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Abstract—In erbium doped fiber amplifier (EDFA), erbium
ions act as a three-level system. Therefore, much higher pump
energy is required to achieve the population inversion in an
erbium doped fiber (EDF). This higher pump energy requirement
complicates the efficient design of an EDFA. However, efficient
use of the pump power can improve the EDFA performance. The
improved performance of an EDFA can be obtained by reducing
the doping radius of the EDF. A smaller doping radius increases
pump-dopant interactions and subsequently increases the pump-
photon conversion efficiency. Decreasing the doping radius allows
a larger proportion of dopant ions, which are concentrated near
the core, to interact with the highest pump intensity. However,
decreasing the doping radius beyond a certain limit will bring
the dopant ions much closer and introduce detrimental ion-
ion interaction effects. In this paper, we show that an optimal
doping radius in EDF can provide the best gain performance.
Moreover, we have simulated the well-known numerical aperture
(NA) effects on EDFA gain performance to support our claim.

Index Terms—EDFA, EDF, doping radius, numerical aperture,
pump energy, and ion-ion interaction

Long-distance point-to-point optical communication links
and optical networks are limited by the various fiber
losses.Therefore, compensation of the fiber losses can help
in realizing long-distance fiber optic communication systems.
The losses can be compensated by introducing amplifiers
in the optical link. Initially, only semiconductor laser am-
plifiers were used to amplify the optical signal, which are
incompatible with optical fiber systems [1]. Moreover, optical-
electrical and electrical-optical signal conversion is required in
the conventional semiconductor laser amplifiers, which make
the system more complex and increase the installation cost.
These problems have been resolved by introducing optical
amplifiers, which can amplify the optical signal directly in the
optical domain and are compatible with telecommunication
fiber.The first fiber optic amplifier using erbium doped fiber
was reported by R. J. Mears and et al. in 1987 [2]. This
doped fiber amplifier can be operated in the low-loss window
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of the silica fiber and provides other advantages like high
gain, high saturation output power, polarization independent
gain, no cross talk, low noise figure ,and low insertion loss
[3], [4]. Moreover, this amplifier is the key component of
wavelength division multiplexing (WDM) systems. Before this
type of amplifier was available, one had to split all the data
channels, and detect and amplify them electronically. Then the
amplified electrical signal were again converted to the optical
domain and combined together for transmission. Therefore,
introduction of fiber amplifiers has reduced the complexity
enormously and increased the reliability [5], [6]. For meet-
ing the demands of the many potential applications, further
performance enhancement of optical amplifiers is needed.

Various parameters such as pumping wavelength, numerical
aperture (NA), cutoff wavelength, host glass, dopant concen-
tration, dopant distribution, and amplifier configuration deter-
mine fiber amplifier performance. Two pump wavelengths, 980
nm and 1480 nm, which are free from excited-state absorption
(ESA), are normally used for efficient EDFA performance. For
achieving the maximum performance from the EDFA, it is
important to maximize the pump intensity in the dopant region
to invert a sufficient number of ions. This can be achieved by
using high NA fibers. Increasing the fiber NA results in a pump
spot size decrease, and consequently a pump intensity increase
inside the fiber core [3], [7], [8]. A smaller cutoff wavelength
in single mode fiber is also advantageous for increasing the
pump intensity.

Moreover, the pump conversion efficiency in an EDFA can
be increased by reducing the doping radius of EDF. This
phenomenon has been reported by Jonathan R. Armitage to
theoretically enhance the EDFA performance [9]. A smaller
doping radius removes ions from those sections of the EDF
core where pump absorption is quite small. Therefore, pump
absorption can be enhanced by increasing the interaction be-
tween the active ions and the pump signal. Due to the Gaussian
nature of the fundamental pumping mode, the pump intensity
at the center of the core is the highest. This characteristic
of the pump signal increases the interaction of the pump



signal and the dopant ions, which subsequently improves the
pump absorption in EDF. As the pump absorption is increased,
which excites more ions to upper energy states,the EDFA gain
performance is enhanced. Another research group led by B. J.
Ainslie fabricated EDF fiber using a Al2O3-P2O5-SiO2 glass
host, where dopant ions were confined to the center of the core,
and reported improved EDFA performance [10]. M. Ohashi
also showed that decreasing the doping radius theoretically
increases the signal gain [11].

However, concentrating the dopant ions near the center
of the core will reduce the distance between the dopant
ions and increase the detrimental clustering effects. Due to
this clustering effects, energy between fractions of clustered
ions is transferred very rapidly and reduces the excited-state
population, which is well known as pair induced quenching
(PIQ). Piotr Myslinski et al. presented a theoretical and exper-
imental study of EDFA performance degradation due to PIQ
[12]. Introducing inhomogeneous cooperative upconversion,
the gain degradation of EDFA is modeled by another research
group led by H. Masuda and his fellow authors [13]. They
used their model to explain an experimental result of low
gain in an EDFA with high dopant concentration. Considering
the homogeneous and inhomogeneous upconversion, EDFA
performance degradation due to Er3+ - Er3+ interaction is
simulated in [14]. Recently, our group has investigated the
detrimental clustering effects on the lasing performance of an
erbium doped fiber laser (EDFL) [15].

