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Abstract. This paper provides a detailed analysis for the
effect of pump depletion on amplified spontaneous emission
(ASE) noise power, optical signal to noise ratio (OSNR),
and noise figure (NF) in forward pumped distributed Ra-
man fiber amplifier (DRFA). The optimum pump power for
high OSNR, low NF, and better gain is obtained ~ 256 mW
at input signal power of 10° W, fiber length of 120 km,
fiber loss of 0.2 dB/km, and optical filter bandwidth of
0.5 nm. The obtained results are compared with the previ-
ously published ones showing a good agreement.
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1. Introduction

During the nonelastic collision between incident
photon and a molecule of the material of the optical fiber,
the incident photon transmits some part of energy to the
molecule of the material or receives some energy from the
molecule. Regarding to the fact, that energy of the photon
corresponds with its frequency, transmission or acceptance
of energy leads to changes in frequency and wavelength of
the light. This phenomenon was proved experimentally by
the Indian scientist C. V. Raman in 1928 after whom this
effect took its name Raman scattering [1].

Raman fiber amplifiers (RFAs) are known as stable
high power fiber light sources providing almost any wave-
length in the near IR range. This is due to their broad gain
spectrum, low noise characteristics, and wavelength versa-
tility of stimulated Raman scattering (SRS). Therefore,
RFAs are very attractive for a variety of applications, espe-
cially in the fields of telecommunications. There are two
types of RFAs: discrete or lumped and distributed Raman
amplifier (DRFA). If the amplifier is contained in a box at
the transmitter or receiver end of the system, it is called
a discrete Raman amplifier, while the DRFA utilizes the
transmission optical fiber as an active medium.

Amplified spontaneous emission (ASE) noise is one
of the major sources of noise in DRFAs which restricts the
amplification of signal. If a signal is allowed to propagate
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along the fiber with no loss and with no amplification, then
its signal to noise ratio at the receiver end would be equal
to that of the input value and its noise figure will be equal
to one. But, in practical situations, this is not possible.
Furthermore, the optical noise power caused by distributed
Raman amplification is smaller than that of conventional
EDFAs [2].

In a previous work [3], we theoretically discussed and
investigated forward SRS in a DRFA. This was carried out
with consideration of the pump depletion due to the SRS
process. The effect of pump depletion on the performance
of bidirectional pump Raman amplifiers was clarified. The
effect of pump depletion was studied in forward pump
Raman amplifier on the signal power, pump power, unity
gain length, and amplifier gain. Mathematical expressions
were derived for threshold depletion length, threshold
depletion pump power, and unity gain length in forward
pump Raman amplifier.

In this paper, we investigate the impact of pump
depletion on ASE power, OSNR, and NF in a forward
DRFA. An analytical model is proposed, based on the
solution of differential equations for forward traveling
waves of the signal power and the pump power obtained by
Mochizuki [4].

The remainder of the paper is organized as follows. In
Sec. 2, the analytical model for spontaneous Raman scat-
tering power, optical signal to noise ratio and noise figure
is presented. The obtained results are displayed and dis-
cussed in Sec. 3. Section 4 is devoted for the main conclu-
sions.

2. Model and Analysis

When the pump power propagates in the direction of
the signal it is called co- or forward pumping scheme. In
case of pump depletion, signal power and pump power can
be expressed as [3], [4]
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where P, and P; represent the pump and signal powers of
waves at frequencies v, and v and both are functions of the
propagation distance z. gg, @ and A are, respectively, the
gain coefficient, the fiber loss parameter and the fiber ef-
fective area. We assume that a; = a, = a because the signal
and pump wavelengths will be held around the 1.55 pm
region, where fibers are characterized by extremely low
loss.

At any point (propagation distance) z, the photon
occupation number, Ny(z), of a given mode due to sponta-
neous emission, is given by [5]

N.z)= j Er (g)exp[a nlde- )
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The total Stokes power due to forward spontaneous
Raman scattering is given by [6]
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where / is the signal wavelength, B, is the bandwidth of
the optical filter, c is the free space speed of light and 7 is
Planck’s constant.

