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Optimization of Raman-Assisted Fiber Optical
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Abstract—We studied the gain of Raman-assisted fiber op-
tical parametric amplifiers (RA-FOPAs) both theoretically and
experimentally. We investigated the relationship between the
overall gain and different combinations of Raman and parametric
pump powers using contour maps. We derived a normalized
phase-matched model to determine the general behavior the peak
gains of RA-FOPAs operating in the small signal region. The
contour maps of the combined gain enhancement can be used to
optimize both indirect and direct Raman gain of the signal/idler
in RA-FOPAs. We showed that, in a given fiber, it is possible to
optimize the Raman and parametric pump powers in RA-FOPAs
for high gain and high efficiency.

Index Terms—Nonlinear optics, optical fiber amplifiers, optical
parametric amplifiers, Raman scattering.

I. INTRODUCTION

O PTICAL amplifiers are essential components in fiber-
optic communication systems [1]–[6]. In optical trans-

mission links, erbium-doped fiber amplifiers (EDFAs) boosts
the capacity of the fiber-optic communication systems because
its gain bandwidth coincides with the third transmission window
of silica-based optical fibers. In recent years, Internet bandwidth
usage keeps increasing. The annual growth was more than 60%
globally in 2009 [7]. Future fiber-optic communication systems
must continue to increase their capacities to meet the increasing
demand. One way to increase system capacity is to increase the
spectral efficiency using advanced modulation formats. An al-
ternate way to increase system capacity is to increase the trans-
mission bandwidth by using novel fibers. For example, All-
Wave fiber can provide a low loss window from 1.3 to 1.65 m
which is over 40 THz transmission bandwidth [8], [9]. How-
ever, EDFAs become a bottleneck because they can only provide
about 40 nm gain bandwidth covering the C- or L-band [10].
New optical amplifiers are required for future fiber-optic com-
munication systems. Next generation optical amplifiers should
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have broad gain bandwidth, wide tuning range, low noise figure,
polarization-independence, in addition to large gain. Semicon-
ductor optical amplifiers (SOAs) are attractive as semiconductor
devices are compact and can be integrated with other photonic
components. However, relatively high insertion loss and op-
tical signal-to-noise ratio (OSNR) degradation hinder commer-
cialization of SOAs [2]. For future fiber optical amplifiers, the
leading candidates are fiber Raman amplifiers (FRAs), fiber op-
tical parametric amplifiers (FOPAs), and hybrid fiber amplifiers
(HFAs) [3]–[6], [11]–[20].

A single pump fiber Raman amplifiers (FRAs) can provide
about 3 THz gain band at arbitrary wavelength. Compared to
EDFAs, a multi-pump FRAs can provide over 100 nm flat gain
spectrum using a single piece of fiber [3]. However, relatively
low Raman gain coefficient prevents the commercial use of
Raman-only amplifiers in long-haul transmission. Moreover,
although distributed FRAs can provide negative effective noise
figure, double Rayleigh scattering limits the Raman gain to 10
to 15 dB [5].

FOPAs have higher gain efficiency than FRAs because the
nonlinear coefficient in different types of optical fibers is at least
twice larger than the Raman coefficient [5], [6]. Single pump
FOPA can provide over 100 nm continuous gain bandwidth with

dB gain [11]. A single stage one-pump FOPA can also
provide 70-dB peak gain, which is larger than that of single stage
FRAs and EDFAs [12]. Moreover, phase-insensitive one-pump
FOPA has a 3-dB noise figure limit, which is similar to the
EDFA and better than discrete FRAs [13]–[15]. Despite these
advantages over EDFAs and FRAs, in conventional FOPAs the
selection of parametric pump wavelength is limited by the gain
bandwidth of booster EDFAs typically used in the FOPAs.

