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ABSTRACT 
 

In optical fiber communication systems, the non-perfectly transparent material of the fiber causes 
the visible-light or infrared beams to be attenuated as they travel through it. This necessitates the 
use of optical amplifier in order to remedy this signal attenuation. In this regard, the fiber amplifier is 
a key enabling technology for high speed optical communications. The EDFA is a successful optical 
amplifier that represents a significant factor in the rapid deployment of optical fiber networks. It uses 
proven erbium-doped fiber (EDF) technology to allow amplification of an optical signal without the 
need of costly regenerative repeater stations. Its large gain bandwidth, which allows simultaneous 
amplification of a numerous number of channels at different wavelengths within the spectrum of 
nearly constant gain, is very attractive in many practical applications. This property is very useful in 
WDM which is widely used in optical fiber data links owing to its dominant role that it plays in the 
next generation of high speed networks. Additionally, it may be positioned as a booster, pre-amp or 
in-line position to allow the amplification of the signal along any point of the optical network. 
Moreover, it can efficiently amplify light in the 1.5 μm wavelength region, where telecom fibers have 
their minimum loss. 
This paper is intended to the evaluation of multi-stage EDFA performance for different EDF lengths, 
the two commonly used pumping wavelengths (980 nm & 1480 nm), and the distinct configurations 
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of pumping mechanism. The gain and noise characteristics of different number of stages are 
computed and compared through simulation. Our attention is specially paid towards the optimum 
values of the system parameters that will give highest gain and lowest noise figure as well as 
minimum bit error rate in order to achieve the longest propagation length without signal degradation. 
 

 

Keywords: Optical communication systems; erbium-doped fiber amplifiers; multi-stage EDFA; optical 
gain; noise figure; bit error rate. 

 

1.  INTRODUCTION 
 

To cope with the increase of bandwidth demand 
and solve the saturation issues in the networks, 
carriers have to be pushed for increasing the 
capacity of the already installed communication 
networks. This requirement is based on the well-
known phenomenon that the greater the carrier 
frequency leads to more bandwidth along with 
more information capacity of the underlined 
system. On the other hand, as the number of 
users is increasing significantly, there is a 
growing demand for bandwidth in mobile 
communication. Therefore, the next-generation 
wireless communication systems should be able 
to offer higher capacity to support various 
broadband wireless services. The currently in 
use technologies including copper and coaxial 
cables, wireless internet access, and broadband 
radio frequency (RF)/microwave have limitations 
such as congested spectrum, lower data rate, 
expensive licensing, security issues and high 
cost of installation and accessibility to all. The 
development of optical fiber communication, 
fueled by the need for rapidly increasing 
volumes of information transfer and by new 
requirements that are far less predictable than 
they have been for telephony, moves ever 
forward. These optical systems have 
revolutionized the telecommunications industry 
and have played a major role in the advent of         
the information age since their emergence. 
Nowadays, they constitute a key enabler for 
broadband internet access and services, as well 
as the main transporter of the internet protocol 
traffic. Owing to their merits over electrical 
transmission, optical fibers have been largely 
deployed in core networks. However, in rural 
areas, the installation of buried optical fiber cable 
to provide a high-speed network is not an 
economic proposition. Additionally, the migration 
of mobile services to applications requiring 
broadband services will put increasing demands 
on mobile network infrastructure. Current 
systems and base station separations employing 
the microwave radio technology to provide data 
links or mobile backhaul network cannot deal 
with higher data rates and thus leading to the 
data throughput backhaul bottleneck. The third- 

and fourth- generation (3G and 4G) wireless 
communication systems will provide omnipresent 
connectivity, ranging from high-mobility cellular 
systems to the fixed and low-mobility indoor 
environments.  
 
Optical wireless communication (OWC) is an 
age-long technology that entails the transmission 
of information-laden optical radiation through the 
free-space channel. OWC technology is one of 
the most promising alternative schemes for 
addressing the ‘last mile’ bottleneck in the 
emerging broadband access markets. It is an 
emerging and dynamic research area that has 
generated a vast number of interesting solutions 
to very complicated communication challenges 
such as high data rate, high capacity and 
minimum interference links for different 
applications of communication. OWC offers a 
flexible networking solution that delivers the truly 
broadband services. Only the OWC technology 
provides the essential combination of virtues 
vital to bring the high-speed traffic to the optical 
fiber backbone. That is offering a license-free 
spectrum with almost an unlimited data rate, a 
low cost of development, along with ease and 
speediness of installation. However, OWC 
operating at the near-IR region of 750–950 nm 
has most of the physical properties of the visible 
light, except that it is at the lower part of the 
optical frequency spectrum making it invisible to 
the human eye which is very sensitive to this 
wavelength range and therefore must be 
protected by limiting the transmission intensity. 
At the higher wavelength region of 1550 nm, the 
eye is less sensitive to light and, therefore, the 
eye safety requirement is more relaxed and the 
interference due to ambient light sources (sun, 
fluorescence, etc) is considerably reduced. This 
wavelength is also compatible with the third 
window backbone optical fiber communication 
network.  
 
