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ABSTRACT

An optical fiber doped with erbium is studied and investigated as an amplifier (EDFA) for optical
pulses. The model of the wave equation of the carrier envelope and the two energy level system is used
to study the evolution of solitons in this fiber amplifier. We adapted the Fourier-split method to include
- the polarization-induced term representing the effect of doping atoms on the propagating optical field.
This method is used to solve the system of Maxwell-Bloch equations saving more computation time
compared with any finite difference method. Third order dispersion coefficient, self steepening and
effect of delayed nonlinear response during pulse propagation are considered. It is studied also the
effect of modulation instability of the medium of anomalous dispersion at X = 1.55 um on amplification
of optical pulses in the fiber. The results show that amplification is more affected by the doping level,
pulse duration, relaxation time of induced atomic dipole polarization of the doping atoms, dispersion and
nonlinearity of the fiber material rather than the fiber core index profile. The obtained EDFA can be
used as an optical repeater within the optical communication system, with a recommended length not

greater than the dispersion length.
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1. INTRODUCTION

Several kinds of optical amplifiers were studied and
developed during the 1980s. Semiconductor laser
amplifiers were used initially, but the interest shifted
toward fiber-based  amplifiers because of the
practical issues related to coupling losses,
polarization sensitivity, and interchannel crosstalk.
Fiber-Raman amplifiers require  high power
(0.5-1W) that are not easily available from
semiconductor lasers. Fiber-Brillouin amplifiers can
operate at low pump powers, but have bandwidths
too small to be useful as in line amplifiers in
lightwave systems. A new kind of fiber amplifier
based on silica fibers doped with rare-earth
elements, was developed in the late 1980s and
turned to be most suitable for lightwave system
applications. The advent of the erbium-doped fiber
amplifier (EDFA) has revolutionized the field of
optical communications [1].

‘When these rare-earth elements are doped in silica
or other glass fibers, they become triply ionized by
the removal of two outer 6s electrons and an inner 4f
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electron. Optical properties of such dopants are
determined from the partially filled inner 4f shells
and are relatively unaffected (except for gain
spectrum broadening) by the host because of
shielding provided by the outer complete 5s & 5p
shells. Many different rare-earth elements, such as
erbium, holmium, neodymium, samarium, thulium,
and ytterbium, can be used to make fiber amplifiers
operate at different wavelengths  covering a wide
range from visible to infrared. EDFAs have attracted
most attention-because they operate near 1.55 um,
the wavelength corresponding to minimum loss in
silica fibers, and are therefore ideal for 1.55 um fiber
optic communication systems. v

The technique of doping silica fibers with
rare-earth elements constitutes a relatively new
technology that can be used to make fiber laser and
amplifiers. Although such fibers were studied as
early as 1964, their use became practical only in
1988, after the techniques of fabrication and
characterization of low-loss, rare-earth-doped fibers
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were perfected. Amplifier ‘characteristics such as the’ "

operating wavelength and the gain bandwidth are
determined by dopants rather by the fiber, which
plays the role of a host medium, ..

Optical amphﬁers amplify incident light through
stimulated emission, the same mechanism used by
lasers. Indeed, an optical amplifier is just a laser
without feedback. Its main ingredient is the optical
gain realized when the amplifier is pumped to
achieve population inversion. EDFAs make use of
a three-level pumping scheme.

A. Icsevgi and W. Lamb [2] discussed the
-propagation of light pulses in a laser amplifier.
Frederic A.Hopf and Marlan O. Scully [3] discussed
the theory of an inhomogeneously broadened laser
amplifier, where they investigated the propagation of
ultrashort electromagnetic pulses in solid state laser
amplifier. :

The effect of nonlinearity and dlsperswn on
- propagation of a light pulse including propagation in
optical fibers 1s discussed in many contexts [1, 4]. In
a glass fiber material of negative dispersion
coefficient, the light pulse tends to propagate as a
soliton. ;

The propagation of a light pulse in a fiber amplifier,
where the pulse is affected by amplification (due to
the lasing medium) and nonlinearity (due to Kerr

effect in glass) and dispersion of the glass material,
- was studied mathematically and numerically by

many researchers. I.V.Mel'nikov ,R.F.Nabiev and
Nazarkin [5] studied the coherent amplification of
ultrashort solitons in doped fibers, they used low
level doping to achieve adiabatic amplification of

soliton. Barry Gross and Jamal T. Manassah [6]

numerically and generally discussed the evolution of

soliton in doped fibers. ‘ ‘

- In the present work, the evolution of solitons in
EDFAs is studied. The described model of Agrawal
[1]of wave equation of envelope and two energy
level system is used to study in this fiber amplifier.
The study is started with the study of the
propagation of optical pulses in a fiber amplifier
without. including material effects of the fiber, i.e.,