Hybrid fiber amplifiers (HFAs) combined different types of
fiber optical amplifiers, such as EDFAs and FRAs [16]. HFAs
are attractive because of their abilities to tailor the gain profile,
compensate fiber dispersion and loss, and suppress the sponta-
neous noise [16]–[18]. Raman-assisted fiber optical parametric
amplifiers (RA-FOPAs) are one kind of HFAs, which combine
different third-order nonlinear effects in optical fibers, namely
stimulated Raman scattering (SRS) and four-wave mixing
(FWM) processes. As both FRAs and FOPAs can provide gain
at arbitrary transparency wavelength of optical fibers, it is ad-
vantageous to combine FRAs with FOPAs in order to amplify
optical signals over a broad wavelength range [19]–[21]. More-
over, we have demonstrated that close to 3-dB noise figure can
be achieved in RA-FOPAs by suppressing the external noise
sources and carefully choosing pump powers [22]. Typical HFAs
cascade different amplifiers. Thus, the gains of the HFAs are
the sum of the gains of the individual amplifiers. In RA-FOPAs,
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Fig. 1. Energy flow in RA-FOPA.

both the FRA and the FOPA use the same section of fiber, thus
the optical signal are amplified by the SRS and FWM processes
simultaneously. In other words, the two amplifiers are nonlin-
early combined together. The gain behavior of RA-FOPAs are
rather complex. The overall gain can be larger than the sum of
the individual gain of Raman and parametric amplifiers [19],
[20], [23]. The gain properties of RA-FOPAs thus need to be
carefully characterized for optimization.

In this paper, we use contour maps to describe the relationship
between the overall gain and different combination of Raman
and parametric pump powers. A normalized phase-matched
model was derived to predict the contour maps in different
fibers. We proposed to use contour maps of the combined gain
enhancement to optimize both indirect and direct Raman gain
to the signal/idler in RA-FOPAs.

The remainder of this paper is organized as follows. In
Section II, we derive the normalized phase-matched model for
RA-FOPAs. In Section III, we plot the contour maps according
to both experimental results and numerical simulation results
using the normalized phase-matched model. We will optimize
RA-FOPAs using the model developed in Section IV and
discuss the phase matched model in Section V. Section VI
concludes the paper.

II. THEORY

In RA-FOPA systems, the Raman pumps are the main source
of energy. Fig. 1 shows the two paths of energy flow from the
Raman pump to the signal/idler; direct Raman amplification
and indirect Raman amplification. In direct Raman amplifica-
tion, the Raman pump couples energy directly to the signal/
idler through the Raman process. In indirect Raman amplifi-
cation, the Raman pump amplifies the parametric pump, and
the enhanced parametric pump in turn amplifies the signal/idler
through the parametric process. As the coupled Raman gain is
proportional to the power of the Stokes wave, most energy from
the Raman pump will flow into the parametric pump and only
a small portion of the Raman energy will directly amplify the
input signal and the idler.

On the other hand, the parametric process is more efficient
than the Raman process because in most optical fibers the non-
linear coefficient is larger than the Raman coefficient. The ra-
tios between nonlinear coefficients and Raman coefficients are
typically between 2.2 and 3.4 [6], [25]–[27]. Because of the

higher efficiency in the parametric process, the input signals and
the idlers can get more energy through parametric amplifica-
tion than through Raman amplification, sometimes even when
the parametric pump power are smaller than the Raman pump
power. The gain efficiency of RA-FOPAs can thus be larger than
FRAs. The RA-FOPAs have a wider gain bandwidth than that
of FRAs because the signal and the idler can still get amplifi-
cation through the parametric process even when their wave-
lengths are outside the Raman gain bandwidth. Finally, because
of the smaller contribution of direct Raman amplification, the
gain variance caused by the variation of Raman gain profile can
also be reduced in RA-FOPAs.

It is well-know that both Raman and parametric processes
are polarization dependent and optical fibers are birefringent.
Fiber birefringence will eventually destroy any initial polariza-
tion alignment of the pump and signal. We also note that if
the fiber is sufficient long or the polarization mode dispersion
(PMD) coefficient is large, such as the 1-km HNLF used in our
experiment, the birefringence orientation will be fully random-
ized. In this case, the effective Raman coefficient is halved and
the effective nonlinear coefficient is 8/9 of the effective value
[28], [29]. According to [30], spectrally randomly varying bire-
fringence sets a major limit on the gain bandwidth of FOPA,
which is determined by the diffusion length. If the diffusion
lengths within the parametric gain bandwidth are much longer
than the fiber length, the states of polarization the parametric
pump, the signal and the idler wavelengths, are correlated. In our
experiment, we used one piece 1-km long HNLF with a PMD
coefficient of 0.08 ps/km . The diffusion length of pump and
signal separated by 12 nm is about 5.3 km. We can therefore as-
sume that the parametric components, i.e., the parametric pump,
the signal and the idler, are correlated. For RA-FOPAs, the po-
larizations of the Raman pump and the parametric components
are decorrelated because of they are counter-propagating and
the large detune ( nm) between them. Thus, the parametric
components will experience the effective Raman gain coeffi-
cient due to the averaging effects. In the following we assumed
that the Raman pump, the parametric pump, the signal and the
idler are collinearly polarized monochromatic waves and used
the measured effective coefficients for the fiber and the effective
Raman gain.

