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Abstract

Doping a part of the optical fiber core by (Er*) ions with the
availability of external pumping power (pump laser),will lead to the
formation of erbium-doped fiber amplifier (EDFA).The performance of
this optical amplifier depends on the parameters in this article which form
this optical amplifier (the power and the wavelength of the pumping
laser,the power and wavelength of the input signal, amplifier length,ion
concentration). The effects of these quantities on the action and
performance of erbium amplifiers such as amplifier gain,gain
saturation,noise figure and out power of the amplifier are investigated.

Keywords: Erbium Doped Fiber Amplifier(EDFA), Single mode,
Population
Inversion.
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1-Introduction
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The practical use of optical amplifiers was an important milestone in

the history of optical fiber communication systems. In contrast to the
widely used opto-electronic signal regenerators-the so-called repeaters-
optical amplifiers allow to remain in the pure optical domain of the
transmission link without changing back to the electrical domain. this
permitted the use of coherent light wave systems which surpass the still
existing incoherent direct detection systems in an improvement in
receiver sensitivity up to 20dB and in the efficiency of fiber bandwidth
usage by working with smaller channel spacings in the WDM-
technique,typicallyl1-10GHz[1].An additional drawback of a repeater was
its fixed bit-rate, so that by increasing the bit-rate all repeaters had to be
replaced.Optical amplifiers, however, are nearly bit-rate transparent. Not
only this transparency of the bit-rate counts to the advantage of optical
amplifiers but also the fact to overcome the electrical bottleneck of an
electronic repeater with typically 40-80Gbit/s [1].

The erbium-doped fiber amplifier EDFA has made tremendous
progress since its invention in 1986.The optical amplifier has replaced the
rather involved process of the fiber optic repeater station. It created a
revolution in long distances optical Communication system. Simplicity
and reliability of the repeater compartment are especially important when
the optical fiber cable is used as a submarine cable [2].By injecting laser
pump light at a wavelength of 980 nm or 1480 nm into a strand of
erbium-doped optical fiber, high optical gain at wavelengths between 1.5
and 1.6 um can be obtained. EDFAs routinely amplify dozens of

wavelengths simultaneously to compensate for signal power losses due to



splitting and propagation through optical fiber[3].Figure (1) show the
general EDFA configuration.
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Fig.1 EDFA layout

2-Amplification Mechanism

Whereas semiconductor optical amplifiers use external current
injection to excite electrons to higher energy levels, optical fiber
amplifiers use optical pumping. In this process, one uses photons to
directly raise electrons into excited states. The optical pumping process
requires the use of three energy levels.

The top energy level to which the electron is elevated must lie
energetically above the desired lasing level. After reaching its excited
state, the electron must release some of its energy and drop to the desired
lasing level. From this level, a signal photon can then trigger it into
stimulated emission, whereby it releases its remaining energy in the form
of a new photon with a wavelength identical to that of the signal photon.
Since the pump photon must have a higher energy than the signal photon,
the pump wavelength is shorter than the signal wavelength. To get a
phenomenological understanding of how an EDFA works, we need to
look at the energy-level structure of erbium.

The erbium atoms in silica are actual E/’* ions, which are erbium
atoms that have lost three of their outer electrons. In describing the
transitions of the outer electrons in these ions to higher energy states, it is



common to refer to the process as” raising the ions to higher energy
levels” Figure(2) shows a simplified energy-level diagram and various
energy-level transition processes of these Er°*ions in silica glass.

The two Principal levels for telecommunication applications are a
metastable level (the so-called *7,,,,level) and the *7,,,,pump level. The

term’”’metastable’’means that the lifetimes for transitions from this state to
the ground state are very long compared with the lifetimes of the states
that led to this level.

