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Abstract – Using a new numerical model, the pump-to-signal relative intensity noise (RIN) transfer in singlepump fiber optical parametric amplifiers for low modulation frequencies is investigated. The model includes
fiber loss, pump depletion, as well as the gain saturation, and therefore, it can describe the practical
circumstances associated with various applications of fiber optical parametric amplifiers. The nonlinear
dynamics of the RIN transfer for different pump and signal powers is studied. The impact of the input pump
and signal powers and signal wavelength on the RIN transfer is also investigated. Finally, the model is
compared to the available experimental data and a very good agreement is obtained.
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1. INTRODUCTION
Fiber optical parametric amplifiers (FOPAs) have attracted significant research interest in recent years,
since they hold great promise for several applications including high-gain amplification [1], wavelength
conversion [2], regeneration [3], all-optical sampling [4] and wide-bandwidth amplification [5].
One of the main concerns in optical communications is the noise figure (NF) and its detrimental
effects on device performance. Due to the extremely fast response time of the refractive index and powerdependent parametric gain, any pump fluctuation is easily transferred to the amplified signal or the
generated idler. As a result, noise in FOPAs is dominated by the transfer of relative intensity noise (RIN)
associated with the pump laser which can considerably degrade the FOPA. For example, it is well known
that in an ideal phase-insensitive FOPA, the minimum achievable NF in the quantum limit is 3dB [6].
However, in practical systems with moderately high gains and high input signal powers, RIN in the pump
keeps the NF above the quantum limit. Some sources that introduce RIN into the pump are: 1) stimulated
Brillouin scattering (SBS) suppression done by either phase modulation or by frequency modulation of the
laser diode, 2) amplification of the pump wave by erbium-doped fiber amplifiers (EDFAs), 3) RIN due to
the pump itself. RIN from all these sources leads to a variation of the parametric gain, which finally
impairs the performance of FOPAs.
Several studies on noise characteristics of FOPAs have been reported from different perspectives
including its dependency on: gain and wavelength [7], dispersion fluctuations [8], optical signal to noise
ratio of the pump [9], pump noise [10], and Raman effect [11]. Nonetheless, very little attention has been
paid directly to the pump-to-signal RIN transfer in FOPAs. M.E. Marhic, et al, have investigated the
transfer of low-frequency intensity modulation of the pump to the signal and derived analytical
expressions [12]. As can be seen, most of the works that have been done in the context of noise in FOPAs
date back to some years ago, however, quite recently some other aspects of noise in single-pump FOPAs


Received by the editor December 19, 2010 and in final revised form March 13, 2011
Corresponding author



