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Abstract. An accurate numerical model to investigate the pump-to-signal relative intensity noise
(RIN) transfer in two-pump fibre optical parametric amplifiers (2-P FOPAs) for low modulation frequencies is presented. Compared to other models in the field, this model takes into account the fibre
loss, pump depletion as well as the gain saturation. As a result, the model allows to include a wide
range of practical circumstances, both in and beyond the undepleted pump regime, related to different
applications of FOPAs. In the small-signal or undepleted pump regime, the model predicts the ripples
of the RIN spectrum very well and yields better results than those of other models. It is shown that
beyond the small-signal regime, pump power variations do not remain unchanged over the length of
the amplifier and for high signal powers, when the FOPA saturates, minimum pump-to-signal RIN
transfer occurs. The results of the model are also compared with the available experimental data in
the field and a very good agreement can be seen.
Keywords. Optical fibres; optical parametric oscillators and amplifiers; noise in integrated circuits.
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1. Introduction
Fibre optical parametric amplifiers (FOPAs) have attracted great research interest over the
past decade, because of their applications in various areas such as high gain amplification,
wavelength conversion, all-optical sampling, etc. [1,2]. FOPAs have been demonstrated
using one or two pumps injected together with the signal wave at the input of the low
dispersion fibres. One-pump architecture is simple and offers gain over wide bandwidths
but with poor uniformity [3]. On the other hand, a two-pump FOPA (2-P FOPA) is more
complex but offers a flatter and broader gain spectrum [4–6]. Recently, a very wide bandwidth amplification over 155 nm has been recorded in a 2-P FOPA [7]. Broad-bandwidth
amplification is usually required for wavelength division multiplexing (WDM) in
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optical communication systems where uniform amplification of all channels is desirable [8]. Moreover, wavelength converters used in optical switches also demand a
broad-bandwidth gain [9,10]. These features make 2-P FOPAs very attractive for optical telecommunication applications.
One of the main concerns in optical communications is the noise which is dominated
by the relative intensity noise (RIN) of the pump source. Owing to the very fast response
time of the refractive index and power-dependent parametric gain, the pump RIN can be
easily transferred to the amplified signal or the generated idler. As a result, the pump RIN
is considered as detrimental in communication systems as it deteriorates the signal wave
and affects the device performance. Although noise characteristics of the 2-P FOPAs have
been investigated in many works [11–13], very little attention has been directly given to
the pump-to-signal RIN transfer in these devices. Marhic et al [14] have measured the RIN
transfer in 1-P and 2-P FOPAs when the frequency of the pump intensity modulation is
low and derived analytical expressions which are valid under some approximations mainly
a lossless fibre and a weak signal (undepleted pump regime). Hence, the analytical model
cannot explain real circumstances where losses and pump depletion have to be taken into
account. Here, however, we present a comprehensive numerical model which does not
suffer from such approximations. The model describes the pump-to-signal RIN transfer
in the 2-P FOPAs for a wide range of practical circumstances. For example, the model
can predict the pump-to-signal RIN transfer for various pumps and signal powers and also
for a saturation operation where the signal power is high enough and the pump wave is
depleted. In fact, for the saturation operation which is of interest for signal regenerators
[15], and amplitude limiters [16,17], the analytical expression is not applicable and the
numerical model is preferably used. Moreover, for some applications of 2-P FOPAs such
as distributed amplifiers and distributed wavelength converters, long fibre lengths are used
and therefore the losses are not negligible [18].
In this paper, a comprehensive numerical model for investigating the pump-to-signal
RIN transfer in 2-P FOPAs is presented. The model which is based on 12 differential
equations predicts the RIN transfer when the modulation frequencies are low and includes
losses, pump depletion and gain saturation. We also investigated the dependency of the RIN
transfer on the input signal and pump powers, as well as the signal wavelength. Even for
the small-signal regime where the analytical solution is applicable, our numerical method
still yields better results because analytical solutions ignore the wave-vector mismatches of
the interacting waves and hence the wavelength dependency of the gain and RIN transfer
cannot be observed. In addition, our model can work beyond the small-signal regime, and
therefore can predict the pump-to-signal RIN transfer in some FOPA-based devices such
as regenerators, amplitude limiters and wavelength converters [19–23].
The paper is organized as follows: In §2, the 6-wave model which is the starting point of
our model is described and the governing equations for the amplitude evolution of the six
interacting waves inside the 2-P FOPA are presented. The merit of the 6-wave model over
the 4-wave one is discussed and the gain spectra of two models are compared with each
other. In the next section, we develop the 6-coupled-amplitude equations to derive new
6-coupled equations for the amplitude variations of the interacting wave in FOPAs. As a
result, the RIN transfer in the 2-P FOPA is modelled using the numerical solution of the 12
differential equations. The results and their comparison with experimentals are presented
in §4 and the paper is concluded in §5.
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2. The 6-wave model
To develop a model which can describe the RIN transfer in the 2-P FOPAs very well, first
one should start with a model which enables us to describe the gain spectrum accurately.
The gain spectrum in the 2-P FOPA may be calculated using a 4-wave or a 6-wave model
[2]. However, the 4-wave model which considers only nonlinear interactions between four
waves: the two pumps, the signal and the idler, breaks down when the signal wavelength is
very close to one of the pump wavelengths [24]. Therefore, we develop our model from the
6-wave model which can predict the gain spectrum of the 2-P FOPA, especially its ripples
accurately.
Frequency assignments of the 6-wave model are shown in figure 1, where ω1 and ω2
denote the angular frequencies of pump 1 and pump 2, respectively. The centre frequency
is defined as ωc = (ω1 + ω2 )/2 and the signal is injected at angular frequency ω4 close
to pump 1. Due to the nondegenerate four-wave mixing (FWM) among pump 1, pump
2 and the signal waves, the first idler, idler 1 at frequency ω5 , is generated on the left
side of pump 2. This idler is the mirror image of the signal with respect to the centre
frequency ωc so that the energy conservation condition is fulfilled, i.e., ω1 + ω2 = ω4 + ω5 .
At the same time, the second idler, idler 2 at frequency ω3 , is generated on the left side
of pump 1 owing to the degenerate FWM of pump 1 and the signal waves. This idler
is symmetric to the signal with respect to pump 1 so that we have 2ω1 = ω3 + ω4 . A
similar process of FWM takes place between pump 2 and idler 1 resulting in the third idler,
idler 3 with angular frequency ω6 which satisfies the relation: 2ω2 = ω5 + ω6 . The 6coupled equations governing the amplitude evolution of the two pumps (waves 1 and 2),
one signal (wave 4), and three generated idlers (waves 3, 5 and 6) along the fibre are given
by [2]