The metastable,the pump, and the ground-state levels are actually
bands of closely spaced energy levels that form a manifold due to the
effect known as Stark splitting. Furthermore,each Stark level is broadened
by thermal effects into an almost continuous band [4].
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Fig(2) simplified energy-level diagram

3-Three-level pumping Scheme



Optical amplifiers amplify incident light through stimulated
emission, the same mechanism used by lasers. In the case of erbium-
doped fibers, the optical gain is supplied by the excited erbium ions ( £+
) when the amplifier is pumped to achieve population inversion.
depending on the energy states of the dopant.pumping schemes can be
classified as a three or four-level scheme(see Fig.3).In both cases dopants
are excited to a higher energy state( £,) through absorption of pumped

photons and then relax rapidly to a lower excited state ( E,).The stored

energy is then used to amplify a signal beam through stimulated emission,
thereby energy is transferred from the pump to the signal[5].
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Fig(3) three or four level scheme

3.1 Rate Equations



To study the behavior of this 3-level system, a rate-equation approach
is used to relate the various processes (spontaneous and stimulated
emission, absorption, pumping) to the population in the three states.

The following processes contribute to the population () in statel:
-Spontaneous emission from state 2 with a time constant z,,.

-Stimulated emission from state 2 for amplification of the signal at a
rate of W, which depends on the signal photon flux.

-Stimulated emission from £, at a rate W, ,which depends on the

pumped photon flux.

The following processes depopulate state 1:

-Pumping (absorption of the pumped photons ) at the rate w,.
-Absorption of the signal photons at the rate W, .

Therefore, the rate equation for the population in state 1 is[5]:

d
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(1)

Similarly we can write the rate equations for the other two states[5]:
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3.2 population inversion Factor

In order to obtain gain, the stimulated emission from state 2 to state 1
must be greater than the absorption from state 1 to state 2. This condition
implies that the population in state 2 must be maintained at a greater level
than that of state 1.i.e. population inversion. The degree of population
inversion is expressed by the population inversion factor n,[5]:



At steady—state,% = 0.We then obtain Eq.5 from Eq.1:

Ne LN, — N~ (N, — Ny) =0
Ty
(5)

Since the decay r,, from state 3 to state 2 is very fast, we can consider all

the atoms that have been pumped to the excited state 3 will immediately
decay to state 2.Therefore the population N, in state 3 can be simply

obtained by the Boltzman distribution:

. —(E5—E,)/ kT _
N, = N,e BEH = gy,

(6)

Substituting Eq.6 into Eq.5 we obtain the population inversion factor n,
after some manipulation:

e = N, _ Wpt, + Wty
sp
N,—-N, (1-pW,t, -1

(7)

Therefore, ngy, is related to the pump and signal powers by w,and w,,
respectively, and to the pump wavelength by g .Eq.7 has important

implications on both amplifier gain and ASE (amplified spontaneous
emission) noise[5].

4-Amplifier Gain
In the steady state, the rate equation gives[6]:

Wp—1/7g

]\72_]\/1 = t
W,+2W, +1/7,

(8)




where 7, spontaneous emission time, N,=N,+ N, is the total carrier
density. When the pumping rate is high enough, or w, >>w, and

W, >>1/7,,N,— N, ~ N, .In this case, the medium gain is approximately

g=06,(N,-N)=J,N,=¢g

€

where 5, emission cross-section,and du is absorption cross-section,and g
is the upper limit of the medium gain constant. From Eq.8 and the
definition of g" given by Eq.9[6].
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Where A cross-section area, f; input signal freq. and f, pumped signal
freq. the optimum length 1 is the point W,(L)=1/z,, or N, = N, where
Po(2) = Fp(0)e """

10l P, (0)3,55 /4]

a t

L=
o
(11)

Where p, (z) pumping power at distance(z),and p,(0) pumping power at
distance (0).

4.1Gain spectrum and B.W:
The gain coefficient can be expressed as[7]:

&o
1+(w—w)'T; +P/P,

gw) =
(12)

Where g,1s small-signal peak gain, wis the optical frequency of the
incident signal,w, is the transition frequency, P is the optical power of the
incident signal, 7, is the dipole relaxation time, and P, is the saturation



power.Typically 7, is small <1ps,and the saturation power P, depends on

medium gain parameters such as the fluorescence time and the transition
cross section. For no saturated(i.e. P/ P, << 1)the gain is at resonance). At

non-resonant frequencies the gain follows the homogeneously broaden
characteristics of a two level atom (i.e. Lorentzian profile).The gain B.W
for this spectrum is typically expressed as the (Full Width at Half
Maximum)FWHM[7].