Despite the modern technology of fiber 
fabrication, optical fiber communication losses 
such as fiber loss and splice loss still occur. 
Thus, in order to prevent signal degradation over 
long distance communication, an optical 
amplifier with good gain and flat gain bandwidth 
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is needed. On the other hand, 1550 nm denotes 
the wavelength of minimum attenuation in optical 
fibers and represents a wavelength for which an 
excellent optical amplifier can be built. Of 
particular importance is the fact that the amplifier 
may be realized as an optical fiber with a small 
concentration of erbium atoms in the core. In this 
regard, Erbium Doped Fiber Amplifier (EDFA) 
comes into play. EDFA’s have the major 
advantage of being optical amplifiers, with no 
conversion of the optical signal into electrical 
signal. It is the crucial element in optical fiber 
communications today. Whereas electronics 
today can provide an amplifier bandwidth of a 
few tens of GHz, the EDFA provides 4 THz of 
bandwidth in a single amplifier, allowing several 
wavelength division multiplexed (WDM) 
channels to be amplified with a single amplifier. 
Additionally, even though the center frequency 
depends on temperature, the temperature 
sensitivity is not sufficient to permit the 
frequency to be controlled by temperature, 
considering that the entire bandwidth of an 
EDFA must be covered. There are plenty of 
advantages of using EDFAs as optical amplifiers 
in optical fiber networks. Before the advent of 
EDFAs, optoelectronic regenerators that include 
both a receiver and a transmitter were required 
to compensate attenuation in the middle of a 
transmission system. With EDFAs, light wave 
signals are amplified purely in the optical 
domain: optical signals are amplified directly in 
optical format without the need for O/E/O 
conversion, thereby greatly reducing the 
complexity and cost of systems. Second, EDFAs 
can be applied to both CW signals and 
modulated signals if the modulation speed is 
greater than 1Mbit/s due to the long lifetime of 
erbium ions in the upper state. Moreover, EDFA 
exhibits a number of very attractive properties 
such as high signal gain, wideband amplification, 
high saturation power, ideal noise performance, 
low crosstalk between different signals, data bit-
rate independent, polarization insensitive, low 
non-linear effect, being a silica fiber, easy to 
connect to transmission fibers, and being driven 
by a diode laser very similar to the sources used 
for optical transmission. These are its 
characteristics which cannot be achieved by 
ordinary electronics based amplifiers and thus 
making the optical amplifier very important in 
DWDM networks. Furthermore, the ready 
available of laser diodes as a pump source 
makes it even more viable; hence, making the 
optical amplifier devices compact and suitable 
for low spatial and cost effective applications. 
Practically, EDFA is compatible with current 

WDM optical networks that utilize silica-based 
optical fiber, thereby making the device 
integration process seamless. Generally, EDFAs 
can be used as power amplifiers to boost the 
transmitter power, as in-line amplifiers to 
increase system reach, or as preamplifiers to 
enhance receiver sensitivity. All of these 
applications are indispensable components for 
realizing long-haul transmission [1-5].  
 
Owing to the importance of fiber amplifier EDFA 
in practical applications, careful theoretical 
analysis is required to optimize the performance 
of such type of fiber amplifiers and to estimate 
the influence of its physical parameters on its 
behavior in amplifying the optical signals. This 
paper is devoted to study the characteristics of 
multi-stage EDFA scheme for varying values of 
the interesting parameters, two pumping 
wavelengths, and different techniques of 
directional pumping with the object of finding the 
optimum characteristics of this optical device to 
achieve the highest benefit of its using in optical 
networks. The rest of the paper is organized as 
follows. Section II discusses the principles of 
operation of EDFA device, section III is 
concerned with the simulation results to assess 
the performance of the underlined system, and 
finally our concluded remarks are summarized in 
section IV.   
 

2. EDFA PHYSICAL BACKGROUND 
 

2.1 Optical Amplifiers 
 
Optical transmission systems are either 
attenuation or dispersion limited. In this regard, 
as the optical signal moves along a standard 
single mode fiber, it gets attenuated and if the 
data speed is high enough, it gets distorted due 
to chromatic and polarization dispersions. The 
loss limitation can be partially canceled out by 
the introduction of optical amplifiers which are 
used extensively in fiber optic data links. From 
this point of view, there are three ways in which 
optical amplifiers can be used to enhance the 
performance of such type of data links. A 
booster amplifier is utilized to increase the output 
of an optical transmitter just before the signal 
enters an optical fiber. Since the optical signal is 
attenuated as it travels along the fiber, an inline 
amplifier is applied to restore (regenerate) the 
optical signal to its original power level. Finally, 
an optical pre-amplifier is included at the end of 
the fiber link in order to increase the sensitivity of 
an optical receiver. Practically, we can have 
systems with the use of all the above mentioned 
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kinds of amplifiers, especially in long-haul 
networks. This indicates that the optical 
amplifiers play an important role in transferring 
information from one place to another through 
the optical data links.  
 