∂ A1
= iγ (|A1 |2 + 2 |A2 |2 )A1 + 2A4 A5 A∗2 exp(iβ4512 z)
∂z
+ 2A4 A2 A∗6 exp(iβ2416 z) + 2A3 A6 A∗2 exp(iβ3612 z)

+ 2A3 A2 A∗5 exp(iβ2315 z) + 2A3 A4 A∗1 exp(iβ3411 z)
1
− α A1 ,
2

(1)

Figure 1. The frequency assignments of six interacting waves in the 2-P FOPAs based
on the 6-wave model.
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∂ A2
= iγ (|A2 |2 + 2 |A1 |2 )A2 + 2A5 A4 A∗1 exp(iβ4512 z)
∂z
+ 2 A5 A1 A∗3 exp(iβ1523 z) + 2A6 A3 A∗1 exp(iβ6312 z)

+ 2A6 A1 A∗4 exp(iβ6124 z) + 2A6 A5 A∗2 exp(iβ5622 z)
1
− α A2 ,
2

(2)


∂ A3
= iγ 2(|A1 |2 + |A2 |2 )A3 − |A3 |2 A3 + A21 A∗4 exp(−iβ3411 z)
∂z
+ 2A1 A2 A∗6 exp(−iβ3612 z) + 2A1 A∗2 A5 exp(−iβ2315 z)
 1
+ 2A4 A5 A∗6 exp(−iβ3645 z) − α A3 ,
2

(3)