As is well known, in RA-FOPA, the parametric gain depends
on the phase matching condition. In the Appendix, we derive
a set of coupled mode equations [cf (A3)–(A6)] to describe
the evolution of the amplitude of the lightwaves along the fiber
in backward-pumped RA-FOPAs. Equations (A3)–(A6) can be
simplified using the relative phase to de-
scribe the evolution of phase matching condition. Neglecting
pump depletion caused by stimulated Brillouin scattering (SBS)
and Rayleigh scattering, we can rewrite (A3)–(A6) as

(1)

(2)

(3)
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(4)

(5)

where and , and , as
the intensities of Raman pump, parametric pump, signal and
idler, respectively. Equations (1)–(4) govern the evolutions of
the Raman pump, the parametric pump, the signal and the idler.
The evolution of phase difference is described in (5). In (5),
the first two terms on the right-hand side corresponds to chro-
matic dispersion and Raman pump induced phase mismatches,
respectively. Phase mismatch due to chromatic dispersion can
be written as , which is the difference
between the wave numbers of the parametric pump, the signal
and the idler. This phase mismatch can be approximately written
as , where and are the group-ve-
locity dispersion (GVD) coefficient and the fourth order disper-
sion coefficient at the parametric pump frequency, respectively.
The rest of the terms on the right-hand side of (5) are phase-mis-
match caused by nonlinear effects.

Equations (1)–(5) can be further simplified by neglecting
intra-Raman effects of parametric pump, signal and idler, and
assuming that Raman gain profile is flat, i.e.,

and . This assumption is justified
for RA-FOPAs with less than several tens of nanometers gain
bandwidth or when the indirect Raman gain dominant. As the
intensities of the signal and the idler are small when compared
with parametric pump power, we can rewrite (1)–(5) as

(6)

(7)

(8)

(9)

(10)

Here, we define the nonlinear coefficient as
and assume

(11)

where and are the frequencies of parametric pump and
signal, respectively. Equations (6)–(10) can be reduced to the
model in [30] by turning off the Raman pump and neglecting
fiber loss at the parametric pump frequency. In the following,
we will use (6)–(10) to characterize the relationship between
the overall gains and different combinations of the Raman and

parametric pumps of RA-FOPAs. Note that in (6)–(10), we have
assumed uniform Raman gain for all the lightwaves involving
the parametric process. As shown in Fig. 1, when the indirect
Raman gain through the parametric pump dominates, the en-
hanced parametric pump will become the major energy source
of the signal and the idler. By using this assumption, we can de-
rive a normalized model from (6)–(10). We use the products of
Raman coefficient and input Raman pump and fiber length to
describe the Raman gain assistance in different fibers. The nor-
malized model can be written as

(12)

(13)

(14)

(15)

(16)

where

, and .
For small signal, the Raman and parametric pumps together

serve as one virtual pump that provides gain to the signal and
the idler. We can then assume that the virtual pump is undeplete,
which is used in the modeling of FRAs and OPAs [5], [24]. If
the Raman gain is uniform, for small signal RA-FOPAs with the
same Raman and parametric pump powers, the peak gain values
remain the same even when the pump wavelengths change. For
FOPAs whose pumps operate in anoumlous dispersion region,
although the gain profiles vary with the dispersion profiles, the
peak gains only depend on the pump powers, fiber lengths, and
nonlinearities [24]. We observed that the same is also true for
RA-FOPAs. We also note that the phase-matching conditions at
the parametric gain peak wavelength are satisfied or nearly satis-
fied along propagation distance. Since we focus on the peak gain
value of RA-FOPAs only, the normalized model can be further
simplified by assuming that the phase-matching condition is al-
ways satisfied in the peak region. Thus, (12)–(16) can be written
as