.- dispersion, nonlinearity, ..etc. The lasing medium is
modeled as a collection of atoms of two energy

levels.. The contribution of these atoms to the wave
equation of pulse propagating in this medium is

- adding a nonlinear induced polarization term. This
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" term is responsible” for the amplification of optical

pulses in such a medium. Then, the effect of
nonlinearity and dispersion on pulse propagation in
this passive optical fiber is investigated. It is
discussed also the modulation instability in optical
fibers and its effect in generating two side bands
around the optical carrier. Finally, the effect of
induced polarization of doping atoms was included
in the wave equation of the envelope mentioned by
Agrawal [1] to get the Maxwell-Bloch system of
equations. Using the adapted Fourer-split method,
this system of equations was solved numerically, to
get pulse evolution shape through the EDFA.

2. MATHEMATICAL MODEL ;

2.1 Analysis

" The W-fiber under consideration is characterized

by a biquadratic refractive index profile for its core
in the form:

0<r<a (1-a)
0<r (1-b)

n?(r) = n 2{1 2m(r/a)*+2mar,(r/a)*},
= nl {1 2m+2ma1},

where n; is the axial value, o and m are two
tailoring parameters.
For this fiber type, the propagation constant, B, is
dernived for single-mode operation usmg the WKB
approximation as [7]:

8m(1 - ‘/—+3a1/V

Ja,

8% = n2k%1 + @)

where k is the wave number (= 2w / A), A 1s the
wavelength, V is the normalized frequency.
Analysis of optical pulse propagation through an
EDFA requires the use of full Maxwell-Bloch model
[1, 2]

' 2
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where z is the propagation distance, T (= t - Z/V ) is
the time in the retarded frame and V is the group
velocity, A = A(z,t) is the slowly Varymg envelope of
the optical carrier, 8, is the second derivative of the
propagation constant § w.r.t. the carrier frequency w,
a is the attenuation constant, g, is the free space
permitivity, P is the partial polarization produced by
the doping atoms, T and T), are the population and
polarization relaxation times, p is the dipole moment
of the doping atom, N (= N, -N;) is the population
inversion density with an initial value N, @ is the
atomic transition frequency, R(x,y) is the electric
- field distribution function in the fiber core and
finally, vy is the coefficient of nonlinearity given by

[1]):

wff R(r,0)|*n(r)rdrdd

R
! [ [ ®a.0)rdra ¥

where n(r) is the refractive index profile in the fiber
core and n, is the Kerr coefficient.

The initial conditions of these equations are as
follows; we assume a certain shape of pulse A(0,T),
1e. at z=0 and an initial value N, (at T = 0) for the
population inversion density and zero polarization at
T=o0andz=o.

The system of Eqns. (3-5) holds for a pulse width
= 100 fs, where the effects of higher order
nonlinearity and dispersion are neglected. However,
for pulse widths in the range from 10 to 100 fs,
higher order dispersion and nonlinearity effects
should be included and Eq. (1) is modified in the
form:

_Q.é+.9‘_A+_ip FA _ psaSA

gz 2 2 %5712 oT?
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where the term containing (§; represents the third
order dispersion. An important higher-order
nonlinear effect is self-steepening governed by the
second term on the right hand side of this equation.
Self steepening of an optical pulse results from the
intensity dependence of the group velocity.

2.2 Numerical Solution

The propagation equation of the carrier envelope
(A), Eq. (8), 1s a nonlinear parual differential
equation that does not generally lend itself to
analytic solutions except for some specific cases in
which the inverse scattering method can be
employed [4].' A numerical approach is therefore
necessary for understanding the nonlinear effects in
fibers. The method that has been used extensively
to solve the pulse propagation problem in nonlinear
dispersive media is the split-step Fourier method [8].
The relative speed of this method compared with
most finite-difference methods can be attributed in
part to the use of the Finite Founer Transform
(FFT) algorithm. Here, we will describe the split
-step Fourier method and its modification as they
apply to the pulse propagation problem in the
EDFA. To understand the philosophy behind the
split-step Fourier method, it is useful to write Eq.
(8) in the form:

-0 QA Py ©

where D is a differential operator that accounts for
dispersion and absorption in a linear medium and
Oy, is 2 nonlinear operator that governs the effect
of fiber nonlinearities on pulse propagation.
Comparing Eq. (9) with Eq. (8), both operators D
and Oy, can be easily obtained. Here, Py, ,
corresponding to the second term on the right hand
side 1n Eq. (8), accounts for the effect of nonlinear
polanization due to excitation of doping atoms.