∂ A4
= iγ 2(|A1 |2 + |A2 |2 )A4 − |A4 |2 A4 + A21A∗3 exp(−iβ3411 z)
∂z
+ 2A1 A2 A∗5 exp(−iβ4512 z) + 2A1 A∗2 A6 exp(−iβ2416 z)
 1
+ 2A3 A6 A∗5 exp(−iβ4536 z) − α A4 ,
2

(4)


∂ A5
= iγ 2(|A1 |2 + |A2 |2 )A5 − |A5 |2 A5 + A22 A∗6 exp(−iβ5622 z)
∂z
+ 2A1 A2 A∗4 exp(−iβ4512 z) + 2A∗1 A2 A3 exp(−iβ1523 z)
 1
+ 2A3 A6 A∗4 exp(−iβ4536 z) − α A5 ,
2

(5)


∂ A6
= iγ 2(|A1 |2 + |A2 |2 )A6 − |A6 |2 A6 + A22 A∗5 exp(−iβ5622 z)
∂z
+ 2A1 A2 A∗3 exp(−iβ3612 z) + 2A∗1 A2 A4 exp(−iβ1624 z)
 1
+ 2A4 A5 A∗3 exp(−iβ3645 z) − α A6 ,
2

(6)

where Ai (i = 1, 2, 3, 4, 5, 6) is the amplitude of each wave, γ is the nonlinear coefficient
and α is the fibre loss. βi jkl = β(ωk ) + β(ωl ) − β(ωi ) − β(ω j ) is the linear wave-vector
mismatch of the interacting waves i, j, k and l (i, j, k, l = 1, 2, 3, 4, 5, 6) and βi, j,k,l is the
mode propagation constant of each light wave calculated at its frequency.
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Figure 2. Comparison of the parametric gain of the 2-P FOPA based on the 4-wave
model (dashed line) and 6-wave model (solid line).

Figure 2 shows the gain spectrum of the 2-P FOPA when the 4-wave model or the 6-wave
model is used. For the 4-wave model, eqs (1)–(6) are reduced to four equations, namely
(1), (2), (4) and (5), since the other idlers, waves 3 and 6 are ignored. A 500-m highly
nonlinear fibre with the nonlinear parameter γ = 17 W−1 km−1 , loss α = 0.5 dB/km
and dispersion slope at 1561.1 nm of S = 0.03 ps/(nm2 km) was used in the calculations.
The fourth-order coefficient of the mode propagation constant β4 = −5 × 10−56 s4 /m.
Pumps 1 and 2 are located at 1574.8 and 1549.05 nm, respectively with equal input powers
of 21.6 dBm. These parameters are the same as those in ref. [14], for easy comparison
of our results with the analytical and experimental ones presented in §4. The figure is
for the small-signal regime and therefore a very weak signal with a power of −40 dBm
is assumed. As can be seen, the 4-wave model departs from the 6-wave model as the
signal wavelength moves toward either of the pump wavelengths. In particular, the gaindips around the pump wavelength cannot be predicted by the 4-wave model. Moreover,
the gain spectrum obtained by the 4-wave model in the region between the two pumps and
near the centre wavelength (∼1562 nm) is smooth while the 6-wave model predicts some
ripples in this region [25]. Therefore, to observe similar behaviours (dips and ripples) for
the RIN spectrum, the 6-wave model is used as a starting point of RIN transfer analysis in
2-P FOPAs.

3. RIN transfer equations
Practically, to investigate the RIN transfer in the FOPAs, the intensity of the pump wave is
intentionally modulated at the input of the FOPA with relatively small sinusoidal radiofrequencies, normally less than several GHz. Therefore, one can assume that the pump
varies so slowly that any explicit time dependence can be safely neglected in this analysis. The pump amplitude variations Ap (z) (say pump 1) leads to the pump RIN defined
2