The amplification process is performed through 
the use of different types of optical devices each 
with special merits depending on physical 
medium and properties of the propagated signal. 
Generally, the objective of all amplifiers is to 
achieve higher gain, maximum bandwidth, and 
better flatness. Due to the directly amplification 
of the information-carrying signals in the optical 
domain without the need of conversion to the 
electrical domain and their easily spliced to the 
telecommunication fiber link with minimal 
insertion losses, optical devices are quickly 
replacing conventional amplification techniques 
in a variety of applications [6]. 
 

The guidance of light in fibers/rods is 
accomplished through the total internal reflection 
which occurs in glass and plastic fibers with a 
high refractive index core surrounded by a lower 
refractive index cladding. Based on this principal, 
the use of such fiber waveguides as laser 
cavities for achieving excellent beam quality was 
suggested. Simultaneously, the use of rare-earth 
ions as dopants also gained interest when 
stimulated emission at optical wavelengths was 
observed from such ions in various host media. 
These ions were embedded in glass fibers in 
order to fabricate rare-earth-doped fiber laser 
and amplifier. This fiber amplifier represents the 
key element for high speed optical 
communication, where fiber attenuation limits the 
strength of optical signal. This optical device 
carries out an in-line amplification of optical 
signal by effecting stimulated emission of 
photons through the implantation of rare earth 
ions in the core of optical fiber. The development 
of such type of fiber amplifiers, which is known 
as EDFA, provides a major growth in 
communication system capacity. EDFAs become 
common and popular now, because erbium 
atoms realize light amplification over the range 
of wavelengths 1525—1610 nm. Additionally, the 
amplification process is entirely occurred in 
optical domain. Moreover, it fulfills high power 
transfer efficiency from pump to signal power. 
Furthermore, the amplification is independent of 
data rate and the gain is relatively flat so that 
they can be cascaded for long distance use. 
However, large device's size, gain saturation, 
and presence of amplified spontaneous emission 
are considered on the debit side of EDFA 
system [7]. 

2.2 EDFA Structure 
 

In general, EDFA is made of short lengths (a few 
meters) of optical silica fiber, which is generally 
of quartz glass, doped with erbium (Er

+3
) ions 

that can transfer photon energy from separate 
pump laser diode to the signal wavelength for 
the purpose of amplification. The optimum fiber 
length used depends upon pump power, input 
signal power, amount of erbium doping and 
pumping wavelength. The pumping process of 
this amplifier is achieved with the aid of a laser 
beam the wavelength of which is chosen in such 
a way that its light is irradiated into the Er-doped 
fiber. In this situation, the laser diode output and 
the incoming signal are combined through a 
wavelength division coupler (WDC) and are 
launched into an erbium-doped fiber. Pump 
photons excite the erbium ions which in turn 
provide signal amplification in the 1.55 μm 
wavelength region. The schematic of a single-
clad co-pumped linear-cavity fiber amplifier is 
shown in Fig. 1. The pump and seed light are 
both confined in the single-mode core by total 
internal reflection, which results in excellent 
overlap between pump and seed.  
 

The pumping mechanism represents an 
interesting factor that plays an important role in 
the performance of fiber amplifiers. Based on the 
direction of pump propagation with respect to 
seed/laser propagation, the pump schemes are 
classified into three categories: forward, 
backward, and bidirectional, as Fig. 2 
demonstrates. Optical isolators are used at the 
input and output ends to protect the seed and 
pump sources from back reflections. In other 
words, these isolators prevent the amplified 
signal from reflecting back into the device, where 
it could increase the amplifier noise and 
consequently decrease the amplifier efficiency. 
In forward pumping (co-pumped) configuration, 
the WDM coupler in front of the EDF combines 
the input and pump signals to co-propagate with 
each other. So, these signals propagate through 
the fiber in the same direction, which means co-
pumped. In EDF, the ions are excited due to 
pump signal and the absorbed energy is 
transferred to the input signal in such a way that 
this signal becomes amplified. For preventing 
back reflections inside the fiber and making sure 
that the signal will travel only in one direction 
through the fiber, isolators must be included. A 
forward pumped scheme will ensure high gain 
and low amplified spontaneous emission (ASE) 
noise, which is known to be the major EDFA 
noise contributor. This is due to the high 
population inversion at the input of the EDFA 
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which will guarantee less spontaneous emission. 
In backward pumping (counter-pumped) 
scheme, on the other hand, the input signal and 
pump signal are propagate in the opposite 
directions inside the fiber, that is meant by 
counter-pumped. This type of pumping will have 
high ASE noise but also high output power. 
However, in bi-directional pumping (dual-
pumped) technique, two driving signals are 
employed to pump in both directions of 
propagation. One pump signal travels with the 
underlined signal in the same direction whilst the 
other is pumped in opposite direction of the input 
signal. Therefore, the dual pumped mechanism 
combines the two previous schemes and thus 
providing an optimized version. The gain and 
noise of an EDFA are greatly influenced by 
pump direction because this process of 
excitation changes the gain dynamics of the 
amplifier. Additionally, the EDFA's performance 
is affected by the pump wavelength. From this 
point of view, pumping can be done at 660 nm, 
820nm, 980nm and 1480 nm. The most widely 
used wavelengths are 980 nm and 1480 nm. A 
pump wavelength of 980 nm gives high 
population inversion and this in turn leads to high 
gain and low noise. However, the pumping at 
1480nm wavelength provides a better power 
conversion efficiency. Generally, pumping at 
980nm is preferred since it produces less noise 
and achieves larger population inversion than 
pumping at 1480 nm [8].   
 

