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Abstract: We reported a 6.4-dB gain enhancement of a Raman-assisted fiber optical parametric amplifier 
over the sum of the gains of the individual Raman and parametric amplifiers by keeping the amplifiers out of 
the saturation region. ©2008 Optical Society of America 
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (190.4380) Four-wave mixing; (190.5650) Raman effect.  

1. Introduction 

Raman-assisted fiber optical parametric amplifiers (RA-FOPAs) are attractive because of its flexibility in selecting 
parametric pump wavelengths and full utilization of the C+L band in addition to the inherent advantages of FOPAs 
[1-3]. In RA-FOPAs, the distributed Raman gain can also contribute to the phase-matching condition and thus 
further enhance the operating bandwidth of the four-wave mixing (FWM) process [3]. 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. Thus the overall gain of RA-FOPA can be larger than the sum of the individual 
gains of the Raman and parametric amplifiers.  However the best combined gain enhancement in RA-FOPA over 
the sum of the gain of the individual amplifiers to date is –2 dB due to the gain saturation [1,2].  

In this paper, we demonstrated for the first time a gain enhancement of 6.4 dB when combining a Raman 
amplifier and a continuous-wave (CW) pumped FOPA over the sum of the gains of the individual amplifiers. The 
maximum internal gain of the RA-FOPA is 33.6 dB.  

2. Experimental Setup 

Figure 1 shows the experimental setup of the RA-FOPA.  
A distributed feedback (DFB) laser diode served as the 
CW parametric pump. The parametric pump at 
wavelength 1554.9 nm, which corresponds to the 
wavelength of the Raman gain peak, was modulated by a 
phase modulator in order to suppress SBS. The input 
signal was combined with the parametric pump using a 
90:10 pump-signal optical coupler and was launched into 
a 1-km long commercial dispersion-flatten highly 
nonlinear fiber (HNLF) via an optical circulator (CIR1). 
The 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, a Raman gain coefficient of 4.8 W−1·km−1, and attenuation of 0.91 dB/km at 
1550 nm.  Polarization controllers (PCs) were used to optimize the parametric process.  A 1455-nm CW fiber 
Raman laser serving as the Raman pump was launched into the HNLF in the counter-propagation direction via 
CIR2. The total insertion loss for the input signal was measured to be 12.2 dB, which is mainly due to the 90:10 
coupler. 

3. Results and Discussions 

Figure 2 shows the on-off gain of the Raman amplifier, parametric amplifier, and Raman-assisted parametric 
amplifier, respectively. From Fig. 2, the on-off gain of a 128 mW parametric pump without Raman assistance has a 
peak value of 7.5 dB at 1560.5 nm. The asymmetry in the parametric gain band is due to the contribution of an extra 
1.1 dB Raman gain from the parametric pump to the gain band at longer wavelength.  A 1.17 W Raman pump can 
offer a maximum on-off gain of 20.8 dB at 1555 nm and the 3-dB bandwidth is 23.5 nm.   When Raman 
amplification is combined with the parametric amplifier, the maximum gain of the hybrid amplifier is 33.6 dB and 
the 3-dB bandwidth for both gain bands is ~ 4.5 nm. The wavelengths of both gain peaks were shifted 2.6 nm away 
from the parametric pump wavelength of 1554.9 nm when compared with the FOPA without Raman assistance.   

Fig. 1. Experimental setup of a Raman-assisted fiber optical 
parametric amplifier. 
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Thus, there is a 27.2 dB enhancement in the FOPA gain in the 
presence of the Raman pump.   It is important to note that the 
hybrid amplifier provides an additional 6.4 dB gain 
enhancement when compared to the sum of individual peak 
gains of the Raman and parametric amplifiers. Figures 2 also 
shows the corresponding simulation results using the model 
described in [2].  We assumed that the Raman gain is uniform 
for all the wavelengths in the FWM process.  In the 
simulations, we used the parameters given in Section 2. 

Figures 3 and 4 show the dependence of the overall gain 
of RA-FOPA on the input pump powers and the input signal 
power. As shown in Fig. 3, we can get the contour of the 
combined gain difference of RA-FOPAs, which was given by 
the second order least-square-fitting of the experimental data 
when fixing input signal power at –14 dBm.   In Fig. 3, the 
maximum combined gain enhancement can be obtained at the 
center portion of the contour map.  If we increase the 
parametric pump power, the combined gain difference will 
first increase, then decrease and eventually becomes negative.   
This is due to the saturation of the Raman gain as the intensity 
of the parametric pump becomes comparable to the Raman 
pump.  In Fig. 4, the overall gain shows similar behavior when 
we increase the input signal power. We observe a high 
combined gain enhancement in the small-signal region.   As 
the input signal power increases, the overall gain will start to 
decrease and eventually becomes smaller than the sum of gain 
of the Raman and parametric amplifiers due to the saturation.  
This is one of the main reasons of the negative combined gain 
differences observed in previous works [1,2]. The measured 
combined gain enhancements were 5.0 dB and 6.6 dB for 1.1 
W and 0.5 W Raman pump, respectively.  In Fig. 4, we notice 
that RA-FOPA with larger gain is much easier to saturate. Our 
results indicate that high combined gain enhancement can be 
obtained by operating the Raman and parametric pump powers 
out of the saturation region. 

4. Conclusion  

In conclusion we successfully demonstrated a 6.4 dB hybrid 
gain enhancement in a CW pumped Raman-assisted FOPA.  
The net gain and the maximum internal gain of the RA-FOPA 
are 21.6 dB and 33.6 dB, respectively.  We showed that large 
combined gain enhancement can be achieved in RA-FOPA by 
carefully choosing the Raman and parametric pump powers 
and keeping the parametric pump out of the saturation region 
and the parametric gain limit.  
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Fig. 2. On-off gain at wavelength 1554.9 nm. Squares, 
diamonds and circles represent the measured results of the 
Raman-assisted FOPA, FOPA without Raman pump, and 
Raman amplifier only, respectively. The solid lines and the 
dashed lines were simulation results of the FOPA with and 
without Raman assistance. The parametric pump power was 
128 mW and the Raman pump power was 1.17 W.  

Fig. 3. The contour maps of the combined gain differences in 
the RA-FOPA.  The input signal power was fixed at  –14 
dBm.

Fig. 4. The measured overall gain of the RA-FOPA (squares) 
and the sum of the gain of individual Raman and parametric 
amplifiers (diamonds) with different Raman pump power. 
The dashed lines and the solid lines show the corresponding 
simulation results. The parametric pump power was fixed at 
110 mW. 
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