as rp = Pp / P̄p where the mean value of the pump power is given by P̄p = Āp · Ā∗p and
the power variations Pp = Ā∗p Ap + Āp A∗p with * representing the complex conjugate.
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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As a result, the pump amplitude can be written as Ap (z) = Āp (z) + Ap (z), where the
mean pump amplitude Āp (z) is the solution of eq. (1). Although intensity modulation (IM)
of the pump generally accompanies frequency modulation (FM), in order to simplify the
analysis, the initial pump IM is assumed not to be accompanied by FM. Therefore, IM can
be considered to be equivalent to amplitude modulation (AM).
Owing to the very fast nonlinear interactions originating from the ultrafast Kerr nonlinearity, the pump amplitude variations can be easily transferred to the signal and other
interacting waves. We denote the resulting amplitude of the signal as A4 (z) = Ā4 (z) +
A4 (z) where the mean signal amplitude Ā4 (z) is the solution of eq. (4). Similar relations
may be written for the amplitudes of pump 2, and the waves 3, 5, 6 by appropriately replacing the subscript with the corresponding numbers. Substituting Ai (z), i = 1, 2, 3, 4, 5, 6
into the corresponding eqs (1)–(6) and assuming Ai (z)  Āi (z), propagation equations
for the amplitude variations of the six interacting waves are respectively given as

∂A1
= iγ (A1 Ā∗1 + Ā1 A∗1 + 2A2 Ā∗2 + 2 Ā2 A∗2 ) Ā1
∂z


+ | Ā1 |2 + 2| Ā2 |2 A1


+ 2 A4 Ā5 Ā∗2 + Ā4 A5 Ā∗2 + Ā4 Ā5 A∗2 exp(iβ4512 z)


+ 2 A4 Ā2 Ā∗6 + Ā4 A2 Ā∗6 + Ā4 Ā2 A∗6 exp(iβ2416 z)


+ 2 A3 Ā6 Ā∗2 + Ā3 A6 Ā∗2 + Ā3 Ā6 A∗2 exp(iβ3612 z)


+ 2 A3 Ā2 Ā∗5 + Ā3 A2 Ā∗5 + Ā3 Ā2 A∗5 exp(iβ2315 z)




+ 2 A3 Ā4 Ā∗1 + Ā3 A4 Ā∗1 + Ā3 Ā4 A∗1 exp(iβ3411 z)

1
(7)
− αA1 ,
2


∂A2
= iγ A2 Ā∗2 + Ā2 A∗2 + 2A1 Ā∗1 + 2 Ā1 A∗1 Ā2
∂z


+ | Ā2 |2 + 2| Ā1 |2 A2


+ 2 A5 Ā4 Ā∗1 + Ā5 A4 Ā∗1 + Ā5 Ā4 A∗1 exp(iβ4512 z)


+ 2 A5 Ā1 Ā∗3 + Ā5 A1 Ā∗3 + Ā5 Ā1 A∗3 exp(iβ1523 z)


+ 2 A6 Ā3 Ā∗1 + Ā6 A3 Ā∗1 + Ā6 Ā3 A∗1 exp(iβ3612 z)


+ 2 A6 Ā1 Ā∗4 + Ā6 A1 Ā∗4 + Ā6 Ā1 A∗4 exp(iβ1624 z)



+ 2 A6 Ā5 Ā∗2 + Ā6 A5 Ā∗2 + Ā6 Ā5 A∗2 exp(iβ5622 z)
−
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∂A3
= iγ 2 A1 Ā∗1 + Ā1 A∗1 + A2 Ā∗2 + Ā2 A∗2 Ā3
∂z




+ 2 | Ā1 |2 + | Ā2 |2 A3 − A3 Ā∗3 + Ā3 A∗3 Ā3




− | Ā3 |2 A3 + 2 Ā1 A1 Ā∗4 + Ā21 A∗4 exp(−iβ3411 z)


+ 2 A1 Ā2 Ā∗6 + Ā1 A2 Ā∗6 + Ā1 Ā2 A∗6 exp(−iβ3612 z)


+ 2 A1 Ā∗2 Ā5 + Ā1 A∗2 Ā5 + Ā1 Ā∗2 A5 exp(−iβ2315 z)



+ 2 A4 Ā5 Ā∗6 + Ā4 A5 Ā∗6 + Ā4 Ā5 A∗6 exp(−iβ3645 z)
−

1
αA3 ,
2

(9)

 