In general, dispersion, nonlinearity and gain act
together along the fiber length. The split-step
Fourier method obtains an approximate solution by
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assuming that when the optical field propagates a
small distance h, dispersion and nonlinear effects can
be pretended to act independently. More
specifically, propagation from z to z+h is carnied out
in three steps. First, the nonlinearity acts alone, and
D = 0. Second, dispersion acts alone and Oy, = 0.
Finally, amplification (gain) acts alone and both
nonlinearity and dispersion are set to zero. So, the
envelope after a distance h, can be represented by:

A(z+h,T) = exp(hD)exp(hOyyp )-(A(z, T)+Pp h)  (10)

The execution of the exponential operator exp(hD)
i1s carried out in the Fourier domain using the
prescription [1]:

exp(hD)B(z,T)=F -1 {exp(hD)(iw)F{B(z,t)}}. (11)

where F denotes the Fourier-transform operation,
D(iw) is obtained from the operator D by replacing
the differential operator 9/dT by iw, and w is the
frequency in the Fourier domain. The accuracy of
the split-step Fourier method can be improved by
adopting a different procedure to propagate the
' optical pulse over one segment from z to z+h. In this
case, Eq. (10) will have the form:

A+h,T)=
' z+h

exp f N@Ez)dz’
TS

gn] exp [(expB—D]A(z,T)) +hPNL].(12)

The procedure of evaluation of pulse propagation
begins with calculating the initial values of both
nonlinearity operator, exp(Ogh), and the nonlinear
polarization induced by doped atoms, hPy; o , from
the nitial value of A(z, T). In the first half of the
segment, 1.e., from z to z+h/2, we apply the
dispersion operator on the initial profile of the
optical pulse. At the h/2 point, we save the shape of
pulse (A,), add hPy; ; and multiply by exp(Oyh). At

“the remaining part of the segment, we apply the
dispersion operator and get A(z+h,T). To improve
accuracy, two more iterations are performed, this is
because the nonlinearity operator is evaluated using
the initial value of A which varies along the
propagation distance h, so the previous calculated
value of nonlinearity operator does not reflect exactly
the contribution of nonlinearity effect to the
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propagation of pulse. The obtained value A(z+h,T)
is used again to calculate iterated values hPy; ; and
Oyh. We add (hPyy; 5+ hPyy,()/2 to the previously
stored value A after first half of segment and the
resulting value is multplied also by
exp{(0y+0)h/2}. In the last half we apply dispersion
only on signal to get an improved value of A(z,T).
This iteration is repeated once more to get a more
improved value of A(z,T) at the end of the segment.
Our contribution to Fourier-split method is adding a
nonlinear polarization term due to doping atoms to
the equation and the way of using this term in
iteration procedure used to improve calculation. The
iteration could be done more times to improve
calculations but it is time consuming because no
appreciable improvement is obtained.

3. RESULTS AND DISCUSSION

Based on the described model, a computer program
is performed to carry out calculations and to find the
evolution of optical pulses propagating through the
Er-doped fiber amplifier (EDFA). Initally, a light
soliton pulse is used with a sech function shape [4].
Steps in z direction and time are taken equal to
(1/50) of the dispersion length, L.y and (1/16) of the
initial soliton width, T, respectively, unless other
scale is mentioned. The time axis is divided into 256
parts. This is because we used fast Fourier transform
(FFT) to account for dispersion. The wavelength, A
is taken to be equal to 1.55 um, corresponding to
region of anomalous dispersion and minimum loss
[9]. The dipole moment of erbium, p = 8.339x10%
C.m [5]. The W-fiber under consideration, Eq. (1),
has a core radius, a = 90 um, n; = 1.5, ay = 0.9 and
m = 0.001.

Figure (1a) shows the amplification of small sine
wave ripples added to a carrier of constant amplitude
E, equal to electric field amplitude needed to
support a fundamental soliton in an undoped fiber.
Here, we used a step t = T /8. The figure shows a
large gain contribution to the ripples in which the

“peaks can attain a value of 2E  at a distance of SLp,

In the frequency domain, Figure (1b), the peak
around w, is accompanied by two other small peaks
(like side bands) at + w_ , which means an energy
transfer from low frequency components to high
frequency ones.
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(b)

Figure 1. Evolution of a small perturbation in an
undoped fiber (a. time domain, b. frequency
domain).

Figure (Za) and (b) -obtained when higher order
nonlinearity, dispersion, and Raman effects are
neglected- shows the amplification of the
fundamental soliton in a doped fiber. A doping level
of 2.5x10% atoms/mf” and a soliton width of 3x10713s
are used. Dipole relaxation time, T, , of the doping
material is 10 s, This data gives a dispersion
length = 0.43 m and a gain = 1, and hence the
signal is amplified about 2.718 times in one
dispersion length.