The erbium-doped glass optical gain medium 
amplifies light at wavelengths that are in the 
neighborhood of 1550 nm which represent the 
optical wavelengths that suffer minimum 
attenuation in optical fibers. Additionally, EDFA 
enjoys several merits such as: it is an all fiber 
device, it is easy to couple light in and out of 
fiber, and it introduces no crosstalk when 
amplifying WDM signals. These advantages 
have made EDFA an attractive choice in many 
practical applications that require optical 
amplification.  
 

2.3 EDFA Principles of Operation 
 

EDFA is a device that boosts the signal in an 
optical fiber. It was a major factor in the rapid 
development of optical networks because it 
extended the distance between costly 
regenerators. The basic principle for 
amplification in an erbium doped fiber amplifier is 
stimulated emission. In stimulated emission 
process, the light wave signal itself acts as a 
stimulator for the emission of light. The doping 
agent used in EDFA for silica fiber core is 

trivalent erbium ions. Erbium exhibits minimum 
attenuation because it possesses an active 
transition at 1550 nm wavelength. Wavelength 
selective coupler is employed to mix a high 
powered beam of light, of either 980 nm or 1480 
nm wavelength from pumping source, with the 
input signal. The mixed light is guided into a 
section of fiber with erbium ions included in its 
core. Through the pumping, the erbium ions are 
excited to a long lifetime intermediate state as 
shown in Fig. 3. When the photons belonging to 
the signal (at a different wavelength from the 
pump source) hit the excited erbium ions, the 
erbium ions give up some of their energy to the 
signal and return to their lower-energy state. In 
this situation, the giving up of energy of erbium 
ions is accomplished in the form of photons of 
exactly the same phase and direction as the 
input signal being amplified. This energy transfer 
from the pump wavelength to the signal 
wavelength through the erbium ions will result in 
signal amplification. 
 
To get a phenomenological understanding of 
how an EDFA works, it is needed to look at the 
energy level structure of erbium [5]. The excited 
atoms in silica are Er3+ ions, which are erbium 
atoms that have deprived three of their outer 
electrons. The two principal levels for 
telecommunication applications are the 
metastable level 

4
I13/2 and the 

4
I11/2 pump level. 

The characteristic of 4I13/2 state is that the 
lifetimes for transitions from it to the ground state 
are very long in comparison with the lifetimes of 
the states that lead to it. These principal levels 
along with the ground state are actually bands of 
closely spaced energy levels that form a 
manifold due to the stark splitting effect. 
Furthermost, each stark level is broadened by 
thermal effects into an almost continuous band. 
Referring to Fig. 3, it is noted that the pump 
band exists at 1.27eV separation from the 
bottom 

4
I15/2 ground state, which corresponds to 

1980nm wavelength. Moreover, the top of 4I13/2 

metastable state band is separated from the 
bottom of ground state band by 0.841eV and this 
is consistent with 1480 nm wavelength. 
Furthermore, the bottom of 

4
I13/2 metastable state 

band is separated from the bottom of 4I15/2 

ground state band by about 0.775eV which is in 
agreement with 1600 nm wavelength. This 
means that the possible pump wavelengths are 
980 & 1480 nm. In this situation the emitted 
photons during the transition of electrons 
between possible energy levels in the 
metastable and ground state bands ranges from 
1530 to 1600 nm [9].     
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Fig. 1. Schematic of co-pumped fiber amplifier 
 

 
 

a) Co-directional Pumping 
 

 
 

b) Counter-directional Pumping 
 

 
 

c) Bi-directional Pumping 
 

Fig. 2. Forward, backward & bidirectional pumping structures of EDFA system 
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Fig. 3. Levels of energy in EDFA amplifier 
 