(17)

(18)

(19)

(20)

where , are intensities. Note that we assume
the losses at the wavelengths of parametric pump, the signal and
the idler are nearly equal, , which is true for the
new dry fiber having a low-loss window and the HNLF in our
experiment [23], [25]. In this model, the number of independent



WANG et al.: OPTIMIZATION OF RAMAN-ASSISTED FIBER OPTICAL PARAMETRIC AMPLIFIER GAIN 1175

Fig. 2. Experimental setup of RA-FOPA. DFB: distributed feedback laser,
TLS: tunable laser source, PC: polarization controller, PM: phase modulator,
BPF: bandpass filter, CIR: circulator.

parameters is reduced to four, which are , and . The pa-
rameter is the product of Raman coefficient, Raman pump
power and fiber length and represents the Raman gain; is the
ratio between nonlinear coefficient and Raman coefficient; the
parameter represents the input parametric pump power and
represents the fiber loss and fiber length. By using this normal-
ized phase-matched model, we can characterize the gain of the
RA-FOPAs for different fibers and pumps.

We also note that both of the models given by (7)–(11)
and (12)–(16) neglect higher order idlers. When the gain of
RA-FOPAs is saturated, the power in higher order idlers will
become comparable to that of the output signal and funda-
mental idler. The system power will spread out and our model
will become invalid. A number of nonlinear effects will occur
during saturation, such as backward SBS, double Rayleigh
scattering, and SRS among the FWM components, which will
manifest as noise sources and further deplete the Raman and
parametric pumps. In our experiment, we also observed a SBS
Stokes of 16.0 dBm when a 2.5 GHz phase modulated signal at
23.1 dBm is amplified by a 1.0 W Raman pump. Hence, these
extra nonlinear effects should be avoided.

III. CHARACTERIZATION OF RA-FOPA GAIN

A. Experimental Setup and Results

Fig. 2 shows a typical experimental setup of an RA-FOPA.
The parametric pump was modulated by a phase modulator
(PM) using pseudo-random binary sequence (PRBS) at 2.5 GHz
in order to suppress SBS. We used a 1-km long dispersion-
flattened HNLF with a chromatic dispersion of 0.12 ps/nm km
at 1555 nm, a dispersion slope of 0.01 ps/nm km, a nonlinear
coefficient of 13.6 km , a Raman gain coefficient of
4.8 W km , and an attenuation of 0.91 dB/km at 1550 nm.
A 1455-nm CW Raman laser serving as the Raman pump was
launched into the HNLF in the counter-propagation direction.
The total insertion loss for the input signal was measured to
be 12.2 dB, which is mainly due to the 90:10 coupler. The
net wavelength conversion efficiencies were measured in the
optical spectrum analyzer by comparing the signal input to the
corresponding idler output.

Fig. 3 show the (a) on-off gain and (b) wavelength conver-
sion efficiency spectra for 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 parametric pump
power after CIR1 was 128 mW and the Raman pump power

Fig. 3. (a) On-off gain and (b) wavelength conversion efficiency spectra for
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 line and the dashed line were simulation
results of the FOPA with and without Raman assistance, respectively. The para-
metric pump power after CIR1 was 128 mW and the Raman pump power after
CIR2 was 1.17 W. The input signal power was fixed at ��� dBm.

after CIR2 was 1.17 W. The input signal power was fixed at
dBm. The solid line and the dashed line were simulation

results of the FOPA with and without Raman assistance, re-
spectively, using (6)–(10). In the simulation, we first used a
shooting method to solve for the Raman power profile along
the fiber, which is a two-point boundary value problem. Then
the evolutions of parametric pump, the signal and the idler
are calculated using the predetermined Raman power profiles
[31]. Improved Euler method was used, which is second-order
accurate.