In this paper, we have simulated the EDFA performance
by varying the doping radius of erbium ions, and found that
there is an optimal doping radius, which can provide the best
EDFA gain performance. For the optimal doping radius, the
interaction between pumping energy and dopant ions is at a
maximum, and ion-ion interaction is at a reasonable limit. This
phenomenon of enhanced pumping efficiency can be explained
by dividing the core area into two regions: absorption and
amplification regions, as explained in the following section.

At a 980 nm pumping wavelength, the Er3+ works as a
three-level system, as shown in Fig. 1 Pump energy excites the
Er3+ and lift it from the ground energy level (4I15/2) to the
pump level (4I11/2), from where it nonradiatively (NR) decays
to the metastable state (4I13/2). The decay time τ21 (about 10
ms) is much longer than τ32 (in the order of ns). Therefore,
N3 is approximately equal to zero and EDF can be described
as a two level system [4].If the separation between Er3+ is
decreased due to increased number of dopant ions, they tend
to form cluster. Due to clustering, ion-ion interaction increases
and decreases the metastable state population and degrades the
EDFA performance. The co-operative upconversion (see Fig.
1) starts from (4I13/2) state, from where excited state ions
exchange energy with each other. After transferring energy,
donor ion comes back to (4I15/2) state and acceptor ion is
excited to (4I9/2) state then non-radiatively decay back to
(4I13/2). By this process, metastable (4I13/2) state population
is reduced. If we assume that the signal and pump intensity
distributions are separable in the EDF, the signal intensity (Is)
and the pump intensity (Ip) can be written by the following
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Fig. 1. Energy level diagram of Er3+ ion [16]. Pump signal absorption and
co-operative upconversion are indicated by black solid arrow and red dashed
arrow, repectively. Stimulated absorption and emission at signal wavelength
are shown by blue dashed arrow.

equations:

Ip(r,Φ, z) = fp(r,Φ)Ip(z) (1)

Is(r,Φ, z) = fs(r,Φ)Is(z) (2)

where fs and fp denote the signal and pump transverse
intensity profiles, respectively. They are normilized in such a
way that

2π∫
0

dΦ

∞∫
0

fp,s(r,Φ)rdr = 1 (3)

Similarly, the population density can be given as:

Ni(r,Φ, z) = g(r,Φ)Ni(z) (4)

where g(r,Φ) and N0 represent the normalized doping inten-
sity profile and the total Er3+ dopant concentration, respec-
tively. For a uniform distribution of erbium ions in the fiber
core, Ni(z) is equal to N0. the overlapping integral factor Γi
between the fields and the dopant can be given as:

Γp,s =

2π∫
0

dΦ

a∫
0

fp,s(r,Φ)g(r,Φ)rdr (5)

where a denotes the erbium ions’ doping radius.



If we denote the fiber propagation direction as the z axis,
the rate equations in the cylindrical coordinate system can be
written as:

dN2(r,Φ, z, t)

dt
=
σapIp(r,Φ, z)

hνp
N1(r,Φ, z, t)

+
σasIs(r,Φ, z)

hνs
N1(r,Φ, z, t)

− σesIs(r,Φ, z)

hνs
N2(r,Φ, z, t)

−A21N2(r,Φ, z, t)

(6)

N1(r,Φ, z, t) +N2(r,Φ, z, t) = N0(r,Φ, z, t) (7)

Here, N1 and N2 represent the ground-state and metastable-
state level populations, respectively; νp and νs denote the
frequencies of the pump and the signal, respectively; h is
plancks constant; σas and σes are the stimulated absorption
and emission cross-sections, respectively; σas is the absorption
cross-section; and A21 is the spontaneous emission rate.

For the co-propagating scheme, the signal and pump prop-
agation equations can be written as:

dIp(r,Φ, z)

dz
= −σapN1(r,Φ, z, t)Ip(r,Φ, z) (8)

dIs(r,Φ, z)

dz
=[σesN2(r,Φ, z, t) − σasN1(r,Φ, z, t)]

× [Is(r,Φ, z)]
(9)

In (8) and (9) the fiber loss has been neglected. Form (9),
the amplification condition can be expressed as [17]:

N2(r,Φ, z, t)

N1(r,Φ, z, t)
>
σas
σes

(10)

For amplification, the pump intensity must be greater than the
threshold intensity Ith, which can be deduced from (10) [18]:

Ith =
σashνp
σesσapτ21

(11)