In normal operation, a pump laser emitting 980 
nm photons is used to excite ions from the 
ground state to the pump state. These excited 
ions decay very quickly in about 1s from the 
pump band to the metastable. During this decay, 
the excess energy is released as photons or 
equivalently, mechanical vibration in the fiber. 
Within the metastable band, the electrons of the 
excited ions tend to populate the lower end of 
the band. These electrons are characterized by 
a very long fluorescence time of about 10 ms. In 
the case of another possible wavelength, on the 
other hand, the energy of the pump photons is 
very similar to the signal photon energy but 
slightly higher. The absorption of a 1480 nm 
pump photon excites an electron from the 
ground state directly to the lightly populated top 
of the metastable level. These electrons tend to 
move down to the more populated lower end of 
that level. Some of these ions sitting at the 
metastable level can decay back to the ground 
state in the absence of an externally stimulating 
photon flux. This decay phenomenon, which is 
known as spontaneous emission, represents the 
main source of noise in the EDFA performance. 
Pump can also take place at 1480 nm to excite 
the ions directly to the level E2. In this case, 
rapid relaxation would occur to the lowest sub-
level within the group of levels from which laser 
action would occur. If there is no signal enter the 
fiber, Er

+3
 ions will transit from E2 to E1 due to 

spontaneous emission. In this situation, if a 
signal of wavelength lying in 1520–1610 nm 

band is injected into the fiber, it will be amplified 
by stimulated emission from E2 to E1 levels. 
 

2.4 Rate Equations 
 
In order to obtain a mechanism of amplification, 
we need a population inversion between states 
E1 and E2. Since state E1 is the ground state, at 
least half of the total population of erbium ions 
needs to be excited to level E2 to have 
population inversion. If the pump power is 
sufficiently large then the majority of ions will be 
found at E2, thus forming a population inversion 
between E2 and E1 (N2 > N1). As a result of this 
population inversion, an optical gain can be 
accomplished in such type of fiber. In the 
absence of any radiation, the Er+3 ions are 
stayed in their ground state E1. If an appropriate 
frequency light beam is incident upon this 
system of atoms, the ions will be excited to the 
higher energy levels. In other words, with the aid 
of an optical beam of wavelength 980 nm, the 
electrons can be pumped from the ground state 
4I15/2 into the intermediate energy state 4I11/2 
which has lifetime of approximately 1�s. 
Because of the relaxation process, the excited 
electrons will quickly fall into the metastable 
energy state 4I13/2. Due to the 10 s lifetime of 
this energy state, which is relatively large, a high 
population inversion will be achieved even with 
moderate pumping power level and 
consequently a stimulated amplification is 
feasible.     
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If WP is the pumping rate, WS is the rate of 
absorption of photons from the signal and ��� is 

the lifetime of spontaneous emission from the i
th
 

state to the j
th
 state, the amplification process 

can be described with the following rate 
equations: 
 

    )1(3112
21

21 NNpWNNsW
N

dt

dN




 

  )2(12
21

2

32

32 NNsW
NN

dt

dN




 

  )3(31
32

33 NNpW
N

dt

dN



 

Population inversion implies that N2 > N1. Since 
the lifetime of the state E3 is much smaller than 
the lifetime of the state E2, the population of the 
excited state N3 is essentially given by the 
Boltzmann distribution 
 

  )4(2
23exp23 N

KT

EE
NN 




 
At steady state conditions, Eq. (1) becomes 
 

    )5(3112
21

2 NNpWNNsW
N




 
Eq. (5) can be simplified, with the aid of Eq.(4), 
to give the inversion level (population inversion 
factor) as 
 

 
 

)6(
1121

21

12

2













pW

sWpW

NN

N
nsp

 
The inversion level is thus related to both the 
pump and signal powers through the factors WP 
& WS, and to the pump wavelengths by the 
Boltzmann factor "". Eq. (6) is the basic formula 
which represents an important parameter in 
calculating both the gain and ASE noise in fiber 
amplifier. 
 
The factor  explains why 980 nm pumping is 
more effective in achieving population inversion 
than 1480 nm pumping. It was seen that 
because of small lifetime of the level E3, the ions 
thermalize to the level E2. For 980 nm pumping, 
the pump band (state 3) is much higher above 
state E2 and the energy difference between 
these two levels is approximately of 0.4eV and 

as a result of this difference,  tends to be 
vanished. In the case of 1480 nm pumping, on 
the other hand, the thermalization occurs to the 
lowest energy sub-level within the group 2 and 
this will cause  to be greater than zero ( ≈ 
0.4). 
 