From Fig. 3(a), the on–off gain of the parametric pump
without Raman assistance has a peak value of 7.5 dB at
1560.5 nm. The 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 amplifier is combined with the parametric am-
plifier, the maximum gain of this RA-FOPA is 33.6 dB and
the 3-dB bandwidth for both gain bands is 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 that of the FOPA without Raman assistance. Thus, there
is a 27.2 dB enhancement in the FOPA gain in the presence
of the Raman pump. We note that the RA-FOPA provides an
additional 6.4 dB gain enhancement when compared to the
sum of individual peak gains of the Raman and parametric
amplifiers, which is larger than the gain enhancement of 3.8 dB
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Fig. 4. 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. The input signal power was fixed at��� dBm.

in [17] and 3.0 dB in [18]. In Fig. 3(a), on both the lower-left
and lower-right corners, the overall gain of RA-FOPA can be
smaller than the Raman gain. This is due to the phase mismatch
in the parametric process. The signal and idler can only get
direct Raman gain, which is smaller than that of Raman-only
case because of the Raman pump depletion. This result supports
the discussion in Section II that the indirect Raman gain of the
signal and the idler can dominate over direct Raman gain. In
Fig. 3(b), the profiles of the net conversion efficiency spectra
are similar to that of the hybrid on-off gain. The peak conver-
sion efficiencies were 20.7 dB and dB with and without
Raman assistance, respectively. Fig. 3(a) and (b) also show the
corresponding simulation results using the model described in
(6)–(10). The simulation results assuming a uniform Raman
gain agree very well with the measurement results. We also note
that our simulation results show less than 10% direct Raman
gain contribution at the output end of fiber.

B. Contour Gain Map of RA-FOPAs

Fig. 4 shows the measured peak gain values of the RA-FOPAs
for different parametric and Raman pump powers when the
input signal power after circulator CIR1 is fixed at dBm.
From Fig. 4, 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 or
parametric pump power. The corresponding simulation results
are also shown in Fig. 4 using the model described in (6)–(10)
and the parameters used in experiment. The simulation results
match the measurement results very well in the small gain re-
gion ( dB). In the high pump powers region, the simulation
results overestimate the RA-FOPA gain because higher order
parametric idlers were not included in the model.

In Fig. 4, 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 alone. For parametric pump power below this
limit, the input signal can get less gain from the RA-FOPA
than that from using Raman-only amplifiers. This is because

in RA-FOPA the parametric pump couples most of the energy
of the Raman pump, the input signal therefore gets less energy
from the Raman pump due to pump depletion. As a result, the
overall gain will be reduced when the parametric pump cannot
offer sufficient gain to compensate for the reduced Raman gain.
Although not suitable to be used as amplifiers, RA-FOPAs op-
erating in this region can be used for signal processing applica-
tions [34].

Note that in RA-FOPAs, a flat gain for wide gain bandwidth
can be achieved if the Raman gain peak covers the zero dis-
persion wavelength (ZDW) region [24], [29]. In this case, the
parametric pump, which should be located at the ZDW region
to satisfy the phase matching condition, can receive the max-
imum Raman amplification and thus produce the broadest gain
bandwidth. In our experiments, the gain peak of Raman pump
is about 20 nm longer than the ZDW of the fiber. Since the pur-
pose of this work is to characterize RA-FOPA gain, we chose
to inject the parametric pump at the wavelength close to the
Raman gain peak to maximize the Raman assistance effect. The
parameter pump is therefore not at the ZDW region. Because
of the large chromatic dispersion at the parametric pump wave-
length, the gain bandwidths of RA-FOPAs were limited to less
than 5 dB for each side band. In the simulation, we neglect the
effect of fourth order dispersion because of the large chromatic
dispersion. Fig. 4 shows the simulation results, which agree very
well with the experimental results. Such agreement might ap-
pear to be somewhat surprising because both Raman and the
parametric processes are polarization dependent but we have
used acollinear polarized model with measured effective fiber
coefficients. The agreement validates the assumption that if the
fiber is sufficient long or the PMD coefficient is large such that
the polarizations of the Raman pump, the parametric compo-
nents are decorrelated, collinear polarized model using the ef-
fective Raman coefficient and the effective nonlinear coefficient
can be used to describe the gain behavior of RA-FOPAs.

