by the Raman pump input 
SOP in the backward pumped schemes [3].  Thus, in the 
backward pumped FRAs, the output SOP of the signal is 
more predictable than that in the forward pumped 
schemes [4].  

To describe the polarization attraction effect in the 
backward pumped FRAs using a randomly varying 
birefringent fiber, several models have been proposed 
[3]-[4]. In FRAs, in addition to fiber birefringence, the 
polarization attraction is determined by two nonlinear 
effects: the Raman gain which attracts the SOP of the 
signal towards the SOP of the pump; and the nonlinear 
polarization rotation (NPR) which disturbs this attraction 
process.  These two nonlinear effects are determined by 
the Raman gain coefficients and the nonlinear 
coefficients of fibers used for FRAs, respectively.  
Different types of optical fibers can be used for FRAs. In 
these fibers, the ratios between nonlinear coefficients 
and Raman coefficients, which are typically between 
2.06 and 3.45 [4]-[5], can affect the polarization 
attraction effect in FRAs. Existing works however were 
focused on FRAs using commercial single mode fibers 
(SMFs) [3]-[4].  The dynamics of polarization attraction 
in backward-pumped FRAs using different types of 
optical fibers has not been investigated yet. 
 In this paper, we proposed a normalized model to 
describe the general behavior of polarization attraction 
effect in backward-pumped fiber Raman amplifiers using 

different types of optical fibers. The effects of different 
values of  � on the polarization attraction in the FRAs 
will also be investigated. 
 
Normalized Model 
In Stokes space, the evolution of the polarized signal  S  
� �1 2 3, , TS S S�  and the backward propagating Raman 

pump � �1 2 3, , TP P P P�  can be described by the 
following coupled equations [4]  
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where 
0P P� and

0S S� , 3 3 3̂P Pe�  and 3 3 3̂S S e� ; �s 

and  �p are the fiber losses at the signal frequency and 
the pump frequency, respectively.   �s = 2πc/λs and �p = 
�s + Ω are the angular frequencies of the signal and the 
Raman pump, respectively, where the signal wavelength 
λs = 1.55 μm and the Raman shift Ω = 2π ×13.2 THz.   
The parameter g is the parallel Raman gain coefficient 
and μ is the ratio between the orthogonal and the parallel 
Raman gain coefficient. The NPR terms are governed by 
the vectors � � 3 32 3 2 2 ,p p p pW P S S� � �	 �� 
 � �  and 

� � 3 32 3 2 2s s s sW S P P� � �	 �� 
 � � ,  where γs and γp are the 

nonlinear coefficients at the signal frequency and the 
pump frequency, respectively.  The vector b� describes 
the randomly varying linear birefringence of the fiber at 
frequency �, and the matrix diag(1, 1, 1)M �   
represents the backward propagation of the Raman pump. 
Here, we assume the birefringence axes at the signal 
wavelength and the pump wavelength are correlated. 

From Eqs. (1) and (2),  if we use σR, the product of 
the Raman coefficient and the input Raman pump and 
the fiber length, to describe the Raman amplification in 
different fibers,  we can derive a normalized model from 
(1)-(2) to describe the general behavior of polarization 
attraction in backward-pumped FRAs,  which can be 
written as, 
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Fig. 1. Mean signal output DOP (upper) and average gain 
(lower) as a function of D’, from the bottom to the upper, 
correspond to the parameters of σR equal to 1.5, 3.0, and 6.0, 
respectively.  Squares, circles, triangles, and diamonds 
represent the normalized simulation results of FRAs using 
SMF, Raman fiber, HNLF, and NZ-DSF, respectively. The 
SOP of the normalized pump input is fixed at (1, 0, 0)T and the 
normalized power of input signal is fixed at 0.001. 
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where σR = gωpP0(L)L,  θp = �pL,  θp = �pL,  � = z/L, and  
bL� � .  0( ) ( ) ( )R P z P L� �  and 0( ) ( ) ( )T S z P L� �  are 

the normalized Stokes vectors of the signal and the pump,  
respectively.   The NPR terms become p p RV W L ��  

� � 3 32 3 2 2p p pR T T� � �	 �� 
 � �  and � �2 3s s RV W L �� �  

3 32 2s s sT R R� � �	 �
 � �	 2T 2� s 3		 s 3T 2� 3s 3T3 22 , where � m ≈ � m /g, m = p, s, is 

the ratio between the nonlinear coefficient and the 
Raman gain coefficient. 