It is well-known that the noise figure (NF) is used 
as a measurement of the noise that introduced 
on the signal as a result of its propagation 
through a specified system. Therefore, the noise 
performance of an optical amplifier is quantified 
through NF parameter. In the case of EDFA, it 
can be easily deduced that NF=2nsp. For strong 
pumping (Wpτ21 » 1) and small signal (Ws ≈ 0), 
the inversion factor nsp in the case of 980nm 
pumping is close to unity (nsp≈1), which means 
that full population inversion can be achieved. 
Therefore, the noise figure attains its minimum 
value which is close to 2. For 1480 nm pumping 
case, the best value that can be obtained is 
about 1.6 (nsp≈1.6) which indicates that full 
population inversion cannot be achieved and 
noise is 1.6 (2dB) times worse in comparison 
with the previously mentioned case. On the 
other hand, the principal source of noise in 
EDFAs is the amplified spontaneous emission 
(ASE). It has a spectrum of approximately the 
same extension as that of the gain spectrum of 
the amplifier. The gain spectrum can be made 
extremely flat by optimizing the wavelength and 
pump power. Greater is the spontaneous 
emission, the greater will be the ASE. As the 
nature of spontaneous emission is incoherent, 
the amplified signal is noisier than the input 
signal. So, it is of importance to reduce the noise 
figure of EDFA as we can. Erbium randomly 
emits photons between 1520 and 1570 nm. 
Spontaneous emission (SE) is neither polarized 
nor coherent and like any photon, the 
spontaneously emitted photon stimulates 
emission of other photons. When there is no 
input signal, eventually all optical energy is 
consumed into ASE and contributes as a 
considerable source of noise in EDFA.  
 
The most important feature of EDFA is the gain 
factor. The gain of EDFA can vary from amplifier 
to amplifier. It can be changed over a wide range 
depending on the amplifier length. The shape of 
gain spectrum is considerably affected by the 
nature of erbium ions. A fast increase in the 
value of gain occurs as the input power 
decreases or the pump power increases. An 
erbium doped amplifier can amplify light 
wavelength ranging from 1500 nm to more than 
1600 nm. Two such bands are in use today. One 
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is the C-band (Conventional band) which 
occupies the spectrum from 1530 nm to 1560 
nm and the second is L-band (Long wavelength 
band) which extends from 1560 nm to 1610 nm. 
Most EDFA works in the C-band. From this point 
of view, the gain evaluation represents the main 
characteristic of an optical amplifier whilst the 
noise constitutes its second most important 
feature.  

 
3. PROCESSOR PERFORMANCE 

ASSESSMENT 
 

3.1 EDFA Simulation Setup 
 
The software Optisystem is used to design an 
EDFA for the WDM system. The system consists 
of 16 input signals (channels), an ideal 
multiplexer, an isolator, a pump laser, erbium 
doped fiber, de-multiplexer, PIN photo-detector, 
low pass Bessel filter and 3R regenerator as 
depicted in Fig. 4. The wavelength selective 
coupler couples both the pump and signal 
optical power efficiently into the fiber amplifier. 
The optical isolator prevents the amplified signal 
from reflecting back into the device. The 
presence of such element in the EDFA circuit 
may increase the amplifier noise and 
consequently its efficiency may be decreased. 
The following characteristics have been pre-
assigned in simulating the optisystem: bit rate is 
chosen to be 10 Gbits/sec, sequence length is 
selected to be 128 bits, samples per bit is 
assumed to be 64, and the number of samples is 
supposed to be 8192. In addition, the 
subsequent parameter values are set for the 
EDFA device:   length of fiber is assumed to take 
different values as 5, 10, 15, 20 m, Er 
metastable lifetime is taken as 10 ms, Er ion 
density is chosen as10

25
m

-3
(100ppm), numerical 

aperture is set to 0.24, and an attenuation 
coefficient of 0.2dB/km is assigned. Moreover, a 
WDM transmitter of 16 output channels has 
been used with center wavelength of 1552.52 
nm, wavelength spacing of 2 nm and input 
power level of -26 dBm. 

 
3.2 Single Stage EDFA 
 
The variations of gain and noise figure are 
outlined here for forward, backward, and 
bidirectional pumping techniques for single stage 
EDFA. Fig. 5 depicts a comparison of the gain 
(G) spectrum obtained from an EDFA system of 
20 m length and excited by 980 nm and 1480 
nm pumping source for different pumping 

configurations and several pumping power 
levels. According to the shown curves, it is seen 
that the gain is not the same at different signal 
wavelengths and it attains its maximum at 
around 1560 nm. Additionally, it is increased as 
the pumping power increases. Moreover, the 
bidirectional configuration of pumping exhibits 
the best results of gain and the backward 
pumping gives the worst results whilst the 
forward technique of pumping presents an 
intermediate values between the two pumping 
procedures. In comparison with the gain values 
at 980nm pumping wavelength, the displayed 
results demonstrate that it is possible to get 
higher gain values, for the same power level, if 
the pumping wavelength is taken as 1480 nm. 
Additionally, for the same wavelength, a 
maximum gain of 57.5 dB can be obtained in the 
case of bidirectional dual pumping configuration 
at a pumping power level of 0.75W. Fig. 6 
illustrates the variation of the noise figure (NF) 
as a function of the operating wavelength at the 
three configurations of pumping. The observed 
results indicate that the forward and dual 
configurations have almost the same NF 
characteristics at different signal wavelengths 
whilst the backward technique has a NF which is 
varied with the signal wavelengths. In addition, it 
increases as the pumping power increases, in 
the case of forward and bidirectional 
configurations with little higher values at dual 
pump as compared with the forward pump, but it 
decreases with the increased pumping power in 
the case of backward configuration of pumping. 
Furthermore, forward and bidirectional pumping 
configurations give minimum NF and backward 
pumping presents the worst results where the 
NF values are higher than those corresponding 
to the other techniques of pumping. From the 
pumping wavelength point of view, the displayed 
results reveal that the obtained NF values at 
λ=980 nm are lower than those achieved at 
λ=1480 nm, for a wider range of wavelengths, 
especially when forward and dual pumping 
configurations are practically used. A minimum 
NF of (3.9 dB to 4.8 dB) is attained in the case of 
980 nm forward pumping configuration. 
 