C. Combined Gain Enhancement

For a hybrid optical amplifier, when compared to the sum of
the gains of component amplifiers, the gain enhancement of the
hybrid amplifier can be written as

(21)

where and are the peak overall gain of
the hybrid amplifier and peak gains of the th component am-
plifier, respectively. A positive represents additional gain
enhancement while a negative represents a penalty when
combining different kinds of amplifiers together. As discussed
in Section II, when indirect Raman gain dominates, the overall
gain of RA-FOPAs can be larger than the sum of the gains of
individual Raman and parametric amplifiers. When the direct
Raman gain is not saturated, a maximum gain enhancement can
thus be achieved in RA-FOPAs.

Fig. 5(a) shows the contour map of the combined gain en-
hancement of the RA-FOPAs, which is obtained by a
second order least square fitting of the experimental data shown
in Fig. 4. In Fig. 5(a), the maximum gain enhancement is ob-
tained at the center portion of the contour map. If we increase
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Fig. 5. Measured (a) and simulated (b) contour maps of the combined gain
enhancements in the RA-FOPA.

the parametric pump power, the combined gain enhancement
will first increase, then decrease and eventually becomes neg-
ative. Fig. 5(b) shows the corresponding simulation results of
Fig. 5(a), which match well with the measurement results when
the parametric pump power is small (say, mW). The
simulation results overestimated the overall gain of RA-FOPAs
when the parametric pump is large because other nonlinear ef-
fects such as SBS were not included in the model. In the ex-
periment, we observed an SBS Stokes of 16.0 dBm when a
23.1 dBm induced parametric pump was amplified by a 1 W
Raman pump. Therefore, the parametric pump is also reduced
owing to power depletion caused by the backward SBS [33].

IV. OPTIMIZING THE RA-FOPAS

As mentioned in Section II, the number of independent pa-
rameters in the phase-matched model is reduced to four. They
are , and . In the normalized model of (12)–(16), the
Raman gain and the parametric gain are decided by and ,
respectively. The parameter is the ratio between nonlinear co-
efficient and Raman coefficient and it will affect the proportion
of direct and indirect Raman contributions in RA-FOPAs. Be-
sides , the parameter is responsible for the fiber loss and its
length. From (17)–(20), and represent the relationship be-
tween Raman gain and fiber loss in RA-FOPAs. In this section,
we will discuss how to optimize the powers of Raman and para-
metric pumps in RA-FOPAs for different parameters and .

A. Effects of

In Table I, we show the typical values of in different types
of optical fiber [6]. Silica fiber has an close to 3. In special
fibers, such as dispersion flattened highly nonlinear fibers (DF-
HNLFs), dispersion shifted fibers (DSFs), and Raman fibers, the
values of cannot deviate far beyond the range of values shown
in Table I because of fiber dispersion. In Fig. 6, we show the
contour gain maps and their relative combined gain enhance-
ments in fibers with different values of . In this simulations,
we set dB and fixed the input signal at

and idler power (noise level) at ,
which is much smaller than input signal.

TABLE I
COMPARISON OF THE APPROXIMATE VALUES OF E IN DIFFERENT TYPES OF

TELECOMMUNICATION FIBER

Fig. 6. Effects of different values of � on the overall gain and combined gain
enhancement of RA-FOPAs. (a), (b), and (c) show the simulated contour maps
of the overall gains for � values of 4, 3, and 2 respectively. (d), (e), and (f) show
the combined gain enhancement for � values of 4, 3, and 2 respectively. The
contour curves are labeled in decibel.

Fig. 6 plots the effects of different values of on the
overall gain and combined gain enhancement of RA-FOPAs.
Figs. 6(a), (b), and (c) show the simulated contour maps of
the overall gains for values of 4, 3, and 2 respectively.
Figs. 6(d), (e), and (f) show the combined gain enhancement
for values of 4, 3, and 2 respectively. Comparing Figs. 6(a)
and (d) with (b) and (e), and (c) and (f), we observed that a
larger will result in a larger combined gain enhancement.
Since the nonlinear coefficient is much larger than the Raman
coefficient, the parametric pump serves as an effective medium
to transfer energy from the Raman pump to the signal and the
idler. Fig. 6(d) predicts over 12-dB combined gain enhance-
ment at the upper part of the contour map for an overall gain
of 60 dB.

