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Abstract

Optical fiber amplifiers are dominating the loss compensation in fiber optic communications systems, especially
the Erbium doped types for communication spectrum based on silica fibers. The gain of the EDFA can be
maximized by using appropriate design parameters and appropriate value of the material properties. This paper
describes the derivation of the equations that govern the pump power, input signal propagation, gain and
optimum fiber length of the amplifier. By using these deduced expressions, new tools have been developed using
C programming and MATLAB and then the performances of EDFA pumped with 980-nm signal have been
analyzed. The analysis results that the gain of the amplifier increases with the length of the amplifier, and also
with the pump signal power. At higher values of signal power the gain becomes saturated. The gain has a
nonlinear relation with the amplifier length for a particular pump power. From the experiments, it has been found
that for a particular length the saturation gain increases with the carrier density of the amplifier, but at longer
length the gain is almost independent of the carrier density. It has also been found that the pump threshold power
increases linearly with the length and carrier density of the amplifier. The tools developed in the analysis process
could be used by researchers in future for further investigation of the performance of EDFA in various parameter
sets or, for finding a parameter set for specific target performance of the EDFA.
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1. Introduction

Optical fibers act as the gain media for Fiber Amplifiers. In most cases, the gain medium is a glass fiber doped
with rare earth ions such as erbium, neodymium, ytterbium, praseodymium, or thulium. Erbium-doped fiber
amplifiers (EDFA) are the by far most important fiber amplifiers in the context of long-range optical fiber
communications. They can efficiently amplify light in the 1.5 pm wavelength region, where telecom fibers have
their loss minimum (Mears, Reekie, Jauncey, & Payne, 1987).

The main components of an EDFA should be at least consists of:
1)  Erbium-doped optical fiber,
2)  Pump laser, and

3) Wavelength-selective coupler.
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Figure 1. Dual pumping configuration of an EDFA (Mears, Reekie, Jauncey, & Payne, 1987)
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Pump light is guided into the erbium-doped fiber by means of wavelength division multiplexing (WDM), which
is used to couple the pump signal into the doped fiber. Additionally, an isolator is generally placed at the output
of an amplifier to prevent back reflection which can degrade amplifier performance or cripple the amplifier due
to laser oscillation in the amplifier. Typically, the EDFA configuration can be characterized by pumping
schemes into three particular arrangements. These schemes are:

1) Forward-pumped (co-pumped),
2) Backward-pumped (counter-pumped),
3) Dual-pumped.

Efficient EDFA pumping is possible using semiconductor lasers operating near 980- and 1480-nm wavelengths.
The required pump power can be reduced by silica fibers doped with aluminum and phosphorus or by using
fluorophosphates fibers with the availability of visible semiconductor lasers. EDFAs can also be pumped in the
wavelength range 0.6-0.7um (Khare, 2004).

An EDFA is a vital building block in many of the long-haul lightwave systems. The EDFA characteristics such
as gain, saturation power and spontancous amplifier noise play a key role in determining the performance of
lightwave link. In theory, the gain and saturation characteristics of an EDFA can be determined from the rate
equations, which in general involve solving the coupled differential equations using numerical methods (Pfeiffer
& Bulow, 1992).

2. Physical Modeling of EDFA

Erbium is the 68™ elements of the periodic table, discovered by Carl Gustaf Mosander in 1843. It plays the main
role in EDFA amplifier.
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Figure 2. Three level model of an EDFA

The energy level diagram of Er-ion is shown in Figure 2 (Agrawal, 2005). When pumped at 980-nm the EDFA
acts as a three level system. In the active fiber, let us assume that signal intensity and the pump signal intensity
are separable, then we can write Is and Ip as

Ie(r, @, z) = fr(r,®)Ir(z)

Is(r, @, z) = fs(r,®)1s(z)

here fp and fs are the intensity profiles of pump and signal transverse, respectively, normalized as

jozxd¢ ,[: fP,S (r,@)rdr=1

Similarly, the population density is

N; (r,0,2)=g(r,9) N,(2)
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Here the total Er’*-ion doping concentration is Ny and the normalized doping intensity profile is g(r,®). In the
fiber core, if doping of Er*" is uniform, then Ny(z) equals No.

The overlapping integral factor, between fields and dopants, I" in the semiconductor laser context is

Tos = [ do[ f,5(r.0)8(r.0) rdr )

here Er’* -ion doping radius is a.

The effects of absorption, stimulated emission and spontaneous emission on the populations of the ground and
meta-stable levels are governed by the rate equation. For EDFA in an (r,¢, z) — cylindrical coordinate system
where z axis as the fiber axis, the rate equation is

sz(F,¢,Z,f) _ O-aplp(r’¢’z) O'asls(l",¢,2)
dt - th Nl(ra¢9zat)+ th\, Nl(ra¢azat) (6)
- MNZ(F,Q;Q—A21N2(r,¢,z,t)
hv,
N,(r,9,z,t) + N,(r,0,z,t) = N (r,0,z,t) @)

here N; is the ground level population density and N, is the meta stable level population density, v, is pump
frequency and vs is signal frequency, /4 is Plank’s constant, o, is the stimulated absorption and o is the
stimulated emission cross sections between the ground and the meta stable state; the absorption cross section
from the ground state to the pump level is 6., and A21(=1/z2) is the spontaneous emission rate.