186

H. Pakarzadeh / A. Zakery

have been also studied [13, 14]. This shows that the noise in FOPAs is still attractive for the scientific
community.
In almost all the above works, the main focus is on the experimental side, and all the theories that
have been used in these works are valid under some approximations including a lossless and/or undepleted
FOPA. To develop a theory which covers the experimental conditions, one has to take into account the
losses as well as the pump depletion. The role of losses is important when the fiber is too long or the
coupling and/or the distributed losses are not negligible [15]. Inclusion of the pump depletion must be
considered if one plans to investigate the RIN transfer in a FOPA which employs high signals or operates
near the saturation.
In this paper, a comprehensive numerical model for investigating the pump-to-signal RIN transfer in
single-pump FOPAs is presented. The model predicts RIN transfer when the modulation frequencies are
low and includes losses, pump depletion, and gain saturation. We also investigate the dependency of the
RIN transfer on the input signal and pump powers, signal wavelength, as well as on the fiber length. Our
numerical method yields results which match very well with the analytical ones whenever a lossless fiber
and a very weak signal are assumed. Moreover, it can describe other practical circumstances in some
applications like: efficient wavelength conversion where the pump depletion cannot be ignored, and also
in regenerators and amplitude limiters [3, 16, 17] where the FOPA works in the saturation regime. Indeed,
for these applications the analytical solutions no longer work and one has to use a sophisticated model to
cover the practical circumstances. The method is also faster than solving the full generalized nonlinear
Schrodinger equation (NLSE). To our knowledge this is the first time that such a simple, fast and
comprehensive method for investigating the pump-to-signal RIN transfer in single-pump FOPAs is
presented.
The paper is organized as follows: In section 2 an efficient numerical model for the calculation of
RIN transfer in single-pump FOPAs under the low-modulation frequency regime is developed. In the next
section, the simulation results carried out for several operating conditions are presented in two parts: Part
3.1 which is purely devoted to the numerical results with a focus on nonlinear dynamics of the RIN
transfer, and its dependency on some parameters like input pump and signal powers as well as when the
FOPA saturates; and Part 3.2 in which the numerical results are compared to the experiments and the
theory of ref. 12. Finally, in Section 4, the basic conclusions reached are summarized.
2. THEORY
We start with the well-known coupled amplitude equations governing the evolution of the pump, signal
and idler in a CW single-pump FOPA [18, 19]:
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where Ap , As , and Ai are the amplitudes of the pump, signal, and idler waves respectively,  is the
nonlinear coefficient, and α is the fiber loss.    ( s )   (i )  2 ( p ) is the linear wave vector mismatch
of the interacting waves, and  s, i, p is the mode propagation constant of each lightwave calculated at its
central frequency.
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Since we are going to modulate the intensity of the pump wave at the input of the FOPA with
relatively low modulation frequencies, normally less than several GHz, one can assume that the pump
varies so slowly such that any explicit time dependency can be safely neglected. Hence, here the usual
steady-state expressions are used.
Introducing a noise term on the pump amplitude, as a small sinusoidal perturbation A p (z ) , the pump
amplitude can be written as Ap ( z )  Ap ( z )  Ap ( z ) , where the mean pump amplitude Ap (z ) is the solution
of Eq. (1). Experimentally this corresponds to the modulation of the pump intensity at the input of FOPA
using an intensity modulator driven by a sinusoidal radio-frequency (RF) generator. 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).
Due to the very fast nonlinear interactions, this perturbation can be easily transferred to the signal and
idler waves. We denote the resulting amplitude of the signal: As ( z )  As ( z )  As ( z ) , and of the idler:
Ai ( z )  Ai ( z )  Ai ( z ) , where the mean signal and idler amplitudes As (z ) and Ai (z ) , are the solutions of Eq.
(2) and Eq. (3), respectively. By substituting Ap , s ,i ( z ) into the Eq. (1)-(3) and assuming Ap ( z )  Ap ( z ) ,
 As ( z )  As ( z ) , and  Ai ( z )  Ai ( z ) , the propagation equations for the pump, signal, and the idler
amplitude modulations are respectively given by:
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where * denotes the complex conjugate.
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the FOPA and rp   p  is the pump RIN at the input of the FOPA. Pp ,s  A p , s A *p , s is the mean value
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of the pump and signal powers, respectively. Pp , s , which is defined through the

relation: Pp , s  A*p , s  Ap , s  Ap ,s  A*p , s , corresponds to the power variations of the pump and signal waves,
respectively.
The state of polarization of all waves is considered to be the same throughout the propagation. To
increase the accuracy of the theory, the fiber loss has also been included as it may have an important role
for other types of fibers which possess higher loss or for longer lengths of FOPAs. However, as it is very
common in the FOPA work, the loss can be assumed to be the same for all three waves, since the
wavelengths of the waves are very close to each other. To avoid further complexities, nonlinear
coefficients of all waves are also considered to be equal. Finally, by solving six coupled equations, three
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for the mean amplitudes and three for the corresponding amplitude variations, RIN transfer in single-pump
FOPAs is investigated.
3. RESULTS AND DISCUSSIONS
a) Numerical Results
In this part, we have performed our calculations for a highly nonlinear fiber (HNLF)
with   11.5W 1km1 ,   0.74 dB / km , and effective mode area Aeff  11.7 m 2 . The zero-dispersion
wavelength is 1560.5 nm where the dispersion slope is S  0.015 ps /(nm 2 km) [3]. The pump and signal
wavelengths are assumed 1564nm and 1546 nm, respectively. Throughout the calculations the input pump
RIN is fixed at -100 dB [20]. This means that we assume the intrinsic RIN without an external IM. In
order to investigate the pump- to- signal RIN transfer easily, the initial signal is considered to contain no
RIN, i.e., rs  0 .
Figure 1 shows the evolution of the RIN transfer along the fiber for various input pump powers. The
input signal power is as small as -30 dBm. Each curve describes the nonlinear dynamics of the RIN
transfer for a given pump power. As is seen, for higher input pump powers the RIN transfer is higher as
well. Since the initial signal RIN is zero and there is slight nonlinear interaction for a very short length,
curves start with very low RIN transfers. As the signal propagates along the fiber, it acquires some noise
from the pump due to nonlinear interactions until the phase matching is completely fulfilled and the
maximum value of the RIN transfer occurs. Then, due to the periodic behavior of the phase matching
condition, the RIN transfer goes through its maximum value and finally decreases. This trend is more
evident for the bottom curve, where the pump power is the lowest. It should be noted that the phase
matching condition for the amplitude variations is not the same as that of mean amplitudes (unmodulated
amplitudes). This means that the phase matching condition for the former is modified as is evident from
the extra terms which appear on the right-hand side of Eqs. (4)-(6) compared to that of Eqs. (1)-(3). An
equivalent explanation could be provided in terms of modulated gain which will be given afterwards.

