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Abstract: We reported theoretical modeling of the gain of Raman-assisted fiber optical parametric 
amplifiers.  The model can be used to design and optimize the amplifier gain.   
©2008 Optical Society of America 
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1. Introduction 

Fiber optical parametric amplifiers (FOPAs) can achieve up to 70 dB of gain [1]. Although the FOPAs assisted by 
Raman amplification can provide the flexibility in selecting parametric pump wavelengths and  the full utilization 
of the C+L band, the maximum internal gain of the Raman-assisted FOPA (RA-FOPAs) are still less than 35 dB 
[3].  Higher gain should be possible in the RA-FOPA because besides direct amplification of the signal and the 
idler, most energy from the Raman pump will flow into the parametric pump and further amplify the signal and the 
idler.  Despite the promise, gain saturation prevents enhancement of the combined gain in previous works [2,3].  

In this paper, we proposed a theoretical model to study the gain of the RA-FOPA. The model can be used to 
determine the relationship between the overall gain and combinations of different Raman and parametric pumps and 
thus guide us to avoid the saturation effect in the RA-FOPA. By using this model, high overall gain and high 
enhancement of the combined gain can be achieved by optimizing the power of the pump pairs and keeping them 
out of the saturation region. 

2. Numerical Model  

We assumed that the Raman pump, the FWM pump, the signal and the idler are collinearly polarized 
monochromatic waves in the RA-FOPAs [3].  Chromatic dispersion can therefore be neglected. In RA-FOPAs, the 
maximum gain can be achieved when the phase-matching condition is satisfied. As we are only concerned with the 
peak parametric gain, we assume that the phase-matching condition is always satisfied at the peak wavelengths in 
the FWM process. Thus, for a pair of Raman and parametric pumps, we can directly determine the peak combined  
gain value.  Otherwise, we have to search the whole gain band for the peak gain value. We also assumed that the 
Raman gain is uniform for all the wavelengths in the FWM process and neglected the Raman amplification and 
absorption among the FWM pump, signal, idler. Pump depletion caused by stimulated Brillouin scattering (SBS) 
and Rayleigh scattering are ignored. The evolution of the Raman pump, FWM pump, signal, and idler are given by 
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where, ai
2(z) = |Ai|2, i = 0, 1, 2 are the intensities of the FWM pump, signal and idler, respectively. The parameters 

Pp is the total power of the counter-propagated Raman pump,  γ is nonlinear coefficient, gR/Aeff is the Raman gain 
coefficient, and Aeff is the effective core area. The parameters αs and Gi(z) = (gRPp/Aeff – αs)/2,  i = 0, 1, 2 are the 
fiber attenuation and effective gains of the FWM pump, signal and idler, respectively.  

3. Simulation Results and Discussions 

Figure 1 shows the measured peak internal gain values of the RA-FOPAs with different parametric pump powers 
and Raman pump powers, and the corresponding simulation results.  In the simulations, we used the same 
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parameters as that in the experiment. We used a 1-km long 
dispersion-flatten highly nonlinear fiber (HNLF) has a 
chromatic dispersion of 0.12 ps/nm2·km at 1555 nm, a 
dispersion slope of 0.01 ps/nm2·km, a nonlinear coefficient of 
13.6 W−1·km−1, an attenuation of 0.91 dB/km at 1550 nm, a 
Raman gain coefficient of 4.8 W−1·km−1. We also fixed the 
input signal power at −14 dBm. 

Figure 1 shows that for a given fiber, different choices of 
Raman and parametric pump powers can give the same overall 
gain. The overall gain can be increased by increasing either 
the Raman pump power or parametric pump power. The 
simulations results match the measurement results very well in 
the small gain region (< 21 dB).  When higher pump powers 
are launched, the simulation results overestimate the RA-
FOPA gain because higher order parametric idlers were not 
included in our model.  The parametric pump power was also 
reduced owing to depletion caused by the backward SBS [4]. 
In Fig. 1, the gray circles and solid lines respectively show the 
experimental and simulation results when the overall gain of 
the RA-FOPAs approximately equals to the gain with the Raman amplifier 
only.  For parametric pump below this limit, there is no significant change 
in the overall gain of the RA-FOPA.  

In Fig. 2(a), we extended the region of contour gain map using the 
normalized form of Eqs. (1)-(4). We fixed the input signal power at –40 
dBm.  Our model predict that 70 dB overall gain can be achieved in RA-
FOPAs using higher nonlinearity. We notice that different combinations of 
Raman and parametric pumps can be used to achieve a 70 dB gain.  Figure 
2(b) shows the contour map of the difference between the combined gain of 
the RA-FOPA and the sum of the gains of the individual Raman and 
parametric amplifiers. When the overall gain increases, the combined gain 
difference will first increase, then decrease and eventually become negative 
due to the gain saturation.  The maximum combined gain enhancement can 
be obtained at the left part of the contour map.  The results proved that 
besides direct amplification of the signal and idler, most energy from the 
Raman pump will flow into the parametric pump which in turn will amplify 
the signal and the idler. From Figs. 2(a) and (b), high overall gain and high 
combined gain enhancement can be achieved by optimizing the power of 
the pump pairs and keeping them out of the saturation region and 
parametric gain limit. 

4. Conclusion  

In conclusion, we proposed a simple theoretical model to characterize the 
overall gain of an RA-FOPA. The simulation results show good agreement 
with measured data, especially in the small signal regime. By keeping the 
parametric pump out of the saturation region and the parametric gain limit, 
we demonstrated that the theoretical model can be used to design and 
optimize RA-FOPAs for large gain and large gain enhancement of the 
combined gain. 
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Fig. 1. The measured (symbols) and simulated (dashed 
curves) contour maps of the RA-FOPA gains.  Gray solid 
circles and solid lines represent the measured and simulated 
results when the gain of the RA-FOPA equals to the gain 
with the Raman amplifier, respectively. 

Fig. 2. Simulated contour maps of (a) the RA-
FOPA gains and (b) the difference between 
the gain of the RA-FOPA and the sum of the 
gains of the individual Raman and parametric 
amplifiers with a signal input of –40 dBm. 
The contour curves are labeled with decibel 
unit. 
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