∂A4
= iγ 2 A1 Ā∗1 + Ā1 A∗1 + A2 Ā∗2 + Ā2 A∗2 Ā4
∂z




+ 2 | Ā1 |2 + | Ā2 |2 A4 − A4 Ā∗4 + Ā4 A∗4 Ā4




− | Ā4 |2 A4 + 2 Ā1 A1 Ā∗3 + Ā21 A∗3 exp(−iβ3411 z)


+ 2 A1 Ā2 Ā∗5 + Ā1 A2 Ā∗5 + Ā1 Ā2 A∗5 exp(−iβ4512 z)


+ 2 A1 Ā∗2 Ā6 + Ā1 A∗2 Ā6 + Ā1 Ā∗2 A6 exp(−iβ2416 z)



+ 2 A3 Ā6 Ā∗5 + Ā3 A6 Ā∗5 + Ā3 Ā6 A∗5 exp(−iβ4536 z)
−

1
αA4 ,
2

(10)

 

∂A5
= iγ 2 A1 Ā∗1 + Ā1 A∗1 + A2 Ā∗2 + Ā2 A∗2 Ā5
∂z




+ 2 | Ā1 |2 + | Ā2 |2 A5 − A5 Ā∗5 + Ā5 A∗5 Ā5




− | Ā5 |2 A5 + 2 Ā2 A2 Ā∗6 + Ā22 A∗6 exp(−iβ5622 z)


+ 2 A1 Ā2 Ā∗4 + Ā1 A2 Ā∗4 + Ā1 Ā2 A∗4 exp(−iβ4512 z)


+ 2 A∗1 Ā2 Ā3 + Ā∗1 A2 Ā3 + Ā∗1 Ā2 A3 exp(−iβ1523 z)



+ 2 A3 Ā6 Ā∗4 + Ā3 A6 Ā∗4 + Ā3 Ā6 A∗4 exp(−iβ4536 z)
1
− αA5 ,
2
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∂A6
= iγ 2 A1 Ā∗1 + Ā1 A∗1 + A2 Ā∗2 + Ā2 A∗2 Ā6
∂z




+2 | Ā1 |2 + | Ā2 |2 A6 − A6 Ā∗6 + Ā6 A∗6 Ā6




− | Ā6 |2 A6 + 2 Ā2 A2 Ā∗5 + Ā22 A∗5 exp(−iβ5622 z)


+ 2 A1 Ā2 Ā∗3 + Ā1 A2 Ā∗3 + Ā1 Ā2 A∗3 exp(−iβ3612 z)


+ 2 A∗1 Ā2 Ā4 + Ā∗1 A2 Ā4 + Ā∗1 Ā2 A4 exp(−iβ1624 z)



+2 A4 Ā5 Ā∗3 + Ā4 A5 Ā∗3 + Ā4 Ā5 A∗3 exp(−iβ3645 z)
1
− αA6 .
2

(12)

The RIN transfer function is defined as

rs
,
(13)
ξ = 10 log
rp
2

where rs = Ps / P̄s is the signal RIN at the output of the FOPA. The mean value of
the signal power is given by P̄s = Ās · Ā∗s and Ps = Ā∗s As + Ās A∗s is the signal
power variations. According to figure 1, subscripts p and s refer to waves 1 (pump 1) and 4
(signal), respectively.
In the above equations, the state of polarization of all the waves is considered to be the
same throughout the propagation and therefore scalar model of FWM is used. However,
the vector model of FWM in which the polarization of waves is different has also been
developed which can be found in ref. [26]. The fibre loss has also been included in the
equations to increase the accuracy of the theory. The loss term in the equations may have
an important role for other types of fibres which exhibit higher losses than highly nonlinear
fibres (HNLFs) or for longer lengths of FOPAs (for example, the distributed FOPAs). To
avoid further complexities, nonlinear coefficients of all waves are considered to be equal.
Finally, solving 12 differential equations, eqs (7)–(12) together with eqs (1)–(6), and using
the definition of eq. (13), the RIN transfer in 2-P FOPAs was investigated. It is worth
noting that one can also use a different definition, the so-called RIN magnification factor
given by
ms
,
(14)
ρ =
mp
√
where m p,s = rp,s is the intensity modulation index of the pump and signal measured
at the input and output of the FOPA, respectively. Since this definition has been used in
ref. [14] to describe the pump-to-signal transfer of low-frequency IM in FOPAs, for easy
comparison, we use this definition in our calculations as well.
4. Results and discussions
In this section, we perform our calculations for the HNLF with the parameters used
in §2 and compare the results with the analytical and experimental results presented in
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Figure 3. Experimental parametric gain [14] as well as the analytical and numerical
fits. P1 = P2 = 21.6 dBm and L = 500 m. Numerical solutions 1 and 2 correspond to
the fibre losses of α1 = 0 dB/km and α2 = 0.5 dB/km, respectively.