If the pump light and signal light travel in the same direction along z-coordinate and the fiber loss are neglected,
then the beams propagation equations can be written as:

al ,(r,¢,z) _
dz

dl (r,4,z) _
dz

If the time derivative in equation (6) set to be zero, then the problem reduced to the steady state case. Afterward,
if we integrate equations (6) to (9) across the fiber transverse plane, we get —

_O-ale(r’¢’Z’t)Ip(r’¢’Z) (8)

[0, N,(r,9,2,0) ~ G, N, (r,8,2,0] 1, (r, 0, 2) ©)

_dN,(z.0) _0,1,F,(2) o, P(2)

S R T ®
_o.LA(@) z,t)— z
A.hv, N,(z,t)= 4, N,(z,1)
N,(2)+N,(z) =N, b
dP (z)
LS = T,0, NP, (2)
dR (Z) = Fp [O-es N2 (Z) - O-as Nl (Z)]PA (Z) (13)

dz

here Pp(z) is the pump power and Ps(z) is the signal power at position z in the fiber; the efficient core area is
denoted by A. for Er**-doped fiber. We can rewrite the equation (10) as,

1,050 oy, Tl ()= 0. N, (IR (2) (14)

N,(z)=
() Ahv, Ahv,

T T
where t equal to 12;. Then, Eqn. (12) x———— + Eqn. (13) x———— + Eqn. (14) has been made and the
A, hv A. hv

c p c s

obtained result is as follows,
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r dP,(2) LT dP,(z)
hv, dz hv, dz
Then equations (12)-(15) are integrated over space z and it has been assumed that, S = J' N2(z)dz -

N, + =0 (15)

After careful calculations it has been found that,

lnPP(Z)+1",,O'apNoz w2 r o N,
o B0 0 (16)
I',o, Is (0, +0,)

=T hv, [Pp(2) = Px(0)]

4

T
A hv, [Ps(2) = P (0)]

The amplification is defined as G(z) = Py(z)/Ps(0). Now from equation (16)

P, (0) [InG(z)+T 0, Nyz]4 hv, (17)
G(2)) Ny =1-22558 Gy -
(GO Ao N =1 b o O™ oy, o)
here, B= M
FS (O-GX + O-tﬁ\')
This equation is an indirect analytical solution for the amplifier gain.
For the pump threshold power G(L) = 1, which means that at this pump power the signal remains unchanged
after traveling the fiber. Substituting it in equation (17), we have

P A hv,o, N, L (18)
= 7(0, +0,)[l-exp(-pT, o, NL]

where the fiber length is L.
3. Simulation and Results

Several C programs have been written to solve the equations and the result data are manipulated in MATLAB to
represent the results.

Figure 3 and Figure 4 show the variation of amplifier gain with pump power and fiber length. Figure 3 is for the
large signal launching power (1mW), while Figure 4 is for the small signal launching power (1uW).
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Figure 3. Gain of EDFA on pump power and fiber Figure 4. Gain of EDFA on pump power and fiber
length for large signal power length for small signal power

The amplifier gain increases with the increase of pump power and become saturated at high pump power. The
smaller the length of the fiber amplifier, the lower the pump power at which the gain saturation occurs. This is
because in a shorter fiber, there are less Er’* -ions, thus total population inversion is obtained at lower pump
power and the gain saturation occurs more easily. The gain under large signal launching power is evidently
lower than that of the small signal launching power for the same parameters.

The amplifier gain along with the fiber length versus pump power are illustrated in the Figure 5 and Figure 6.
Figure 5 is for the large signal launching power (ImW), while Figure 6 is for the small signal launching power

(1pW).
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Figure 5. Variation of gain along with the fiber for
different pump power for large signal power

Figure 6. Variation of gain along the fiber for different
pump power for small signal power

As shown in the figures, the gain increases to the maximum value, and then decreases along with the fiber length,
which means that the gain has a nonlinear relation to the fiber length. The fiber length for which the gain is
maximum, is the optimum amplifier length. So that, from here optimum fiber length can be found for various
sets of other parameters combination.

Figure 7 and Figure 8 show the amplifier gain along with the fiber length versus Er’* ion doping concentration
for constant pump power. Figure 7 is for the large signal power (ImW), while Figure 8 is for the small signal
launching power (100uW). The amplifier gain increases with the increase of pump power and become saturated
at longer length. This graph depicts a very important property that, higher the Er**-ion concentration, the shorter
the optimum amplifier length required at which the gain reaches maximum.

o
Gain (dt)

Length )

Figure 7. Variation of gain along the fiber for different
carrier concentration for large signal power

Figure 8. Variation of gain along the fiber for different
carrier concentration for small signal power

EDFA pump signal power threshold along with length for diferent carrer density
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Figure 9. The pump threshold power for the different combination of length and carrier density
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Figure 9 shows the pump threshold power increases linearly with the length of the fiber amplifier as well as with
the carrier density. This is because when the fiber becomes longer the signal absorption becomes stronger.

4. Conclusion

A lot of works have been done to improve the performances of EDFA since it was born. Based on rate and
propagation equations, a series of equations have been derived to analyze the characteristics of EDFA pumped at
980-nm. In the steady state, analytical solutions for amplifier gain, optimum length and pump threshold are
obtained. The gain of the EDFA can be maximized by using appropriate design parameters and appropriate value
of the material properties. Results show that for a given pump power there exists an optimum amplifier length
for maximum gain. Also the results can be used for the optimum design of erbium-doped fiber amplifier.
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