Aw, =2/T,
Af Awg

Sy
(13)

4.2Gain Saturation

Since g(w) depends on the incident optical power when P ~ P,, G will
start to decrease with an increase in optical power p.Assume that the
incident frequency is tuned for peak gain (o = w,)

dp _ gP
dz 1+P/P

With the conditions P(0)=P~, and P(L)=P,

m out

=GP,
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the large signal
amplifier gain becomes[7]:

G=g, exp[——G_lL”j

G P
(14)

S5.Amplifier noise

Spontaneous emission in the amplifier will degrade the SNR due to the
addition of ASE noise during the amplification process. SNR degradation
is quantified through the amplifier noise figure F, [7]:

( SNR ) i
' (SNR ),
(15)
where
SNR =T , SNR = GE,
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Where B, is transmission B.W

The spontaneous emission contribution is amplified along with the
signal. The spectral density of the spontaneous emission induced noise is
nearly constant(white noise)and can be expressed as[7,8]:

S (f)=(G-Dnghf
(16)

and the amplifier noise figure is[8]:

F,=2ng,(G-1)/G = 2ng,

(17)

For most amplifier F, > 3dB and can be 6—8dB .

6.Results and discussion

Erbium amplifiers work in all the optical communication system
whether they are digital or analog. In our study, we have used the single-
mode optical fiber whose diameter is betweenl wm to 10 wm .The
properties of the erbium amplifiers were studied and the effects of the
quantities that take part in the performance of these amplifiers were
investigated.the table (1) show some the value that using in this
simulation.

value Parameters
10.8ms or 10ms T
1*10* cm” at 980nm J,
2*10%m” at 1480nm
8*10*’cm” at 1540nm 5,
6.63*107"Js h
8*%10 °cm™ Nt = N1+ N2
0.1 ps T
1.48 nl
lpm-10pm Aeore
3*%10° m/s c

6.1 The effect of pumping rate on Amp. gain:

Table (1)The value parameter




In our study, we have used two types of pumps with the following
wavelengths(980nm,1480nm).The threshold power of every type of these
pumps was calculated by using the following equation:

W, A
é‘ a 4 sp

ho
P, >» P, =

(18)

The threshold power of the pump with the wavelength (1480nm) is
(0.682mw), and of the pump with the wavelength (980nm) is
(1mw).Fig.(4) shows the effects of pumping power on amplifiers with the
change in the incident optical signal which has to be amplified when the
wavelength of the optical pump is (1480nm).Fig.(4) shows the increase in
pumping power with a corresponding increase in the value of the
amplifier gain. The increase in the value of the amplifier gain is nearly
linear at the beginning(due to the increase in the stimulated carriers in
the meta-stable level with the increase of the pumping signal
photons).The value of the amplifier gain becomes nearly stable with the
increase in the pumping power, because the stability in the value of the
amplifier gain at a certain pumping power mean that all the carriers at the
ground level were stimulated to reach the meta-stable level with a power
less than that power which caused the stability in the amplifier gain value
(one can get rid of the excessive power by placing a de-coupler after the
amplifier, it would keep the excessive pumping power away from the
output signal of the amplifier which one can make use of this excessive
power through controlling the pumping power (feedback)).

Fig.(4) illustrates the change in the input signal power with the change
in pumping power. We figure out the increase in the power of the incident
optical signal effects on the amplifier gain (any increase in the photon’s
of the incident optical signal needs an increase in the number of carriers
in the meta-stable level which in turn needs an increase in the pumping
signals photons).

This means the carriers number in the meta-stable level must be equal
or greater than the photon’s number of the incident optical signal to avoid
the amplifier getting into the saturation region).