Fig. 1. Evolution of the RIN transfer along the fiber for various
input pump powers. Ps= -30 dBm and rp  100 dB .

In Fig. 2 the evolution of the RIN transfer along the fiber for various input signal powers is shown.
The input pump power is 30 dBm. As the input signal power increases, it depletes the pump power which
in turn leads to the reduction of the RIN transfer level. However, since the signal power is relatively low
compared to the input pump power, it requires more interaction length in order for the depletion to take
place. For higher signal powers FOPA starts to go to saturation where the RIN transfer is minimum. The
origin of the periodic behavior refers to the phase matching condition of the parametric process. It means
that for a perfect phase matching, the linear wave vector mismatch of the interacting waves must
compensate the nonlinear wave vector mismatch of the waves. Therefore, the power always flows from
Iranian Journal of Science & Technology, Trans. A, Volume 34, Number A3
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the pump into the signal until the perfect phase matching is achieved. Beyond the perfect phase matching,
however, the reverse process takes place, i.e. the power flows from the signal to the pump. The nonlinear
contribution of the phase matching condition is equal to  Pp z , and therefore at a lower pump power Pp
the phase matching condition is fulfilled at shorter fiber lengths. Since the evolution of the pump power
along the fiber depends on the signal power, more pump depletion occurs for higher signal powers and
therefore the perfect phase matching is satisfied at shorter fiber lengths. This is why dips in Fig. 2 appear
at shorter lengths when the signal powers become high.

Fig. 2. Evolution of the RIN Transfer along the fiber for various
input signal powers. Pp= 30 dBm and rp  100 dB .

Figure 3 shows the evolution of the gain variation due to the modulated pump along the fiber for the
same parameters as in Fig. 2. This figure is intended to justify the behavior of curves in Fig. 2. As the
pump wave is modulated, the parametric gain is also modulated owing to its power dependency.
Therefore, we can write G  G  G where G is the unmodulated gain and G is the modulated gain or the
gain variation due to the pump modulation. Since the gain definition is G  Ps ( L ) / Ps (0) where Ps ( L) /
Ps (0) is the signal power at the output/ input of the FOPA, one can derive the expression for the gain
variation as G  Ps ( L ) / Ps (0) . Ps ( L) represents the signal power variation at the output of the FOPA and
Ps (0) is the mean signal power at the FOPA input. To derive the expression of gain variation a zero input
signal RIN has been assumed. It is interesting to note that Fig. 2 mimics gain variation, and in particular,
dips are seen at the same lengths as in Fig. 3. The gain variation is higher for lower signal powers, since at
low signal powers the pump deletion is low. In other words, since the pump wave is mainly responsible
for the RIN transfer, as we saw explicitly in Fig. 1, the higher pump powers exhibit the higher RIN
transfers. On the other hand, as the signal power increases the FOPA reaches its saturation where the gain
is robust against the fluctuations [21]. One can also plot a similar figure for the parameters of Fig. 1 in
order to verify this fact.

