Journal of Optoelectronics and Advanced Materials Vol. 6, No. 4, December 2004, p. 1207 - 1212

THE DETERMINATION OF THE SATURATION POWER FOR
ERBIUM DOPED FIBER AMPLIFIER

F.I. Vasile”, P. Schiopu®

Siemens Company of Bucharest, Information and Communication Carrier Division,
Bucharest, 060011, Romania

dUniversity "Politehnica’ of Bucharest, Electronics and Tel ecommuni cations Faculty,
Optod ectronics Department, Bucharest, 061071, Romania

Here is presented a method for determination of the saturation power from the EDFA
(Erbium Doped Fiber Amplifier). This method uses the analytical expressions in different
approximations to obtain the saturation power of the EDFA. We have obtained the saturation
power of EDFA by varying the wavelength in the interval A O [1.45 + 1.64] pm. Also, we
have calculated the absorption and emission cross-sections for optical fiber with the
germano-aluminosilicate. For these vaelues we obtain the saturation power Py in the
following interval P& O [0.1 + 5] mW and the overlap-inversion factor I in the following
interval ' O [0.1 + 0.8]. Using these results we can optimize the EDFA performances and
increase the capacity and distance for transmission in the optical networks.
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1. Introduction

The EDFA is used in the optical transmission systems because it have the maximum gain
and low pump power and its performances are better in comparison with other similar amplifiers. In
the DWDM (Dense Wave ength Division Multiplexing) networks are used the EDFA to increasethe
distances and the capacity for transmission [1] and [2]. These parameters can be increased when we
have determined the EDFA characteristics. One of these EDFA’s characteristics is the saturation
power [3]. The saturation power is used to optimize the EDFA’s characteristics in the DWDM
networks [4-6]. The saturation power for EDFA depends on the wavd ength, mode area, and the
overlap-inversion factor. Also, the saturation power depends on the absorption and emission cross-
section.

The absorption and emission spectra for Er®* can be obtained experimentally or theoretically
using different approximation methods for the energy states [3]. These spectra are used to calculate
different EDFA’s parameters. The peak vaues from the cross-section spectra and the lifetime for
transition *lig, — “lig2 of Er¥ ions can affect the EDFA performance [7] and [8]. In the doped
optica fiber these energy states are modified by the local dectric fied. Other doped dements for
optica fibers can increase or decrease the variations from the dectric fidd. This local dectric fidd
determinates the Stark splitting effect and gives the dynamic perturbations and homogeneous
broadening. The charge distribution in the host glass generates a permanent dectrica fidd, which
induces the Stark effect with splitting of the energy levds.

2. Theoretical background

The absorption and emission cross-section for EDFA depends on the nature of the doped
dements from the optical fiber core. Also, the absorption and emission cross-sections were obtained
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for Er**-doped optical fiber [3]. With these absorption and emission cross-sections we can get the
loss spectraa(A) and the gain spectrag (M) [3], [9] and [10]:

a(A) = aa(A)F(A)po D
g () = oM A)po @)

where A is the wavdength, I'(A) is the overlap-inversion factor or average of population inversion
changed across the doped core, py is the Er*" ion density, 0.(\) and o.(\) are absorption and
emission cross-sections [3].

The absorption coefficient for the pump and the gain coefficient for the signal are
waved ength dependent [9], [10] and [11]. For the characterization of the Er**-doped optical fiber, we
need an accurate measured value for o,(A) and for a(A) [3]. For this reason, we need to obtain a
good precision a the measuring of these values. Also, for the bulk materia, we can use different
experimental methods to obtain the spectra and the values for po. For different approximations, it is
used for I the unit value, ' = 1 and we can obtain o,(A\) and o(A). But this method is not used in the
case of optica fibers when p, have a radius variation and when I' have an integra form which is
difficult to be determined.

This problem is solved by the Landenburg-Fuchbauer equation (LF) and with this equation
we can calculate the peak values for cross-sections through integration over entire spectra. The
expression of the Landenburg-Fuchbauer equation is the following (see[3] and [12)]):

)\:wevlae()\)
Oael(h) = —— 22
8ren’ 1, . (\)dA
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where: A, o are wave engths for peak values in the case of the absorption and the emission, T isthe
lifetime of the metastablelevel, nisthe refractive index of the optical fiber, cisthe speed of light in
vacuum, |, ¢ are absorption and emission spectra.

So, with the Landenburg-Fuchbauer eguation we can determine the absorption and emission
cross-section, but this determination has not a good precisi on.

For a better precision we must measure the loss spectra a(\) and the gain spectra g'(A).
During the determination of the absorption and emission spectra it is not possible to establish the
contributions of the linewidth for the homogeneous and the inhomogeneous broadening. This fact it
is important because, it can have a significant role for pumping and for the saturation from the
opticd amplifier. A part of the Er** ions can exhibit low values for the absorption and emission
cross-section at the pumping wavelength. Also, the tota population inversion requires a high
pumping power.

3. The determination of the saturation power for EDFA

For this method we used the anaytical expressions for the saturation powers in different
approximations. Today exist different approximate methods for the determination of the saturation
power, but these methods are not discussed here.