Fig.2 shows the two sub-regions: the absorption and the am-
plifying regions of EDF, which is determined by comparison
with the threshold intensity. In the amplifying region the pump
intensity is greater than the threshold intensity. However, the
condition is the opposite for the absorbing region. To explain
these two different regions, the pump envelope in the fiber core
needs to be analyzed. The optical pump signal propagates in
the z direction through the fiber core as a fundamental LP01

mode. The intensity distribution of this fundamental mode in
step-index fiber can be given by Pp(z)ψ01(λp, r), where Pp
and ψ01 represent the pump power and the envelope of the
LP01 mode. The envelope of this mode is almost Gaussian
and is given by [19]:

ψ01 (λp , r) =

{
J0

2
(upr
a

)
for r ≤ a

J0
2(up)

K0
2(wp)

K0
2
(wpr
a

)
for r > a

(12)

Fig. 2. Absorption and amplification region creation in EDF.

where J0 and K0 denote Bessel and modified Bessel func-
tions, respectively; up and wp are the transverse propagation
constants of the LP01 mode; a is the core radius of the step
index fiber.

If a uniform pump intensity could be maintained in the EDF
core, the pump intensity would have gone below the threshold
value for a specific EDF length. However, the pump signal
propagates through the EDF core as a fundamental LP01 mode
and has a nearly Gaussian shape. Due to the Gaussian nature
of the pump signal, the signal intensity in the center of the
core is the highest, and it gradually decreases towards the core-
cladding boundary region. As the pump power near the core-
cladding boundary region is smaller than in the center region,
the absorption region gradually increases with pump signal
propagation along z direction. The pump signal intensity in the
core-cladding boundary region might go below the threshold
due to the tailing edge of the Gaussian intensity distribution,
but at the same time it might remain above the threshold near
the center of the core region, being the highest intensity portion
of the pump signal. Due to this phenomenon, the absorption
and amplifying regions gradually increase and decrease with
the pump signal propagation along z direction, respectively, as
shown in Fig. 2.

In this paper, the EDFA gain performance has been sim-
ulated by varying the doping radius and NA of the fiber
with various pump powers. A typical forward pump EDFA
configuration (as shown in Fig. 3) is modeled via OptiSystem
(version 13), which allows the design and simulation of optical
fiber amplifiers. This simulation tool solves the rate equations
to calculate the spatial distributions of optical power. Emis-

Fig. 3. A typical forward pump EDFA.



sion and absorption cross-section parameters, which are host
dependent and specific for each doped fiber, of erbium doped
fiber are already included in the software. The user can change
the other important parameters such as pump wavelength,
signal wavelength, fiber length, core radius, doping concen-
tration and so on to evaluate the fiber amplifier performance.
This software can also include upconversion process in the
simulation provided that suitable parameters are chosen by
the designer [20]. In the simulation model, we have used 20
m of conventional (C) band EDF with typical EDFA gain
spectrum. The NA and core radius of EDF are chosen as 0.32
and 1.8 µm ,respectively. These parameters ensure the single
mode operation of EDF,which is essential to obtain high beam
quality output at the signal wavelength. The EDF is used as the
active gain medium for the EDFA, and is pumped with a laser
diode emitting at 980 nm. For the pump source, we have also
chosen a laser diode, which can produce high beam quality
output to ensure maximum excitation of fundamental mode
of an EDF. Other simulation parameters such as metastable
lifetime, and saturation parameters are chosen from [18].The
pump power emitting at 980 nm (from a laser diode) and
signal power emitting at 1550 nm (from a continuous wave
laser denoted as the CW laser) are coupled into EDF via an
ideal WDM multiplexer. Three different pump powers, 20, 25
and 30 mW, and -20 dBm signal power are used to measure
the EDFA performance. An isolator is used to reduce the
back-reflection. In the simulation, the doping radius of EDF
is varied and EDFA performance is evaluated to determine
the optimum doping radius of an EDF, which ensures the
best EDFA performance. For determining the doping radius
effect on the EDFA performance,we have divided the core into
100 concentric, center at fiber core, circular ring with various
radius and deposited 1.04 × 1012 ions/m into an EDF. This
number corresponds to 700 ppm (1000 ppm = 1.84 × 1025

m−3) for 1.6 µm core radius. Later on, we have gradually
reduced the doping radius keeping the same number of dopant
ions/m of EDF and recorded the EDFA gain data for post
processing. Finally, we have processed that data using Matlab
to obtain the EDFA gain as a function of doping radius. To
include the upconversion process in the simulation, we have
chosen both homogenous and inhomogeneous upconversion.
For inhomogeneous up conversion, we have considered 2%
relative ion percentage and 2 ions/per cluster.