In Fig. 6(b) and (e), the value of used is close to the
real value of in the HNLF under test. Our model predicts
that over 70 dB overall gain can be achieved in RA-FOPAs
using higher nonlinearity. Note that our model is only valid
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in small signal region. In our experiment, the linewidth of the
parametric pump was broadened through phase-modulation
to increase the threshold of SBS effect from dBm up to

20 dBm. However, when the Raman gain increases, the para-
metric pump power will increase and eventually surpasses the
SBS threshold. SBS effect will deplete the forward propagate
parametric pump. We also note that, since a short HNLF is used
in the RA-FOPA, in our experiment the threshold of the double
Rayleigh scattering effect is lower than that of SBS effect,
which is different from that for FRAs using long transmission
fiber as gain medium.

Fig. 6(e) shows that the maximum combined gain enhance-
ment can be obtained at the left part of the contour map,
which agrees with the experimental results shown in Fig. 5.
From Fig. 6(b) and (e), high combined gain enhancement can
be achieved by optimizing the powers of the pump pair and
keeping them out of the saturation region and parametric gain
limit. If we keep increasing the pump powers to get higher
overall gain, the combined gain enhancement will dramatically
decrease and eventually become negative because of pump
depletion. Fig. 6(c) and (f) show the case when equals to 2.
We observed that in this case when the Raman pump power
increases, the overall gains of RA-FOPAs do not increase as
much as the cases with larger values. This is because the direct
contributions from the Raman pump to the signal and idler are
comparable the indirect one. Therefore, positive combined gain
enhancement is possible only when the Raman and parametric
pumps are small. In this case, the efficiency of RA-FOPA is
low. The results indicate that fibers with small value of , such
as Raman fiber, are not suitable for RA-FOPAs because of the
relatively low efficiency.

B. Effect of

Note that and represent the relationship between Raman
gain and fiber loss in RA-FOPAs, respectively. For example,
when the Raman pump power is 1 W, for a 10 km SMF, is 3.4
and equals to 2.5 dB; for a 1 km HLNF, is 4.8 and equals
to 1.0 dB. Fig. 7 shows the effects of different values of on
the overall gain and combined gain enhancement of RA-FOPAs
for , and 3. Fig. 7(a)–(c) show the simulated contour
maps of the overall gains for values of 0.5, 1, and 3 respec-
tively. Fig. 7(d)–(f) show the combined gain enhancement for

values of 0.5, 1, and 3 respectively. From Fig. 7, we note the
overall gain and the maximum combined gain enhancement are
nearly the same when is small. For fibers with small , pump
depletion is small and so the pumps can provide high gain to
the signal and the idler. For fibers with large , which means
the fiber is long or lossy, higher pump powers are required in
RA-FOPAs to obtain high overall gain and combined gain en-
hancement as shown in Fig. 7(c) and (f).

From Fig. 7(d)–(f), the maximum combined gain enhance-
ment is similar for fibers with different values of , which indi-
cates that the maximum values of combined gain enhancement
of RA- FOPAs are not significantly affected by the fiber length
or fiber loss. Although the same maximum combined gain en-
hancement can be obtained, Raman and parametric pumps will

Fig. 7. Effects of different values of � on the overall gain and combined gain
enhancement of RA-FOPAs. Simulated contour maps of (a)–(c) the overall gains
and (d)–(f) the combined gain enhancement for � values of 0.5, 1, and 3, respec-
tively. The contour curves are labeled in decibel.

lose more energy in fiber with larger , which prevents the op-
timization of the RA-FOPA at small pump powers.

V. DISCUSSIONS

A. Phase-Matched Model

To determine the peak gains of RA-FOPAs using the model
of (12)–(16), it is necessary to search the whole gain band of the
RA-FOPAs which is a time consuming process. We therefore
simplify the calculation by assuming that the phase-matching
condition is always satisfied at the gain peak region as in
(17)–(20). By using this phase-matched model, we can di-
rectly determine the peak gain values of RA-FOPAs without
searching gain band. It is important to check the validity of the
phase-matched model. In Fig. 8, we compared the peak gain
values determined using the phase matched model of (17)–(20)
and those using the model of (12)–(16). We use the same set of
parameters as in Fig. 7(b) and (e). From Fig. 8, the predictions
from the phase-matched model agrees quite well with that from
the full model of (12)–(16) especially when the input Raman
pump is relatively small. Thus, the phase-match model can
be used to characterize the general behaviors of the gain of
RA-FOPAs. When the Raman amplification is large, the phase
matched model overestimates the peak gain because the Raman
pump amplifies the parametric pump, which in turn changes
the phase matching condition and make the phase matched
point move outward from the parametric pump wavelength.