Fig.(5) shows the effect of the pumping power on the amplifier gain
with the change in the power of the incident optical signal when the
wavelength of the pump 1s(980nm).This Fig. Illustrates the same effect
which is shown in Fig.(4)with the difference in values. we can see that
the values which were presented in Fig.(4) are greater than the ones in
Fig.(5)(using the 1480nm wavelength pump gives a whole population
inversion to the contrary of using the 980nm wavelength pump for the
latter does give a whole population inversion).
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Fig.(6) illustrates the pumping power effect (the wavelength of the
pump is (1480xnm )) on the amplifier gain with the change in the amplifier
length. The increase in the amplifier length causes an increase in the
amplifier gain, which is necessary for an increase in the pumping
power.(A 10m length needs a greater pumping power of about 20mw,and
a length of 15m needs a greater pumping power of about 35mw).1.e. the
pumping power increases with the increase in the amplifier length.The
increase in the amplifier length means more carriers at the ground level
(more doping),which needs an increase in the pumping power so as to
stimulate all the carriers exist on the ground level to get the meta-stable
level.

Fig.(7) shows the effect of the pumping power on the amplifier gain
with the change in the amplifier length (the wavelength of the pump is
980 nm). This figure shows the same effect that was illustrated on Fig.(6)
with the differences in values at the change of the pumping power.
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6.2 The effect of the amp. Length on its gain:

Fig.(8) illustrates the effect of the amp. Length on its gain when the
pumping power is changed during the use of a (1480nm) wavelength
optical pump when the input power is(-60dBm).This Fig. shows the
increasing effect of the amplifier length on its gain. The increase in the
amp. Length results in an increase of its gain when there is a suitable
pumping power in accordance with the increase of the length.In other
words, the increase in the Amplifier length causes an increase in the
number of carriers at the ground level (dopping increase)which in turn
entails an increase in the pumping power so as to be stimulated to the
meta-stable level. The increase in the amp. gain is due to the increase of
the carriers in the meta-stable level, because these carriers are stimulated
by the incident optical signal. In addition to that, the resulting photons of
the stimulated process will participate in the stimulated carriers at the
meta-stable level. The process takes place depending on the amp. length
(i.e., the number of photons will double due to the increase of the
length).We also notice that the gain value increases with the increase in
the amp. length till it reaches the highest value at a certain length, then
the value decreases with the increase of the length. This effect(the gain
increase) results from the pumping power being suitable with the increase
in the length of the amp. till a definite length. The decrease in the gain is
because of the lack of the necessary pumping power to fulfill the
population inversion phenomenon completely on the amp. length (i.e., the
pumping power will get lower when passing gradually through the amp.
whereas the length increases).



It can be noticed that highest gain value will be(17dB) when the
pumping power is (Smw) at the time when the amp. length 1s(13.5m). We
can also notice the increase in the pumping power from (Smw) to (10mw)
at a similar length (13.5m),thus the gain will increase from (17dB) to
(25dB).1t is also noticed that as the pumping power increases to (25mw),
an increase in the gain (32dB) will take place for the same length. There
should be some matching among the needed gain value, the amp.gain,and
the pumping power in order to get the best performance at the cheapest
price.

Fig.(9) shows the same effect which is shown in Fig.(8) but with
difference in the amp. gain when using an optical pump With a (980nm)
wavelength. It can be noticed that there is an effect on the part of the
wavelength of the optical pump in use on the gain value in comparison
with the gain in Fig.(8) with the same input power and the same change
in the pumping power.

The gain value goes lower with a (980nm) wavelength optical pump as
compared to the gain when a (1480nm) wavelength optical pump is used.
The reason behind the difference is due to the full Population inversion
given by a (1480nm) wavelength optical pump, the thing that differs
completely from using a (980nm) wavelength optical pump which does
not offer a full population inversion.
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Fig.(8) amp.gain vs. EDFA length for Fig.(9)amp. gain vs.EDFA length for
diff. value of pump power ( diff. value of pump power (
A, =14801m) Ap =980nm)

6.3 The effect of the input optical signal power on the amp. gain:

Fig.(10) highlights the effect of the input signal power on the amp.
gain with a (10mw) pumping power when a (1480nm) wavelength optical
pump is used.