As we known, the PMD coefficient D is given by [4] 

� � � �2 2 1CL L
C C s BD L e L L L L� �� 
   (5) 

where LC,  LB, and L are the correlation length, the beat 
length and the fiber length, respectively.  In the  

Fiber Type SMF Raman 
Fiber HNLF NZ-

DSF 
g (/W·km) 0.6 2.5 4.8 0.58 
γs (/W·km) 1.24 5.4 13.6 2 
γp (/W·km) 1.06 - - - 
αs@1.55μm  
  (dB/km) 0.2 0.33 0.9 0.22 

αp@1.45μm   
  (dB/km) 0.273 ~0.37 1.0 - 

ε = γs/g 2.06 2.16 2.8 3.45 
Table 1: the physical parameters of SMF, Raman fiber, HNLF, 
and NZ-DSF, respectively. 
 
normalized model, we define a coefficient of D’ which 
can be written as 

� � � �12 2 1C
C C s BD D L e q��� � � �� � � 
   (6) 

where ζC = LC/L and ζB = LB/L are the normalized 
correlation length and the normalized beat length, 
respectively. We note that unit of D’ is in picosecond, 
which indicates that the coefficient D’ is not related to 
the real length scales of different fibers in the our 
proposed model.   Table 1 shows the physical parameters 
of SMF, Raman fibers, highly nonlinear fibers (HNLF), 
and non-zero wavelength dispersion shifted fiber (NZ-
DSF).  The ratios between nonlinear coefficients and 
Raman coefficients in these fibers are also shown, which 
varies form 2.06 and 3.45 [4]-[5]. 
 
Results and Discussion 
In the simulation, the randomly varying linear fiber 
birefringence is described by the random modulus model 
[6].  The two boundary value problems of (3)-(4) have 
been solved by using the shooting method.  1) The initial 
SOP and the intensity of the output signal are selected 
randomly to start the simulation. 2) If the shooting result 
is close to the target which is the boundary condition 

(0)T , we narrow down the search region by starting 
several new guesses which are obtained by adding small 
perturbations to the SOP and the intensity of the 
successful initial guesses. 3) By using the globally 
convergent Newton method, we can obtain a useful 
result when one of the new guesses is on target.  In the 
numerical integration, fourth order Runge-Kutta method 
was used with a minimum hundred thousand steps. 

For a single fiber, the DOP of the output signal is 
defined as 3 2

0SOP1 SOP
(1) (1)ii

DOP T T
�

� �  , where 

SOP
� is the average taken over 100 signals whose input 

SOP are randomized and uniformly distributed on the 
Poincaré sphere. Finally, the mean DOP is estimated as 

fiber
DOP , where 

fiber
� is the average taken over a 

statistical ensemble of 32 fiber realizations. 
In the model of (3)-(4), the number of independent 

parameters in the phase-matched model is reduced to 
four, which are σR, ε, T0(0), and θ.  Table 2 shows the 
normalized parameters of the four different fibers. Here 
we assumed that �s ≈ �p and adjusted the length of fiber 
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Fig. 2. Mean DOP (upper) and average gain (lower) of the 
output signal as a function of D’, from the bottom to the upper, 
correspond to the parameters of σR equal to 3.0 and 6.0, 
respectively.  Squares, circles represent the normalized 
simulation results of complete model of (3)-(4) and undepleted 
model of FRAs using SMF. The other parameters are the same 
as those in Fig. 1. 
 
to make the unified fiber loss θ equals to 0.5 in all four 
fibers.  The normalized model can be further simplified 
by assuming γs ≈ γp. Thus � = �s ≈ �p. 