This is often referred to as ASE noise because of its
amplification by the distributed Raman gain. The reason
for estimating noise properties of networks is to minimize
the problem of noise generated in receiving systems [7].

The OSNR is defined as the ratio of total optical
power of the signal to the amplified spontaneous emission
noise power [8], [9]

R(L) . 6)
Epomancous (L)

The noise figure, NF, is a measure of the fineness of
the optical fiber system. The noise figure of Raman
amplifier, NF(z), at distance z from the input is defined as

(9], [10]

OSNR =

(SNR),, (6)

NF(z) = (SNR)

out

A perfect amplifier would amplify the noise at its
input along with the signal, maintaining the same signal to
noise ratio at its input and output.

The electrical signal to noise ratio in (6) points to the
electric power generated when the optical signal is con-
verted into an electric current. In general, NF depends on
several detector parameters that govern thermal noise asso-

ciated with the detector. A simple expression for NF can be
obtained by considering an ideal detector whose perfor-
mance is limited by shot noise only. The electrical SNR of
the input signal is then given by [9]

_U)_ (KR )
g
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where /4 is the current and Ry = g/ h vy is the responsivity
of a detector with 100% quantum efficiency. The variance
of shot noise over detector bandwidth Af can be written as
o5” = 2qR4PinAf; resulting in [9]

(SNR), =—tn ()
2hv, Af

where ¢ is the electron charge.

The total variance of output current fluctuations can
be written as [9]
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where Gy is a gain of forward pumped distributed Raman
fiber amplifier of length L when pump depletion is
considered. It can be obtained as [3]
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0} ,Oasp, and o1 represent variances of three noise terms

fluctuating with time, resulting from signal-ASE, ASE-
ASE beating, and thermal effects, respectively. More de-
tails about these terms are given in Appendix.

We can neglect the thermal noise contribution oy” as it
is relatively small. The 6°4g term is also small in compari-
son with ;2. For this reason, the electrical SNR of the am-
plified signal could be approximately written as [9]

R,G P,
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Now, NF(z) can be obtained as
NF(z) = | 142 5ase. (12)
G, hv,
_ pspontaneous
where [9] S g = ontaneons (13)

2B,

A detailed proof for (12) is given in Appendix.

3. Results and Discussion

The numerical values used to perform calculations are
extracted from [3] as: pump wavelength A,=1.54 um,
signal wavelength A,=1.55 pm, gg=3.8 x 10~ i m/W, B,=
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0.5nm, 4=1.96x10"m’, and a=a,=a,=0.2 dB/km.
Simulation results through this work are obtained using
MATHCAD (ver. 7).

3.1. Pump Depletion Impact on ASE Power

The ASE noise is an important obstacle in the path of
optical communication which not only weakens the main
signal but also badly affects the other specifications of
DRFAs. Based on the described model in Sec. 2, the cal-
culated ASE power versus fiber length at pump power of
0.3 W and 0.5 W is displayed in Fig. 1. As shown, as the
fiber length increases, the ASE power increases until
Ppsp(max) = 0.1 mW (-10dBm) at 0.3 W pump power,
Prsp(max) =10 mW (10 dBm) and 251 mW (24 dBm) at
0.5 W pump power when pump depletion is considered and
when it is neglected, respectively, at Py(0) = 10" W.

Figure 1 clearly shows that ASE power increases up
to a certain fiber length, and then begins to decrease. This
occurs because of insufficient forward pump power and
getting high losses. This result is in a fair agreement with
that obtained by Premaratne [11]. It is important to note
that the effect of pump depletion appears in case of 0.5 W
pump power, Fig. 1. This is expected because the effect of
pump depletion appears after a certain value of pump
power P,(0) =330 mW, which is called threshold depletion
pump power [3].

Figure 2 illustrates the dependence of the ASE power
on the pump power for fiber length L = 120 km. It is clear
that, as pump power increases, the ASE power increases.
This is because the pump power increases not only the
stimulated scattering but also the spontaneous emission.
The gain will be saturated by increasing pump power that
leads the ASE power to reach to a maximum level. This
level is limited by the photon occupation number of a given
mode due to spontaneous emission, Ny(z). The ASE noise
power remains constant at —3.87 dBm after P,(0) =0.33 W
due to pump depletion which is logic and coincides with
that obtained by S. Darwish et al. [3].