WANG et al.: OPTIMIZATION OF RAMAN-ASSISTED FIBER OPTICAL PARAMETRIC AMPLIFIER GAIN 1179

Fig. 8. Difference between the simulation results in decibel using model of
(12)–(16) and the phase matched model. We use the same set of parameters as
in Fig. 7(b) and (e).

The wavelength satisfying the phase matching condition is
thus not fixed along the propagation distance. Signals at these
wavelengths however are still nearly phase-matched and can
still get amplified through parametric process.

B. Optimization of the Noise Figure

In the design of RA-FOPAs, besides the gain, the noise figure
also needs to be optimized. In RA-FOPAs, Raman and para-
metric pump combinations with relative large parametric pumps
can obtain better noise figure through suppressing the sponta-
neous Raman emission at the input end [22]. This indicates that
pump combinations with better noise figure can be obtained at
the lower-right corner of the contour maps. Thus, in order to de-
sign RA-FOPAs with high combined gain enhancement and low
noise figure, the parameters must be carefully chosen to move
the maximum gain enhancement region to the lower-right corner
of the contour maps.

VI. CONCLUSION

In conclusion, we used contour maps to describe the rela-
tionship between the overall gain and different combination of
the powers of Raman and parametric pumps in Raman-assisted
fiber optical parametric amplifiers. We derived a normalized
phase-matched model to determine the general behaviors of the
peak gains of RA-FOPAs operating in the small signal region.
The simulation results show good agreement with measured
data. Our simulation results indicate that higher small signal
gain can be obtained in RA-FOPAs by preventing pump deple-
tion caused by other nonlinear effects, such as backward SBS.
We demonstrated that the models can be used to design and
optimize the Raman and parametric pump pair of RA-FOPAs
for high gain and high efficiency in different fibers. Our results
also show that fibers with small ratio of nonlinear coefficient to
Raman coefficient ratio, such as Raman fiber, are not suitable
for use in RA-FOPAs. In fiber with low loss, high Raman coef-
ficient and nonlinear coefficient, and high ratio of nonlinear to
Raman coefficient, the optimum combined gain enhancements
can be achieved by using small Raman and parametric pump
powers.

APPENDIX

Assuming that the fiber is linearly birefringent and the in-
duced optical field is collinear polarized, the general form of the
third-order nonlinear polarization in silica fiber is given by [35]

(A1)

where, governs the delay Raman response and is respon-
sible for the instantaneous electronic response of the nonlinear
medium.

In RA-FOPAs, if the transverse distribution of optical field
does not change along -direction, the total optical field can be
written as

(A2)

where and , and , are the angular frequen-
cies and wave numbers, respectively. The indexes , and
represent Raman pump, parametric pump, signal and idler, re-
spectively. ) is the transverse distribution of optical field
and , and , are the slowly varying am-
plitudes of optical fields at frequencies of Raman pump, para-
metric pump, the signal and the idler, respectively. Substituting
(A2) into (A1), there will be 48 frequency combinations, three
of which are degenerated in FWM process. We neglect high fre-
quency components, high-order FWM idlers, anti-Stokes terms,
and FWM terms generated by Raman pump, and consider light-
waves at the frequencies of Raman pump, parametric pump,
signal and idler only. Thus, assuming collinear monochromatic
waves, we obtain the coupled mode equation as

(A3)

(A4)

(A5)
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(A6)

where is the fiber loss, is the Raman shift
and is the detune between signal and parametric
pump. We introduce the nonlinear coefficients

(A7)

where is the effective core area, and are reflective index
of the fiber and speed of light in vacuum. We also define the fre-
quency dependent nonlinear coefficient differences, which can
be written as

(A8)

where is the Fourier transform of , and Raman gain
coefficients, which are

(A9)

If we neglect the Raman effects among parametric pump, the
signal and the idler and frequency dependent nonlinear coef-
ficient differences, (A3)–(A6) will reduced to the model de-
scribed in [21], which focused on the amplitudes of input op-
tical field.
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