ref. [14]. The fibre loss in ref. [14] was ignored and the FOPA operated in the small-signal
regime. This means that in ref. [14], the loss terms in the equations have been neglected
and the pump amplitudes have also been considered constant during the propagation along
the fibre. However, our model allows us to assume a typical loss of α = 0.5 dB/km for the
HNLF and different signal powers depending on the various applications. For the smallsignal regime we assume a signal as small as −40 dBm. The signal is injected together
with pumps 1 and 2 into the FOPA where only pump 1 is modulated with the modulation
index m p = 3.53%. Wavelengths of the pumps are 1574.8 and 1549.05 nm, respectively
with equal input powers of 21.6 dBm.
Figure 3 shows the gain spectrum of the 2-P FOPA based on the 6-wave model, eqs
(1)–(6), for the above parameters. The experimental data and the analytical solution have
been adopted from ref. [14]. As can be seen, our numerical solutions can predict the
experimental results very well. Numerical solution 1 is for a lossless fibre whereas the
numerical solution 2 assumes a fibre loss of α2 = 0.5 dB/km. Both numerical solutions can
predict the gain spectrum and its ripples very well and the impact of the fibre loss is to shift
the curves value. Indeed, the analytical solution cannot describe the gain very well as it does
not take into account the wave-vector mismatches βijkl = β(ωk )+β(ωl )−β(ωi )−β(ω j ),
and the fibre loss. In other words, in the model presented in ref. [14] all exponential terms
containing βijkl have been replaced by unity as it has been assumed that wavelengths of all
interacting waves are very close to each other so that all wave-vector mismatches vanish.
When the wave-vector mismatches are ignored in the analysis, the wavelength dependence
of the gain cannot be seen and therefore the gain always remains constant over the whole
signal range (dashed line in figure 3). As a result, it is necessary to include all the wavevector mismatches as well as the loss in the model to properly predict the gain spectrum
and consequently the RIN transfer in FOPAs.
Figure 4 shows RIN magnification factor ρ as a function of signal wavelength for the 2-P
FOPA. A very weak signal with a power of −40 dBm is assumed to satisfy the small-signal
regime under which the experimental data were taken. As it is apparent, our model matches
very well with the experimental data because of the same reasons given for explaining the
results in figure 3. Here again, the analytical solution predicts the RIN magnification factor
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Figure 4. Wavelength dependence of RIN magnification factor for P1 = P2 = 21.6
dBm. The modulation index of pump 1 is m p = 3.53%. The numerical solution is for
α = 0 dB/km and experimental data are taken from ref. [14].

as a constant for all signal wavelengths. Therefore, as is seen from both figures 3 and 4, for
the small-signal regime where the analytical solution is applicable, our numerical method
still yields better results. This means that it is necessary to take into account the fibre loss
and especially the wave-vector mismatches to describe experimental results very well.
We have also investigated the saturation behaviour of the 2-P FOPA as shown in
figure 5. This behaviour cannot be explained by the analytical model in which the signal power has to be very small. The parametric gain of the FOPA (figure 5a) and the RIN
magnification factor (figure 5b) have been plotted as a function of the input signal power
for three input pump powers as constant parameters. The signal wavelength is assumed to
be fixed at 1560 nm. The RIN curves have similar behaviours as the gain curves. Generally, as the pump is mainly responsible for the RIN transfer, the higher pump power leads
to higher RIN transfer. On the other hand, as the signal power increases, the pump is more