Now, let us take an idea about the effect of the 
fiber length on the performance of the EDFA 
system. Fig. 7 displays the gain characteristics 
of the underlined device supplied by 980nm 
pumping wavelength in forward and backward 
techniques for different values of fiber length at a 
pumping power level of 150 mW. A big insight 
on the behavior of the two pumping mechanisms 
demonstrates that the optimum length, which 



 
 
 
 

El-Mashade and Mohamed; BJAST, 19(4): 1-20, 2017; Article no.BJAST.31911 
 
 

 
10 

 

has high gain values, lies in the range of 10-20 
m and the forward structure gives better gain 
than the backward. For the same pumping 
wavelength, Fig. 8 exhibits the noise figure 
variation against the operating wavelength given 
that the fiber length is held constant at the same 
values as taken in Fig. 7. For backward 
pumping, we notice that the NF is approximately 
fixed for 5m length and this is the optimum value 
for the fiber length to achieve a minimum NF. As 
the length increases, the NF increases rapidly 
specially for lower wavelengths and fastly 
decayed as the wavelength increases. In the 
case of forward pumping, on the other hand, NF 
is approximately the same for the chosen 
lengths with minor variations. As a concluded 
remark, for the same parameter values, forward 
pumping gives lower NF as well as higher gain 
values, especially in the band around 1560 nm, 
in comparison with those obtained in the case of 
backward pumping. Figs. 9 & 10 repeat the 
same characteristics, as Figs. 7 & 8, for the 
EDFA device with the exception that the 
pumping wavelength is modified to become 
1480 nm. In comparing the results drawn in 
these figures with those presented in the 
previous plots, one deduces that the pumping at 
1480 nm gives higher gain values than that 

obtained by pumping at 980 nm. Additionally, 
lower NF is achieved in the case of 1480 nm 
than in the case of 980 nm when the two 
pumping wavelengths operate in backward 
configuration whilst the opposite is noticed in 
forward pumping configuration where 1480 nm 
provides higher NF than 980 nm given that the 
selected parameter values are kept unchanged 
in the two situations.          
 
Since the eye diagram is a useful tool for 
understanding signal impairments in the physical 
layer of high speed digital data systems, we use 
it here as a measure of the purity of the optical 
signal at the output of the EDFA amplifier. The 
eye diagram, Q-factor, and BER are drawn for 
different pumping wavelengths as well as 
several mechanisms of pumping for 20 m-EDFA 
length. Fig. 11 and Table 1 represent a 
comparison of Q-factor, BER and eye height 
among the different configurations of pumping. 
The exhibited results demonstrate that the 
pumping at 1480 nm has better performance 
than that at 980 nm wavelength. Additionally, the 
1480 nm forward pumping configuration has the 
highest performance whilst the backward 
pumping configuration gives the worst parameter 
values for BER, Q-factor, and eye diagram.  

 

 
 

Fig. 4. One-stage 980 nm backward pumping of 20 m EDFA length 
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Fig. 5. Gain spectrum at 980 nm and 1480 nm backward & forward & dual pump of 20 m EDFA 
length 

 

     
 

Fig. 6. Noise figure spectrum at 980 nm & 1480 nm backward & forward & dual pump of 20m 
EDFA length 

 

Table 1. Q-factor, BER and eye height for different configurations in one-stage-EDFA 
 

EDFA Q-factor BER log of BER Eye height 
980-backward 3.36 3.4*10-4 -3.46 0.0043 
980-forward 4..67 1.36*10

-6
 -5.87 0.014 

980-dual 4.76 9.09*10
-7

 -6.04 0.128 
1480-backward 3.74 8.33*10-5 -4.1 0.02 
1480-forward 4.8 7.27*10

-7
 -6.14 0.038 

1480-dual 4.45 3.92*10-6 -5.4 0.154 
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Fig. 7. Gain spectrum at 980 nm backward & forward pumping mechanisms for different 
lengths of EDFA device 

 

       
 

Fig. 8. NF spectrum at 980 nm backward & forward pumping mechanisms for different lengths 
of EDFA device 