The EDFA gain curve, as shown in Fig. 4, is obtained by
varying the doping radius of the erbium ion. The EDFA gain
performance is analyzed by using three different pump powers
(20 mW, 25 mW and 30 mW). The EDFA gain varies with
doping radius. However, there is an optimal doping radius for
which the gain is a maximum. For our simulation data, the
optimal doping radius is 0.8 µm, which is not fixed for every
EDF. If the EDF parameters (as mentioned in the previous
section) are changed, the optimum doping radius will also
vary. The gain decreases whenever the doping radius increases
or decreases from the optimal point. This phenomenon can be
explained by using Fig. 2, where the amplifying and absorbing
region creation in EDF are discussed. If the doping radius is

increased from the optimal point, the ions residing in the core-
cladding boundary region will create an absorption region and
decrease the EDFA gain performance. This phenomenon can
be further explained by using various pump powers. As the
pump power increases, the absorbing region decreases, which
increases the EDFA gain performance. On the other hand, if
the doping radius decreases from the optimal point, the same
number of dopant ions need to be used in a comparatively
small volume. Therefore, the ion-ion separation decreases,
which introduces detrimental clustering effects and reduce the
EDFA performance (readers who are interested in detrimental
ion-ion interaction effects on EDFA and erbium doped fiber
laser (EDFL) are requested to look at our recent publications
[14] and [15]).

For the comparison purpose, we have used three different
doping radii (0.6 µm, 0.8 µm and 1.0 µm) and measured the
EDFA gain performance. For the specific EDF parameters
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Fig. 4. EDFA gain with various doping radii.
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Fig. 6. EDFA gain performance as a function of NA with various pump
powers.

used in the simulation, the best gain spectrum (maintain
maximum gain over 80% of total band)is obtained for the
optimal doping radius, as shown in Fig. 5. As the doping
radius is increased or decreased from the optimal doping
radius the gain performance decreases. If the doping radius
is increased from the optimal point, the gain performance
decreases due to the increasing absorption region created by
the dopant ions residing in the core-cladding boundary region.
On the other hand, the gain performance decreases due to
ion-ion interaction effects if the doping radius decreases from
the optimal point. In this case, the same number of ions
are concentrated in a smaller volume and consequently the
dopant ions come closer and form clusters in EDF, which
is detrimental for EDFA performance. Due to the clustering
effect, excited-state erbium ions transfer energy with each
other and reduce the excited state population and subsequently
degrades the EDFA performance.

To achieve more gain from the EDFA, more population
inversion is required. This can be achieved by increasing the
pumping intensity inside the fiber core. A higher numerical
aperture (NA) is advantageous to increase the light coupling
efficiency in the fiber core. Therefore, increasing NA couples
more light inside the fiber core and increases the gain per-
formance, as shown in Fig. 6. This simulation has been done
for three different pumping powers (20 mW, 25 mW, and 30
mW). As the pump power increases more power is coupled
into the fiber, which increases the population inversion in the
active medium and improves the EDFA gain performance.
But the NA of a single mode fiber is determined by the
operating wavelength and can not be increased indefinitely.
Alternatively, improved gain performance for an EDFA can
be obtained by increasing the pump-dopant interaction. The
optimal dopant ions distribution around the center of the
core and the excitation of fundamental mode of fiber ensures
the maximum pump-dopant interactions. This happens due to

the characteristics of fundamental mode, which has Gaussian
shape. For this Gaussian shape, the pump intensity is highest
in the core center and gradually decreases with radial distance.
Hence, dopant ions distribution with increasing doping radius
gradually place dopant ion in the core-cladding boundary re-
gion, where they interact with gradually lower pump intensity.
On the other hand, decreasing doping radius increases the
detrimental clustering effects, which reduce the excited state
population. If the dopant ions are distributed with an optimal
doping radius, the pump-dopant interaction increases with
reasonable clustering effects. Therefore, an optimal doping
radius will help to utilize pump energy efficiently, which will
subsequently increase the pump photon conversion efficiency.

EDFA is suitable for a wide range of applications in modern
fiber optic communication systems. One of the main goals of
EDFA design is to obtain the maximum gain using a lower
level of pump power. A maximum pump photon conversion
efficiency can ensure this desired goal. In this paper, we
have simulated the effects of the doping radius on the gain
performance of an EDFA. It is found that the optimum doping
radius in the EDF can increase the pump- photon conversion
efficiency and consequently increase the gain performance of
an EDFA. Deviation from the optimum doping radius of EDF
will degrade the EDFA performance. For observing pump
intensity effects, EDFA gain performance is simulated for
various numerical apertures. It is well known that a larger NA
will increase the EDFA gain by increasing the pump intensity
inside the core of the doped fiber. However, the NA of a single
mode fiber is restrictive and cannot be increased indefinitely.
Therefore, an alternative approach of using an optimal doping
radius in EDFA increases the pump-dopant interaction and
increases the EDFA performance.
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