Using the absorption and emission cross-section together with the parameter of the doped
fiber optica, like laser ion density py, numerical aperture NA and core radius, we can cd culate the
saturation power Pg(A) for EDFA.

In the followings, using the Eq. (3), we have obtained, with a good precision, the absorption
and emission cross-section for germano-aluminosilicate, asis showed in Fig. 1 [3,12]. Using the Eq.
(1), we can cdl culate the saturation power P(A) as a function of the wave ength, mode area, lifetime
of the meastable level and the overlap-inversion factor or average of population inversion changed
across the doped core

The saturation power has the following expression for the signd or for pumping [3]:
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where: histhe Planck constant, v isthe frequency for the signal or for pumping, A isthe wave ength
for the signa or for pumping, A isthe mode area and T is the lifetime of the metastable level.
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Fig. 1. The absorption and emission cross-section a5(A\) and og(A) as afunction of the wavelength.
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Fig. 2. The absorption crass-section g,(A) as afunction of the wavelength A and the average
of population inversion changed across the doped core.

We calculated the saturation power using the Eq. (4) with the waveength in the following
interval A 0 [1450 + 1640] nm.
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The overlap-inversion factor I or average of population inversion changed across the doped
core takes val ues between -1 and 1. In the case of uniform doped optical fiber with the radius r for
core and for a pumping with high val ue, the overlap-inversion factor has maximal value[13].

So, we haveinthiscasel” = 1 for p(r) = po = constant. In practice, I' < 1 for a high pumping.
Also, it is possible to obtain the maximal inversion and the overlap between the laser and the signal
mode. In the case of the uniform doped optica fiber and with the pumping off, we have a minimal
value for I', ' = -1. In the following we take some assumptions. Firstly, we vary the value of the I’
parameter between 0.65727 and 0.56460, which corresponds for the wave engths between 1450 nm
and 1640 nm. So, with the absorption and emission cross-section from Fig. 1, we can ca culate the
saturation power with the Eq. (4), asshownin Figs. 4, 5 and 6.
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Fig. 3. The emission cross-section o¢(A) as function of the wavelength A and the average of
population inversion changed across the doped core.
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Fig. 4. The saturation power P as function of the wavelength A and the average of
population inversion changed across the doped core.
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The absorption and emission cross-section g4(A) and g¢(A) are calculated with Eq. (3) [3].
For the lifetime of the metastable level we choose the value T = 10 ms, which is an average value of
Er-doped fibers. Also, for the Er**-doped core radius we choose the constant value, r = 1.2 pm [3].

Also, in the following we suppose a uniform distribution, pp, = constant in the case of doped
optica fiber.

In the Fig. 2 and 3, are graphical showed the absorption and emission cross-section gx(A)
and o.(A) as afunction of the wavelength A and the average of population inversion changed across
the doped core.
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Fig. 5. The saturation power P as afunction of the wavelength A, the absorption and
emission crass-section a,(A) and og(A).
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Fig. 6. The saturation power Py as afunction of the wavelength A and the average of
population inversion changed across the doped core.

IntheFig. 4, it is graphically shown the saturation power Py as a function of the wave ength
A and the average of population inversion changed across the doped core for a constant val ue of the
quantity hcA/t = 0.8687124 x 10°°. With the Eq. (4), we cal cul ated the saturation power Py.

IntheFig. 5, it is graphically shown the saturation power Py as a function of the wave ength
A, the absorption and emission cross-section o,(A) and gg¢(A).
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Also, in the Fig. 6, it is graphica showed the saturation power Py as function of the
wavd ength A and the average of population inversion changed across the doped core. Generally, if
we use the integral form for ' and the numerical calculation for I', we get accurate values for the
saturation power [3].

For the Fig. 5 and 6, we consider a family of functions with the constant value between 0.1
and 1 for the constant previous factor hcA/t fromthe Eq. (4):

0.l1<hcAlt<1l (5)

Also, we can use the approximate methods to determine the saturation power, e.g. we can
calculae the absorption and emission cross-section with numerical computations instead of Eq. (3).

4. Conclusions

This work presents the determination of the EDFA saturation power for waveengths in the
interval A O [1450 + 1640] nm. For this determination we used different gpproximations, which
provides the same values for EDFA saturation power as the experimenta vaues|[3].

The approxi mations used here reduce the numerica computations for the determination of
EDFA characteristics.

With the previous method, we have modeled the EDFA saturation power and we could
improve the EDFA characteristics. The saturation power values for EDFA obtained with the method
used here arein agreement with experimenta values of EDFA saturation power [3].

The EDFA saturation power is used to obtain the signal gain and to determine the optimum
fiber optic length for EDFA [2,3].

Using several methods to calcul ate the saturation power for the EDFA we can optimize the
performances of the EDFA [5] and increase the distances and capacity for transmissons. EDFA
works in the optical window situated at 1550 nm where the optical fiber attenuation is minimum
[14].

In the actual networks, the required lengths of the optica fiber are expensive and for one
additional gain we mugt increase the network cost [2]. Also, in present with EDFA we can develop a
new type of optical fiber and to optimize the optical parameters from the network [4,6].
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