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We investigate the gain saturation characteristics in a backward-pumped Raman-assisted fiber optical parametric
amplifier (FOPA). It is experimentally observed that the onset of saturation occurs at a higher input power as com-
pared to the case of a conventional FOPAwith the same unsaturated gain. The output power under strong saturation
is also enhanced. Simulations are performed on the power profile of the parametric pump to explain the distinct
saturation behaviors. The monotonic increase of the parametric pump power in the Raman-assisted FOPA results in
highly efficient power transfer to the signal while it suppresses the signal conversion to high-order idlers in the
saturation regime. © 2013 Optical Society of America
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Fiber optical parametric amplifiers (FOPAs) have at-
tracted much attention because they can provide broad-
band gain and wavelength conversion over any spectral
region when a suitable pump and fiber are available [1]. A
major challenge in designing such FOPAs is that the
choice of the parametric pump wavelength is limited
by the gain bandwidth of erbium-doped fiber amplifiers
(EDFAs), which are typically used to amplify the para-
metric pump to the order of 1 W for a reasonable gain.
To overcome this obstacle in designing conventional
FOPAs, Raman-assisted FOPAs have been proposed to
offer a broad gain bandwidth over 40 THz provided by
the Raman pump [2]. With a Raman laser, parametric
amplification and wavelength conversion windows have
been extended to the S band [3]. In addition, there have
been many efforts to achieve gain enhancement up to
27 dB, tailor the gain profile, and optimize the noise
figure close to 3 dB [4–7]. Unfortunately, the previous
studies focused mostly on the unsaturated (linear gain)
but not the saturation regime of Raman-assisted FOPAs.
Gain saturation is an important property of optical am-

plifiers, especially for FOPAs, which rely on the ultrafast
Kerr nonlinearity in fibers. The quasi-instantaneous satu-
rated gain may result in signal distortion during amplifi-
cation [8,9]. Thus, the maximum input signal power
should be carefully controlled within the unsaturated
regime. The ultrafast response in gain saturation also
makes FOPAs attractive for all-optical signal processing
applications, such as phase-preserving amplitude regen-
eration [10,11]. Gain saturation in conventional FOPAs
is attributed to the depletion of pump power [12]. When
the input signal power is sufficiently large, the pump
power is lessened and the phase mismatch among the
interacting fields is changed, resulting in a reduced
parametric gain. However, the situation is very different
in Raman-assisted FOPAs. A complication arises due
to the interplay between the Raman effect and the
parametric effect. So far, the characteristics of Raman-
assisted FOPAs in the gain saturation regime are largely
unexplored.

In this Letter, we investigate the gain-saturation char-
acteristics in a Raman-assisted FOPA. The results are
compared to those of a conventional FOPA with an iden-
tical unsaturated gain. It is experimentally shown that the
signal in the Raman-assisted FOPA starts to saturate at a
higher input power. Additionally, a larger output power is
obtained in strong saturation. The observations are ana-
lyzed by numerically solving the nonlinear Schrödinger
equation (NLSE) with the inclusion of the Raman effect.
The simulation results reveal that in the gain-saturation
regime, the Raman gain compensates the depletion of the
parametric pump caused by a strong signal input. The
change in the power evolution of the parametric pump
thus leads to new and different gain saturation character-
istics in Raman-assisted FOPAs.

First, the gain saturation effect in a Raman-assisted
FOPA is experimentally observed. Our setup is depicted
in Fig. 1. A continuous-wave (CW) tunable laser (TL1) is
used as the parametric pump at a wavelength of 1555 nm.
The CW pump is phase modulated by a 10 Gb∕s 27 − 1
PRBS to suppress stimulated Brillouin scattering in the
fiber. The pump is then amplified, followed by a 1-nm
OBPF to reduce the amplified spontaneous emission
noise generated from the EDFA. Another CW tunable
laser (TL2) serves as the signal at a wavelength of
1545.5 nm. The signal power can be adjusted by a
VOA in the experiment. The pump and signal are com-
bined by a 75∕25 coupler, and their polarization states