Figure 5. The saturation curve of the 2-P FOPA for the parametric gain (a) and
the RIN transfer (b) for three different input pump powers. Fibre length is 500 m,
α = 0 dB/km, the signal wavelength is 1560 nm and the modulation index of pump 1
is m p = 3.53%.
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Figure 6. The RIN transfer spectra of the 2-P FOPA for different input signal powers.
Fibre length is 500 m and α = 0.5 dB/km. P1 = P2 = 21.6 dBm and m p = 3.53%.

depleted and the RIN transfer decreases so that near the saturation point at which the gain
is decreased by 3 dB, the RIN magnification factor will be minimum. Therefore, when the
FOPA operates in the saturation regime, the gain is robust against the pump fluctuations
and the signal is less deteriorated. This property, which has been experimentally confirmed
for the gain-saturated 1-P FOPA, can be utilized for signal regeneration and in amplitude
limiters [27].
In figure 6 we have plotted the spectra of the RIN magnification factor over a wide range
for different signal powers. The spectral range has been chosen as in figure 2 including both
regions: inside and outside two pumps. The signal powers have been chosen according to
figure 5b so that a significant difference among the curves can be seen. The power of both
pumps is 21.6 dBm. As in figure 5, the impact of the signal power is that it decreases the
RIN transfer because of the pump depletion. The RIN transfer suppression due to the signal
power is more evident for the region outside the pumps. Particularly, for the highest signal
power, the RIN transfer is well suppressed by a factor of 2. Near the two pumps where the
gain dips exist, dips of the RIN transfer spectrum occur as well. For the gain edges (see
figure 2) on either side of the spectrum, the RIN transfer is the highest for small signals.
This feature of the RIN transfer has been observed in 1-P FOPAs as well [14].
Finally, figure 7 shows the evolution of the pump power variations for various input
signal powers as pump 1 propagates down the fibre. The input power of both pumps is
21.6 dBm and the modulation index of pump 1 is 3.53%. We also have assumed a FOPA
with a loss α = 0.5 dB/km. The signal wavelength is fixed at 1560 nm. As can be
seen, over the short lengths (shorter than 100 m) the variations remain unchanged because
when the fibre is short, the pump does not experience any depletion even though the signal
is not so week. In particular, for a week signal, less than −20 dBm, the pump power
variations remain almost unchanged throughout the FOPA. This was first established in
[14], for the small-signal limit. However, when the input signal power increases, the pump
power variations begin to decrease. This behaviour cannot be predicted by the analytical
model because pump depletion takes place and hence the small-signal limit does not hold
anymore. Therefore, it is confirmed that not only our model can predict the experimental
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Figure 7. Evolution of the pump power variations along the fibre for various input
signal powers. P1 = P2 = 21.6 dBm, α = 0.5 dB/km, m p = 3.53% and the signal
wavelength is 1560 nm.

results with a good accuracy, but also it gives more insights especially when the analytical
solutions are not applicable.

5. Conclusion
We have proposed an accurate numerical model to investigate the pump-to-signal RIN
transfer in 2-P FOPAs when the modulation frequencies are low. The model which consists of 12 differential equations, takes into account the fibre loss, pump depletion as well
as the gain saturation and therefore can predict the RIN transfer in 2-P FOPAs for various
applications such as signal amplification, signal regeneration, wavelength conversion and
amplitude limiters. The impact of the fibre loss, the pump and signal powers on the RIN
transfer spectrum have also been studied. It was shown that as the signal power increases,
the pump is depleted and therefore the RIN transfer decreases so that for the saturation point
minimum RIN transfer occurs. We have verified our model by the available experimental
data in the literature for the small-signal or undepleted pump regime and a very good agreement was obtained. Even for the small-signal regime for which the analytical solution is
applicable, the agreement of our results with the experiment is much better than that of the
analytical. In particular, the ripples of the RIN spectrum can be well predicted by our model
in the small-signal regime. Beyond the small-signal regime, our model provides more physical insights, e.g., pump power variations do not remain unchanged over the length of the
amplifier contrary to the small-signal regime. The results of the model are useful for optical
communication systems, for example WDMs, where the 2-P FOPAs are of interest.
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