Figure 3 displays the variation of normalized ASE
power with fiber length. Clearly, it can be seen that norma-
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Fig. 1. ASE power as a function of fiber length P,(0) =0.3 W
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lized ASE power increases with the fiber length when
pump depletion is considered and when it is neglected. It is
assumed that the fiber length up to 10 km is sufficiently
short so that would not cause depletion for any frequency.
We confirm the validity of the obtained results that are in
a good agreement with the numerical results obtained by
M. Dakss and P. Melman [7].

3.2 Pump Depletion Impact on OSNR

Figure 4 displays the dependence of the optical signal
to noise ratio, OSNR, on pump power at different values of
input signal power; P(0)=107 10° and 107 W. As
shown, as the input pump power increases, the OSNR de-
creases until Py(0)=32mW for a=0.2dB/km. This is
because the pump power over this range is weak and is not
capable to compensate for attenuations in the signal as it
propagates through the fiber. Thus, the signal power con-
tinues to decrease when the pump power is very low which
results in decreasing OSNR. As pump power increases
more than 32 mW, the OSNR gradually increases when
pump depletion is considered as shown in Fig. 4(a) and
when pump depletion is neglected in Fig. 4(b). This in-
creases the OSNR up to 28.75, 19.22, and 9.84 dB, for
Py0)= 10’5, 10, and 107 W, respectively, because the
pump power is sufficient for stimulated Raman scattering.
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The OSNR starts to decrease to a saturation value
after a certain value of P,(0) = 184 and 235 mW at Py(0) =
10° and 10°W, respectively, due to pump depletion, as
shown in Fig. 4(a). The OSNR will be almost constant after
Py(0) =250 mW for Py0)= 10"W because the signal
power is affected more by pump depletion at higher values
of signal power [12], Fig. 4(a). As a comparison between
Fig. 4(a) and Fig. 4(b), it can be seen that OSNR is reduced
by ~ 20 and 10 dB at P,(0) = 10" and 10° W, respectively,
and fiber length L = 120 km in range of input pump power
more than 450 mW due to pump depletion.

Figure 5 describes the effect of pump depletion on
OSNR at different values of fiber loss. OSNR reduces for
pump powers less than 40, 36, and 30 mW, at fiber loss a
of 0.25, 0.20 and 0.15 dB/km, respectively. As pump
power increases greater than 40, 36, and 30 mW at a=
0.25, 0.20 and 0.15 dB/km, respectively, the OSNR in-
creases when pump depletion is considered or ignored. To
state the issue clearly, after a threshold value of pump
power 262, 235, and 158 mW for a=0.25, 0.20 and
0.15 dB/km, respectively, the pump depletion impact is seen

Input signal power, Ps(0) [W]

Fig. 6. Optical signal to noise ratio as a function of input
signal power at different values of the optical filter
bandwidth.

to degrade greatly the obtainable OSNR. These results
coincide with our previous work [3]. After that, saturation
values of OSNR are reached. The OSNR becomes almost
constant at 9.8457 and 19.8175 dB, for both cases when
pump depletion is considered or ignored, respectively.

From Fig. 5, one can observe that the OSNR increases
up to a saturation level. It can be inferred from Figs. 4 and
5 that the saturated value of OSNR is independent on input
signal power in case when pump depletion is considered.
This is because the value of input signal power has no role
for high pump power as indicated in [3]. But, the fiber loss
has no effect on the saturation value of OSNR in both cases
when pump depletion is considered or ignored. The main
reason is that the fiber loss degrades not only the signal
power, but also the spontaneous emission.

Figure 6 shows the OSNR as a function of the input
signal power for different optical filter bandwidths, at
pump power P,(0) =0.3 W, fiber loss a =0.2 dB/km, and
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fiber length L = 120 km. This is obtained for three different
values of optical filter bandwidth; B,= 1, 5, and 10 nm by
applying a signal input power from 10~ to 10* W with and
without pump depletion.