Fig. 1. Experimental setup of the Raman-assisted FOPA. TL,
tunable laser; PM, phase modulator; PRBS, pseudorandom
binary sequence; EDFA, erbium-doped fiber amplifier; OBPF,
optical bandpass filter; CIR, optical circulator; VOA, variable
optical attenuator; HNLF, highly nonlinear fiber; OSA, optical
spectrum analyzer.
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are optimized at the input of the HNLF by two PCs.
The HNLF has a length of 1 km, a nonlinear coefficient
γ � 11.7 W−1 km−1, and a Raman gain coefficient γR �
3.8 W−1 km−1. The zero dispersion wavelength (ZDW) is
1549 nm. The dispersion, dispersion slope, and attenua-
tion coefficient at 1550 nm are 0.02 ps · km−1 nm−1,
0.019 ps · km−1 nm−2, and 0.79 dBkm−1, respectively. At
the HNLF output, a 1455-nm CW fiber laser acting as the
Raman pump is launched into the HNLF in the opposite
direction. The Raman gain peak is located at 1554 nm.
The amplified signal is extracted from the HNLF through
an optical circulator (CIR2) and then analyzed by an OSA.
Figure 2 shows the on–off gain obtained by measuring

the output signal powers with the pumps turned on and
turned off. The unsaturated on–off gain of the Raman-
assisted FOPA is 28 dB with a 21.7 dBm parametric pump
and a counterpropagating Raman pump of 30.4 dBm. The
parametric pump provides a 3 dB small-signal gain when
the Raman pump is turned off. The Raman pump works
in the saturation regime and offers an on–off Raman gain
of 8.9 dB for the parametric pump. As the input signal
power increases, a moderate saturation (2 dB gain drop)
is found at an input level of −5 dBm. To draw the com-
parison with a conventional FOPA, the gain saturation is
also studied with a 26.2 dBm parametric pump but with-
out a Raman pump. Both types of FOPAs are set to have
the same on–off gain in the linear regime, as shown in
Fig. 2. The gain of the conventional FOPA starts to sat-
urate at a lower signal input power. It has a 2 dB gain
drop at an input signal power, which is 4 dB lower than
that of the Raman-assisted FOPA. In the saturation re-
gime, the on–off gain of the Raman-assisted FOPA is
larger than that of the conventional FOPA. An increasing
gain difference between the two FOPAs is observed as
the input power increases.
The saturation behaviors are also characterized in

terms of the relation between the output and the input
signal powers. As shown in Fig. 3, under strong satura-
tion, the output signal of the Raman-assisted FOPA
reaches a maximum power that is 5 dB higher than that
of the conventional FOPA. It is important to mention that
the sum of the individual gains of the Raman pump and
the parametric pump is lower than the gain obtained
in the Raman-assisted FOPA. Hence, the enhancement
of the output level under the saturation condition cannot
be simply ascribed to direct Raman amplification. It
should be noted that the signal wavelength under study
is located at the gain peak of the conventional FOPA,
which happens to be close to that of the Raman-assisted
FOPA at 1546.5 nm. Therefore, the difference of the
saturation behaviors between the two FOPAs cannot

be explained by the wavelength dependence of gain
saturation with respect to the gain peak wavelength as
reported in [12].

To understand the physical mechanism behind the
gain saturation of the Raman-assisted FOPA, theoretical
calculations have been carried out to investigate the
interaction among the waves propagating along the
HNLF. In the Raman-assisted FOPA, the signal is ampli-
fied through both the Raman effect and the parametric
effect. At the same time, the parametric pump is also
amplified by the Raman pump. The signal is amplified
mostly through the parametric process because the non-
linear coefficient γ is about 3 times that of the Raman
coefficient γR. In the following theoretical model, since
the wavelength of the Raman pump is far from the
ZDW of the HNLF, we can neglect the parametric proc-
esses involving the Raman pump. Thus, the nonlinear
interaction among all the waves can be simplified to only
two processes: the direct Raman amplification of the
Stokes waves (including the parametric pump, signal,
and generated idlers), and the parametric interaction
among the Stokes waves.