Fig. 3. Evolution of the gain variation due to the modulated pump along the
fiber for various input signal powers. Pp= 30 dBm and rp  100 dB .
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Figure 4 shows the RIN transfer versus the input signal power for three different input pump powers.
The fiber is 500-m long. The figure emphasizes the RIN transfer behavior near the saturation point. As it
is known from the saturation behavior of the FOPA, the input signal power at which the parametric gain
starts to saturate is increased as the pump power is decreased. A similar feature can also be seen for the
RIN transfer where it decreases as the signal power increases such that its minimum is near the saturation
point. Again, for the small-signal gain, the higher RIN transfer corresponds to the higher pump power.

Fig. 4. RIN transfer as a function of input signal power for three different
input pump powers. Fiber length is 500m and rp  100 dB .

The purpose of Fig. 5 is to show the role of input pump power and the pump depletion due to the
input signal power for a fixed fiber length (500 m). Increasing the input signal power depletes the pump
power and therefore lowers the RIN transfer. The saturation behavior is also the same as that of Fig. 4. It
is worth mentioning that basically Fig. 5 is equivalent to Fig. 1. For example, if one considers a particular
curve in Fig. 1 for a given input pump power, say the top curve, its counterpart in Fig. 5 would also be the
top curve since both curves are plotted for the same input signal power. Based on Fig. 1, experimentally
investigating the nonlinear dynamics of the pump-to-signal RIN transfer, demands the cut-back technique
which is normally a destructive approach. To get rid of this issue, one can equivalently perform the
experiment for a fixed fiber length, but for various input pump powers instead.

Fig. 5. RIN transfer as a function of input pump power for different
input signal powers. Fiber length is 500 m and rp  100 dB .

b) Comparison with Experimental Results
This part is aimed to verify our model predictions using the comparison between the numerical
results and the experimental ones, as well as the available theory in this field [12]. To do this, we compare
Iranian Journal of Science & Technology, Trans. A, Volume 34, Number A3
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our results to those of ref.12. In their work, the same concept as RIN transfer, but with a different
definition has been used. RIN magnification factor, which is defined as   m s / m p , was used to describe
the pump-to-signal transfer of low-frequency IM in FOPAs. mp,s is the intensity modulation index of the
pump and signal measured at the input and output of the FOPA, respectively. So in this part, to ease the
comparison, this definition is used in our calculations as well.
Parameters of the fiber used in this part for the numerical analysis are those of ref.12, i.e., L = 500 m,
  17W 1km1 and S  0.03 ps /( nm 2 km). We also consider mp = 0.1 and ms = 0 the same as in ref.12. An
analytical expression was derived in the mentioned reference which is valid under some approximations
including small signal, no pump depletion and no loss. In order to perform the numerical calculations one
has to know about the values of input signal power as well as the loss, which has not been mentioned in
the above article. To determine these values, the best fit was made in order to match the numerical results
with the experimental data of the parametric gain. As it has been shown in Fig. 6 (b), the fit is achieved for
Ps= -30 dBm and   1.5 dB / km where there is a very good agreement, especially near the gain peak at
which the RIN magnification factor is calculated (Fig. 7). However, as it is shown in Fig. 6 (a),
considering   0 in the numerical model reproduces the analytical results. This shows that the results of
our model can match very well with those of analytical whenever the fiber loss is ignored.

Fig. 6. Experimental parametric gain as well as the analytical and numerical fits. The numerical solution in 6 (a) is
obtained for no loss and Ps = -30 dBm; whereas in 6 (b) the solution is obtained for  1.5 dB / km and Ps = -30
dBm. The input pump power and the fiber length are Pp= 25 dBm, and L = 500m, respectively.
Experimental data and analytical solution are taken from ref.12