It is noted that OSNR increases significantly with in-
creasing input signal power and decreasing optical filter
bandwidth. As expected, the ASE power will decrease for
small value of optical fiber bandwidth. The results dis-
played in Fig. 6 are in a good agreement with that reported
in [6] when pump depletion is ignored. Also, when the
optical bandwidth decreases and the input signal power
increases, the saturation level of OSNR increases in case of
pump depletion is considered. This is because the pump
depletion is more effective for higher values of signal
power [3].

3.3 Pump Depletion Impact on NF

Since the receiver will convert all photons to elec-
trons, spontaneous emission exiting the optical amplifier
will give rise to noise in the electrical domain. Figure 7
displays noise figure and the gain with and without pump
depletion effect by tuning the input pump power from 0 to
1 W. For fiber length L =200 km and input signal power
Py(0)=10"°W, the noise figure decreases with the pump
power and then goes to saturation (~0.177 dB) after
a certain level of pump power; P,(0) =330 mW, in both
cases: when pump depletion is considered and when it is
ignored.

Obviously, the gain increases with the increasing
pump power. After a certain value of pump power, the gain
becomes almost constant due to pump depletion in the
stimulated process. This is in a good agreement with results
reported in [3]. Clearly, the NF increases in case when
pump depletion is considered. This is expected because the
pump depletion reduces the amplifier gain [3] and NF var-
ies inversely with the amplifier gain. The same behavior of
NF versus pump power is obtained by Dimitropoulos et al.
[13]. The high gain causes the spontaneous emission to stay
in low levels. The NF of the DRFA varies linearly with
ASE power and inversely with the amplifier gain. There-
fore, the NF of the DRFA could be reduced to a minimum
level by increasing the amplifier gain.
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Fig. 7. Noise figure and amplifier gain as a function of input
pump power with and without pump depletion.
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Fig. 8. Noise figure against fiber length for cases when pump
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NF is a useful parameter to measure the degradation
of SNR along the fiber length. It is plotted using (12) in
Fig. 8. Both cases of pump depletion are considered. The
values of different parameters used are P,(0)=10° W and
P,(0) =300 mW, for two different loss coefficient a = 0.2
and 0.25 dB/km. Figure 8 shows that NF increases with the
increase of the fiber length. Also, as the fiber loss coeffi-
cient increases, NF increases because the small value of
amplifier gain leads to high NF. For a loss coefficient of
0.25 dB/km, an increase in NF after 100 km is clearly no-
ticed. This occurs because of the gain decrease with sharp
pump depletion. This result has a fair agreement with that
obtained by Isoe et al. [14].

4. Conclusion

We discussed the effect of pump depletion on the
ASE power, OSNR, and NF for forward pumped DFRAs.
The obtained results reveal that the effect of pump deple-
tion appears after a threshold value of pump power: 330,
235, and 184 mW at input signal power of 10”7, 10 and
10°W, respectively, for fiber length L =120km, B,=
0.5nm and a=0.2 dB/km. Although the pump depletion
reduces the ASE power, the OSNR decreases because the
signal power is more affected by pump depletion than the
ASE power. Hence, the OSNR reaches its maximum value
of 29.66 and 20.11 dB at P,(0) of 160 and 200 mW, re-
spectively. Both values of pump power are below the
threshold value to avoid pump depletion for Py(0)=10"
and 10°W, respectively. Furthermore, limiting the optical
filter bandwidth leads to achieve a high saturation level of
OSNR when pump depletion is present. Accordingly, the
dump depletion has a very small effect on the NF because
both amplifier gain and ASE power decrease by pump
depletion. It can also be concluded that the optimum pump
power for high OSNR, low NF, and better gain is obtained
(~ 256 mW) at input signal power of 10 W, fiber length of
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12.0 km, fiber loss of 0.2 dB./km,.and qptlcal filter band- Appendix A
width of 0.5 nm. The preceding discussion does not mean
that pump depletion is harmful in the amplification process, The noise figure is defined as [9], [10]
though, it is essential to be considered. (SNR)
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