By assuming that the Raman gain is wavelength inde-
pendent, the power coupling from the counterpropagat-
ing Raman pump to the Stokes waves can be described
by the following set of equations [13]:

dPStokes

dz
� −αPStokes � γRPRPStokes; (1a)

dPR

dz
� αRPR � �λStokes∕λR�γRPStokesPR; (1b)

where PStokes is the power of the Stokes waves, PR is the
Raman pump power, and α and αR are the attenuation
coefficients of the Stokes and Raman pump waves.
The assumption of a flat Raman gain is suitable because
the dominant Stokes waves (the pump, signal, and idler)
occupy a relatively narrow wavelength range with re-
spect to the Raman gain bandwidth. Under this
assumption, a power profile PR�z� of the Raman pump
can be obtained by solving Eqs. (1) with the initial con-
dition that PStokes�0� represents the power sum of the
signal and the parametric pump power launched into
the HNLF.

Next, the parametric process can be simulated by nu-
merically solving the NLSE using the split-step Fourier
method [14]. The NLSE has the form

Fig. 2. On–off gain of the Raman-assisted FOPA and the con-
ventional FOPA as a function of the input power.

Fig. 3. Output signal power against the input. Blue triangles
and red diamonds are experimental data obtained from the
Raman-assisted FOPA and the conventional FOPA, respec-
tively. Blue and red solid curves are simulation results.
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where A�z; t� is the sum of the complex envelopes of all
waves involved in the parametric process, and βn is the
nth derivative of the propagation constant β�ω� with
respect to ω. On the right-hand side of Eq. (2), the first
term corresponds to the parametric effect while the
second term corresponds to the Raman effect. This ap-
proach is appropriate in describing the parametric
process, particularly in the saturation regime because
all the waves including the created high-order idlers
are considered by the NLSE. In the simulation, the
power profile PR�z� obtained from Eq. (1) is substituted
into Eq. (2) to calculate the Raman gain. The simulation
results in Fig. 3 are in good agreement with the exper-
imental data.
Using the above theoretical model, we analyze the evo-

lution of the parametric pump power as well as the signal
gain along the fiber. Figure 4(a) shows the result at an
input signal power of −25 dBm located in the unsaturated
regime. There is a distinct difference between the two
types of FOPAs even though they achieve the same final
signal gain. For the conventional FOPA, the gain ex-
pressed in dB varies along the HNLF with a constant gain
slope resulting from the nearly unchanged pump power.
However, in the Raman-assisted FOPA, the parametric
pump is amplified by the Raman pump along the HNLF.
Accordingly, the signal is amplified with an increasing
gain slope.

The interesting properties of gain saturation in the
Raman-assisted FOPA can be ascribed to the unique
power evolution of the parametric pump. Here, we cal-
culate the parametric power and the signal gain as a func-
tion of the distance along the HNLF under the saturation
condition. Figure 4(b) shows the results with an input
signal power of −5 dBm. The output of the conventional
FOPA reaches a peak, while the Raman-assisted FOPA is
still in moderate saturation. The parametric pump in the
Raman-assisted FOPA is progressively amplified by the
Raman pump, although the power-rising slope is smaller
than that in the linear-gain regime. This is because the
signal takes away more energy from the parametric
pump when the input signal level is higher. Nevertheless,
the signal gain still rises with an increasing gain slope,
similar to the case of unsaturated gain. This behavior
is not observed in the conventional FOPA. Without the
Raman amplification in the FOPA, the parametric pump
power is quickly reduced. Consequently, the signal gain
stops ascending near the output port of the HNLF.

As the input signal is further raised to −2 dBm, as
shown in Fig. 4(c), the gain of a conventional FOPA be-
gins to drop near the output end. On the contrary, the
Raman gain compensates the parametric pump depletion
in the Raman-assisted FOPA, and thus the signal gain
reaches a higher level under strong saturation. The re-
sults clearly indicate that the power transfer to the signal
is more efficient in the Raman-assisted FOPA due to a
monotonic increase of the parametric pump power.