Fig. 1 shows the mean DOPs and averaged gains of 
the output signal of FRAs using SMF, Raman fiber, 
HNLF, and NZ-DSF, respectively, as a function of D’ 
(ζC is fixed at 0.005).  Table 3 shows the input powers of 
the Raman pumps for FRAs using the above four kinds 
of fibers that make σR equal to 1.5, 3.0 and 6.0. The SOP 
of the normalized input pump is fixed at (1, 0, 0)T and 
the normalized power of the input signal is fixed at 0.001.   

In Fig. 1, we see that the general behaviors of 
polarization attraction effect are similar in FRAs using 
SMF, Raman fiber, HNLF, and NZ-DSF. We notice that 
once the Raman gain factor σR is fixed, changing 
parameter � does not significantly affect the polarization 
attraction in the FRAs. The results indicate that in the 
backward-pumped FRAs the polarization attraction is 
mainly determined by the Raman gain instead of the 
nonlinear polarization rotation.   

In the model of (3)-(4), if we neglect the gain 
depletion term of the Raman pump, which is the second 
term on the right hand side of equal of Eq. (3) [4].  
Figure 2 shows the mean DOP and average gain of the 
output signal as a function of D’ when the parameters of 
σR equal to 3.0 and 6.0.    Both the results of completed 
model and undeplete model for FRAs using SMFs are 
shown in Fig. 2. The other parameters are the same as 
those in Fig. 1. 

As shown in Fig. 2, when σR = 6.0, the average power 
of the output signal is comparable with the power of the 
input Raman pump (~3%) and Raman gain depletion is 
observed.   As shown in Fig. 2, when D’ < 10−2, the 
undeplete model overestimates the Raman gain by ~2 
dB , which leads to ~2% difference in the output DOP of 
the signal between the two models. When D’ is moderate 

Fiber Type SMF Raman 
Fiber HNLF NZ-

DSF 
L (km) 2.5 1.515 0.556 2.273 
θ = αsL (dB) 0.5 0.5 0.5 0.5 

Table 2: the length of SMF, Raman fiber, HNLF, and NZ-DSF 
are adjusted to make the unified fiber loss θ equals to 0.5. Here 
we assumed that �s ≈ �p. 
 

Fiber Type SMF Raman 
Fiber HNLF NZ-

DSF 
σR = 1.5 1.0 0.396 0.562 1.14 
σR = 3.0 2.0 0.792 1.124 2.28 
σR = 6.0 4.0 1.584 2.248 4.56 

Table 3: We chose the input pump powers for FRAs using 
SMF, Raman fiber, HNLF, and NZ-DSF to make σR equal to 
1.5, 3.0 and 6.0. The fiber lengths are shown in Table 2. 
 
(10−2 < D’ < 1), the mean DOP of the output signal drops 
slightly, which can also be seen in Fig. 1.  This is 
because the relatively large signal wave depletes the 
Raman pump and causes extra NPR to the Raman pump, 
both of which disturb the process of polarization 
attraction in the backward pumped FRAs.  When the 
PMD effect is large (D’ > 1), the difference between the 
two models is reduced because the differences between 
the Raman gain from the two models decreases. In this 
case, the linear fiber birefringence varies too fast to 
break the polarization alignment between the signal and 
the Raman pump, thus the mean DOP of the output 
signal approaches to that of the trial input signal.   

In Fig. 2, we also note that when σR = 3.0, both of the 
DOP (upper) and average gain of the output signal are 
similar for both of the complete model and the undeplete 
model.  Therefore the undeplete gain approximation can 
be used for small signal FRAs. 

 
Conclusions 
In conclusion, we proposed a normalized model to 
describe the dynamics of polarization attraction effect in 
backward-pumped fiber Raman amplifiers using 
different optical fibers.  The results indicate that in the 
backward-pumped FRAs the polarization attraction is 
mainly determined by the Raman gain instead of the 
nonlinear polarization rotation.     
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