Fig. 7. RIN magnification factor versus RF frequency for a) no loss and Ps = -30 dBm;
b)   1.5 dB / km and Ps = -30 dBm. Experimental data are taken from ref.12
Summer 2010
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In Fig. 7 the RIN magnification factors versus RF frequency for two cases are depicted. In Fig. 7(a)
the loss is zero and Ps = -30 dBm, whereas in 7 (b) the loss is 1.5dB/ km and Ps = -30 dBm. In both cases
Pp = 25 dBm, and the pump and signal wavelengths are 1562.46 nm and 1544.86 nm, respectively. As we
assumed that there is no time-dependent term in the model because of the relatively low IM frequencies,
the RIN magnification factor is expected to be constant versus the pump modulation frequency. In other
words, the time derivatives of the coupled equations which can be related to the modulation frequency via
the Fourier transformation are neglected as a first approximation. Therefore, the equations are independent
of the modulation frequency. A frequency-dependent form of the equations can be found in ref. [22].
Figure 7(a) shows that our model is able to reproduce the results of the anaytical solution where the signal
is very weak and the loss is ignored. On the other hand, if the parametres of the best fit for the gain curve
(Fig. 6(b)) are used, a very good agreement between the numerical results and experimental data is
achieved (Fig. 7(b)).
In Fig. 8 the dependency of the RIN magnification factor on the signal wavelength has been shown
for the two cases as in Fig. 7. The parameters used in Fig. 8(a) and Fig. 8(b) are the same as those of Fig.
7(a) and Fig. 7(b), respectively. Again, a very good agreement is observed when we set  1.5 dB / km and Ps
= -30 dBm. The discrepancy between the model and experimental data for the first point on the shortwavelength side is because of the corresponding discrepancy in the gain curve (Fig. 6(b)). Figure 8 gives
some interesting results regarding the wide-bandwidth amplification. As it is clear, when the signal
wavelength moves towards the gain edge on the short-wavelength side, it acquires more RIN from the
pump. The RIN magnification factor can vary by an order of magnitude as we cross the whole bandwidth,
such that a signal whose wavelength is located at the gain edge would be very noisy at the FOPA output.
These considerations have to be taken into account in optical communication systems, e.g., WDMs [23].
Therefore, it is confirmed that our model can predict the experimental results with a very good accuracy.

Fig. 8. Wavelength dependence of RIN magnification factor a) no loss and Ps = -30 dBm;
b)  1.5 dB / km and Ps = -30 dBm. Experimental data are taken from ref.12

Figure 9 shows the evolution of the pump and signal power variations as they propagate along the
fiber for various input signal powers. The input pump power and its modulation index are assumed to be
25 dBm and 0.1, respectively.
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Fig. 9. Evolution of the pump power variation (a) and signal power variation (b) along
the fiber for various input signal powers. Pp= 25 dBm,   0 , and mp = 0.1

We have also assumed a lossless FOPA. As is seen, for short fiber lengths (shorter than 200 m) the
variations remain unchanged. This is because when the fiber is short, the pump does not experience any
depletion even though the signal is not so weak. In particular, for a weak signal, less than -20 dBm, both
the pump power variation (Fig. 9(a)) and the corresponding signal power variation (Fig. 9(b)) remain
unchanged throughout the FOPA. This was firstly established in [12] for the small-signal limit. However,
when the input signal power increases, the pump power variation begins to be decreased and the
corresponding signal variation begins to be increased so that the energy conservation law among the
interacting waves, pump, signal, and idler is maintained. This behavior cannot be predicted by the
analytical model since the pump depletion takes place and hence the small-signal limit no longer holds. In
fact, Fig. 9 clearly shows how the pump RIN is transferred to the amplified signal and deteriorates it.
Therefore, it is confirmed that not only can our model predict the experimental results with a very good
accuracy [24], but it also gives more insight, especially when the analytical solutions are not applicable.
4. CONCLUSION
A new numerical model which has been proposed predicts the RIN transfer in single-pump FOPAs when
the IM frequencies are low. The model does not suffer from approximations like no loss, no pump
depletion and small signals, so it can be well matched to practical conditions. Since the pump is mainly
responsible for RIN transfer to the signal, the higher input pump powers lead to higher RIN transfers. On
the other hand, for high input signal powers, the greater the pump depletion, and therefore, lower RIN
transfers are observed. Near the saturation point where the signal is high enough, the minimum RIN
transfer takes place. The numerical results of the model were verified by the available experimental data in
the literature and a very good agreement was obtained. The model also matches well with the analytical
results where the signal is very weak and the loss is ignored. Moreover, our model can work beyond the
small-signal limit which would be the case for some FOPA-based applications such as wavelength
converters, regenerators, and amplitude limiters where the analytical model is not applicable. The
predictions of the model may have some implications in optical communication systems where the noise is
one of the main concerns and clean amplified signals are desirable.
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