Apart from pump depletion, the generation of high-
order idlers also causes saturation of the output signal
in FOPAs [15]. At sufficiently high powers of the signal
and primary idler, a new idler will be generated through
the parametric process that satisfies f s � f p � f i � f hi,
where f s, f p, f i, and f hi are the frequencies of the signal,
pump, idler, and high-order idler. Therefore, the high-
order idler grows at the expense of the signal power.
Figure 5 illustrates the output spectra of the Raman-as-
sisted FOPA and the conventional FOPA at a signal input
of −8 dBm. It is noted that the signal gains are reduced
by 0.9 and 2.7 dB from the small-signal linear gains for
the respective cases of the Raman-assisted FOPA and
the conventional FOPA, as can be derived from Fig. 2.

Fig. 4. Profiles of the parametric pump power and the signal
gain along the fiber for an input signal power of (a) −25 dBm,
(b) −5 dBm, and (c) −2 dBm. Blue and red curves are the re-
sults of the Raman-assisted FOPA and the conventional FOPA,
respectively.

Fig. 5. (a) Output spectra at an input signal power of −8 dBm.
(b) Power difference between the high-order idlers obtained
from the Raman-assisted FOPA and the conventional FOPA
as a function of the input signal power.

November 1, 2013 / Vol. 38, No. 21 / OPTICS LETTERS 4407



A high-order idler appears at 1536 nm for both types of
FOPAs. The idler power in the Raman-assisted FOPA
is 2 dB lower than that in the conventional FOPA. The
measured output power difference of the high-order idler
between the two FOPAs ΔP is shown in Fig. 5(b). The
values are larger than 0 dB, which implies that the
high-order idler consumes less power from the signal
in the Raman-assisted FOPA. Thus, the saturation of
the output signal is deferred. Since the power of the
high-order idler is influenced by that of the signal, the
power profiles of the two components are simulated
to analyze the phenomenon. The results are shown in
Fig. 6. We observe that the signal power is lower than
that in the conventional FOPA until the last 50 m of
the HLNF. Consequently, the high-order idler of the
Raman-assisted FOPA remains at a smaller power along
the HLNF. The special power evolution of the signal
leads to a lower output power of the high-order idler.
In deeper saturation, new high-order idlers are gener-

ated and the power transfer processes become compli-
cated. Nevertheless, the powers of the new high-order
idlers are dependent on that of the first high-order idler,
f hi. Accordingly, the high-order idlers will be weaker for
the Raman-assisted FOPA, resulting in a higher output
signal power. With the generation of high-order idlers,
the assumption of a uniform Raman gain in the theoreti-
cal model will lead to a disagreement between the sim-
ulation and the experimental results. To obtain a more
accurate simulation, one should use the general NLSE
including the delayed nonlinear response [14].
In summary, gain saturation in a backward-pumped

Raman-assisted FOPA has been investigated by draw-
ing the comparison with a conventional FOPA of the
same linear gain. Different saturation characteristics
have been experimentally observed and analyzed. The
Raman-assisted FOPA saturated at a higher input power
and produced a larger output under strong saturation

compared to the conventional FOPA. A theoretical model
based on the NLSE has been used to simulate the inter-
play of the Raman effect and parametric effect in analyz-
ing the saturation behaviors. The unusual saturation in
the Raman-assisted FOPA is attributed to a monotonic
increase of the parametric pump power along the HNLF
due to the Raman amplification. Such a power evolution
changes the efficiencies of the power transfer to the
signal and to the high-order idler. The higher transfer
efficiency from pump to signal, together with the lower
efficiency from signal to high-order idler lead to
slower gain saturation and higher signal output in the
Raman-assisted FOPA. Such saturation behaviors in
the Raman-assisted FOPA offer potential advantages
over the conventional FOPA. For instance, in optical am-
plification, the slow gain saturation allows an increase in
the maximum input signal power without causing distor-
tion. Additionally, in optical regeneration utilizing the
strong saturation, the higher output signal level can re-
duce the penalty caused by a finite signal extinction ratio.
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