We can figure out the effect of the increase in the input power on the
amp. which causes the amp. to get into the saturation region.The reason



behind that is that the number of carriers in the meta-stable level is less
than the photons of the input optical signal.By viewing  Fig.(10),we can
calculate the saturation power. This figure shows that it is about (-
17dB),which means that the amp. will get into the saturation region for
the input signal power is (-17dB) or more.

Fig.(11) highlights the input signal power on the amp. gain with
a(10mw) pumping power and a(20m) amp.length.Drawing a comparison
with Fig.(10),we notice that the saturation power will increase when the
pumping power increases with the same amp. length (20m) ,where the
saturation power (-15dB).It is also noticed that the amp. gain is increased
because of the increase in the pumping power. This effect is a result of
the increases in carriers number in meta-stable level.

Fig.(12) presents the effect of the input signal power on the gain with
a (10mw) pumping power and a(15m) length. comparing it to Fig.(10),we
notice that the saturation power will increase when amp. length decreases
with the same pumping power that used in Fig.(10).for which the
saturation power is equal (-17dB).Also the same result is show in
Fig.(11).

Fig.(13) presents the effect of the input signal power on the gain with
a (15mw) pumping power and a (15m) amp. length. Comparing it to
Fig.(10),we notice that the saturation power increase from (-17dB) to (-
14dB),the same thing applies to the amp. gain. The increase in the
saturation power entails an increase in the pumping power (if the carriers
on the ground level are greater in number),this assumes a greater
pumping power is needed to stimulate, all carriers for the meta-stable
level.
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The carriers number at this level is equal to the optical signal photons
or is greater. when all the carriers at the ground level are stimulated, an
increase in the length (dopping increase) is needed with a suitable
pumping power increase to increase the saturation power (prevent the



amp. From getting into the saturation region). Figures (14),(15),(16) and
(17) show the same effect that was presented in previous Figures when
using (1480nm) wavelength optical pump.
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6.4The effect of the.amplified spontaneous emission451))

Fig.(18) illustrates the output spectrum of the Erbium amplifier. One
can notice the effect of the (ASE) on the output signal value and the
amplifier gain, when the input signal value is (0dBm) and the pumping
power is (25mw) and the amp. length is (22m).the (ASE) value is
between (-41,-32) and the value of the amp. gain is about (18dB).

Figures (19),(20), and (21) show the effect of changing the quantities
that participate in the performance of the EDFA .(the amp length, the
input optical signal value, and the pumping power. on the (ASE) it is
noticed that the value of this power changes with the changes in amp.
length and the change of the power of the input optical signal (that means
there should be some matching between the signal power which is to be
amplified and the carriers number at the meta-stable level. That is to say,



the amp. design has to be chosen taking seriously in to account the amp.
so as to come up with the best performance.
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Fig.(22) shows the opposite relation between the amp. gain spectrum
and the noise signal spectrum with the change in the transition
wavelength of the Erbium ions.Fig.(23) shows that it is possible to get the
minimum noise signal value (3dB) in the EDFA ,this can be done through
the proper choice of the length value (29m) and a pumping power
(25mw) with a wavelength of the pump (1480nm), when the input optical
signal value is (0dBm).A (62dB) gain value was obtained with a noise
signal of (3.02 to —3.02)dB

Fig.(24) shows the opposite relation between the gain saturation and
the noise signal with the change in the input optical signal value when a
(1480nm) wavelength optical pump is employed with the (25mw)
pumping power and the (29m) length. we can clearly notice the increase
in the noise signal when the amp. gets into saturation region.