Figure 2. Evolution of the fundamental soliton in
the fiber amplifier, T =0.3 ps, T,=0.1 ps, the doping
level is 2.5x10%3 atoms/m"’.(a. time domain, b.
frequency domain).

The evolution of the pulse in time domain in
Figure (2a) shows a dramatic increase in the soliton
peak accompanied by a decrease in its width after
one dispersion length. This behavior or soliton
evolution is in consistence with the work done by
Agrawal [1] with an approximated wave equation and
pulse width >> relaxation dipole time T, . It is
noted that this process is suitable for pulse
compression. The pulse suffers after that from a
decrease in its peak with a generation of a small
subpulse until it reaches another maximum. This
behavior of subpulse formation also coincides with
that found in Ref. [1]. In frequency domain, Figure
(2b), the frequency spectrum of initial soliton widens
and increases until the end of the first dispersion
length. Some deformation occurs in  which
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components near zero frequency decrease and
formation of two side bands far away from soliton
spectrum appears. These two side bands generate
ripples near tails of soliton at z = 60 (= 1.2 L) in
time domain. It is clear that side bands are far away
from any peak and they can not be formed by
modulation instability. We suggest a mechanism
such that components at + w_ and their harmonics
plus components of zero frequency interact together
through the nonlineanty of the medium to generate
a band of frequencies forming these two side bands.
It appears also that such mechanism acts slowly
when the pulse spectrum does not reach this
frequency range. However, when  the pulse
spectrum broadens and reaches these side bands, the
mechanism is accelerated so that the side bands
build up through small evolution distance.

(®)

Figure 3. Evolution of the fundamental soliton in
the fiber amplifier, T =T,=0.1 ps, the doping level
is 2.5x10%* atoms/m3. (a. time domain. b. frequency
domain).
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The calculations are repeated at different data and
similar behavior is obtained and a sample of results
is given in Figure (3) (a and b), which shows
propagation for a soliton of initial width T =T,
The doping level was 2.5x10%* atoms/m> to achieve
the same gain; g = 1. The pulse is amplified and
compressed, so, its width becomes << T, . Hence,
the coherence effect of the medium -in which the
induced dipole polarization still memorizes the pulse
after its passage [3]- shows itself by a second pulse
formation at z = Z2L.y; an echo phenomenon.

Figure 4. Evolution of the fundamental soliton in
the fiber amplifier, T =T,=0.1 ps, the doping level
is 2.5x10%* atoms/m>. The complete model is used,
where all effects are considered a. time domain, b.
frequency domain.

Finally, all higher order dispersion, nonlinearity and
Raman effects are considered in the wave equation

Alexandria Engineering Journal, Vol. 35, No. 5, September 1996




ALY, ABOUELWAFA AL-GAMMAL and ZOWEIL: Erbium-Doped Optical Fiber Amplifier

of the envelope, Eq. (8). A sample of results are
shown in Figure (4) (a and b), where T, =T, and a
doping level of 2.5x10%* atoms/m?® is used. The
Raman effect appears in time domain, Figure (4a), in
splitting the original pulse into two pulses; the first
one contributes to the original signal and the other
is the Raman pulse propagating in the opposite
direction. This result agrees with that obtained by J.
Manassa et al. [6]. In the frequency domain, Fig. 4.b,
the lower frequency components are amplified more;
this 1s a clear evidence of Raman scattering effect; in
which the incident photon is scattered to a lower
frequency one, while in the same time the molecule
makes a transition between vibrational states. It
appears that the Raman effect enhances ripples
formation by amplifying lower side band frequencies.

4. CONCLUSION

In this study, an erbium-doped optical fiber is used
as an amplifier (EDFA). We showed that by using a
suitable doping level, signal could be amplified to
about 2.8 times in one dispersion length. It appears
that after one dispersion length, the signal is
distorted by several effects; specially generation of
higher order harmonics due to nonlinearity of the
medium, generation of subpulses due to coherence
effect for ultra short pulses and Raman scattering in
which Raman pulse is generated after a distance of
about one dispersion length. So, it is advisable to use
it for only one dispersion length as a fiber amplifier.

Because of relatively high doping, the gain
achieved here is a nonadiabatic one, i.e. the soliton
does not maintain its order after amplification.
Therefore, a notice must be kept when the EDFA
1s used as a repeater that after amplification, the
fundamental soliton propagates as a higher order
soliton. In consistence with pervious work, it is
noted that the gain factor is a function of the doping
level, pulse duration, relaxation time of induced
atomic dipole polarization of the doping atoms,
which are related to the physical properties of the
medium. The obtained system can be used as an
optical repeater within the optical communication
system, with a recommended length for the EDFA
not greater than the dispersion length.
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