Fig.(25) illustrates the relation between, the saturation gain and the
noise figure (NF) when the (980nm) wavelength optical pump is used
with the same values of Fig.(24). The change in the noise figure is clear
when quality of the optical pump is changed.
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6.5 The effect of the cross-section ratio of absorption on the cross-
section of emission:

Fig(26) presents the effect of the absorption cross-section value on
that of the emission which is (s%) with an input power of (-60dBm) and a
pumping power of (Smw) to (25mw) when the (1480nm) wavelength
optical pump is used. We can notice the effect of this ratio on the amp.
gain which in turn get lower (decreases) as this ratio increases. This effect
is caused by the decreases that takes place in the number of the stimulated
carriers in the meta-stable level as the this ratio increases.This means that
the carriers quantity that can be stimulated in the meta-stable level is
small. that is to say that this quantity adopts an opposite attitude as
compared to the emission cross-section.Consequently, by viewing this
figure, the best ratio is (25%) to come up with the best performance of the
amp.(the best gain). This ratio is adopted in our study. The cross-section
of emission has to be greater than that of absorption as to hold all the
stimulated carriers coming from the ground level at the meta-stable level.

Fig.(27) shows the same effect that prevailed in Fig.(26) with some
difference in the resulting values when employing a (980nm) wavelength
optical pump.



Fig.(28) shows the change effect of the ratio on the amp.gain with the
change in the pumping power when a (1480nm) wavelength optical pump
is used.We can acquaint the effect of this ratio on the amp. gain (it
decreases  with the increase of this ratio).Also, Fig.(29) shows the same
effect as in Fig.(28) with some differences in the resulting values when
using a (980nm) wavelength optical pump.The effect that was made clear
on the gain when increasing the ratio is due to the fact that the number of
the stimulated carriers, belonging to the optical pump, from the ground
level to the meta-stable level, their number increases with the increases in
the pumping power.Thus,there should be enough (area) space to hold this
quantity of carriers. Since the emission cross-section area decreases with
the increase in this ratio, that means the number of carriers that can be
stimulated will get lower, which lead to lessen the gain.

Fig.(30) shows the effect of the (S) ratio on the output power of the
amp. with the change in the input power when using a (1480nm)
wavelength optical pump. The effect of this ratio on the output power will
get lower in this ratio because of the previously mentioned
reasons.Fig.(31) shows same effect that shown in Fig.(30) has with some
difference in the resulting values when using a (980nm) wavelength
optical pump. From the previously-illustrated figures, one can see the
effect of this ratio on the work and performance of the EDFA.The
emission cross-section area has to be greater than that of the absorption
cross-section, so as to obtain the best performance of the amplifier. This
means getting the greatest number of carriers that can be hold at the meta-
stable level to be stimulated by the photons of the input optical signal that
is going to be amplified. Also, this helps to prevent the amplifier from
getting into the saturation region, because increasing the number of the
carriers that exist at the meta-stable level means providing the greatest
number of the input optical signal photons. Consequently, the best ratio to
be obtained is (25%).This means that the emission cross-section area is
equal to or greater than 4 times the area of the absorption cross-section.
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The results/lo tﬂ% )FIOW the effects of the pgranygt@;;%hat contribute

to the dynamic operatlon of EDFA.The first step in designing any
amplifier, starts with finding the amplifier best length as illustrated in
equation ( 11) and then choosing the value of the appropriate pumping
power for that length. Any increase in the amplifier length means an



increase in the doping concentration which requires in turn an increase in
the pumping power which harmonize this increase in the doping
concentration. The results indicate the effect of the input signal power
which is required to be amplified upon the amplifier gain, there must be
an efficient concentration of the stimulate carriers in the metastabel level
to grasp all the photons of the incident optical signal in order to avoid the
entrance of the amplifier into the saturation region. The results also show
effect of the absorption cross section ration upon that of the emission
cross section.This conclusion shows that the best area for the emission
cross section must be twice or more than the area of the absorption cross
section in order to grasp all the carriers available in the ground level.

The conclusions illustrate the effect of the wavelength of the optical
laser pump utilized on the amplifier gain. It shows the difference between
using the optical pump with wavelength of(1480nm) and an optical one
with wavelength of (980nm) on the amplifier gain values. We note that
utilizing the first one is better than utilizing the second in order to get the
best performance of the amplifier.

The results also indicate the best operating wavelength (1550 nm)
which represents the third optical fiber window, which gives minimum
input signal power, better bit error rate, and higher data rate.
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