 
The object of Fig. 12 is to make a comparison, 
from the gain and noise figure points of view, 
among the different combinations (980-980, 
1480-1480, 1480-980 and 980-1480) of dual 
pumping configuration for the two interested 
pumping wavelengths as forward and backward. 
A big insight in the outlined results demonstrates 
that the obtained gain is nearly the same at 

different configurations and little high at 1480-
1480 pumping combination. For the NF 
performance, we noticed that it has its smallest 
value at 980-980 pumping combination, 980-
1480 comes next, then 1480-980, and finally it 
attains its highest value at 1480-1480 situation. 
En conclusion, it is seen that the gain is highest 
at 1480-1480 case but the NF is lowest 
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Fig. 9. Gain spectrum at 1480 nm backward & forward pumping mechanisms for several 
lengths of EDFA system 

 

      
 

Fig. 10. NF spectrum at 1480 nm backward & forward pumping mechanisms for several 
lengths of EDFA system 

 

at 980-980 situation, and the best configuration, 
for obtaining high gain and low noise figure, can 
be achieved through the configuration in which 
the 980 nm is chosen for forward pumping while 
the backward pumping is carried out at 1480 nm. 

 

3.3 Double-stage EDFA 
 

The gain and noise figure of an EDFA device 
can be enhancement by using its double stage 

configuration. Therefore, we use two-stage 
EDFA device to benefice the maximum gain 
from 1480 nm as well as the minimum NF from 
980 nm pumping wavelengths. By forward 
pumping the first stage at 980 nm and the 
second one at 1480 nm pump, we obtain the 
results that are displayed in Fig. 13. This figure 
illustrates that the gain and NF are improved as 
EDFA length is increased. Through the using of 
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small length for the first stage, we will get 
minimum NF, where NF decreases as the length 
of the first stage decreases. A maximum gain of 
59.4 dB and a minimum NF of 3.5-4.3 dB can be 
achieved by adjusting the first stage at 4 m-
length and the second one at 15 m-length. 

 
Fig. 14 as well as Table 2 exhibits some 
numerical values of the Q-factor, Min log of BER 
and eye diagram for different lengths of two-
stage EDFA device. The examination of the 
shown results illustrates that the Q-factor and 
BER of different 2-stage-lengths are almost the 
same, but the best result (0.32) of eye height is 
obtained for 4 m-15 m combination of stage 
lengths. However, high gain and low NF are 
attained in the case of 4 m-20 m stage lengths 
with the drawback of low eye height in 
comparison with 4-15 m stage lengths situation. 
So, for best result of gain, NF and eye diagram, 
the situation of 4 m length for the first-stage and 
15 m for the second-stage EDFA configuration 
can be adopted. 
 

3.4 Three-stage EDFA 
 
In this situation of operating conditions, we 
constitute three-stage EDFA configuration in 
which the first stage is forward pumped at 980 
nm wavelength whilst the second and third ones 
are supplied by 1480 nm pumping wavelength. 
Fig. 15 depicts a comparison between different 
3-stage-lengths for gain and NF. The curves of 

this scene illustrate that the gain is increased as 
EDFA-length is increased. Additionally, by 
reducing the length of the first stage, the NF can 
be minimized, where the NF is decreased as first 
stage-length is decreased. Hence, a maximum 
gain (of 64.6 dB) and a minimum NF (in the 
range 3.37 - 4.3 dB) can be realized by adjusting 
the lengths of the stages to become 4, 10, and 
15 m for the first, second, and third stage, 
respectively. 
 
Fig. 16 and Table 3 display some numerical 
values for the more important parameters that 
distinguish one EDFA system over another. 
These parameters include Q, G, NF, and BER 
along with the eye-diagram. The underlined plot 
shows the variation of G and NF, as a function of 
the operating wavelength, for several lengths of 
the different stages of the EDFA device under 
examination, whilst the considered Table 
depicts, numerically, the underlined parameters 
in an explicit manner. The presented results 
demonstrate that the Q-factor and BER are 
almost the same and the best result (0.53) of 
eye height is attained in the case of 4 m-10 m-5 
m stage lengths. On the other hand, high gain 
and low NF are accomplished through the 
combination of 4-10-15 m for the stages of the 
EDFA optical amplifier. For achieving an EDFA 
system for which the gain, NF, and eye diagram 
are practically acceptable, the length of the first 
stage is chosen to be 4 m whilst the second and 
third stages are fixed at 10 m length. 

 
Table 2. Q-factor, BER and eye height for different double-stage EDFA system lengths 

 
EDFA-lengths Q-factor BER Eye height Max - min gain Max - min NF 
5-5 m    4.7 1.15*10-6       0.14 53.4-24 4.62-3.68 
5-10 m 4.71 1.12*10

-6
 0.28 57.4-28.7 4.63-3.7 

10-10 m 4.69 1.2*10
-6

 0.21 58.3-32 5.2-4 
5-15 m 4.71 1.09*10-6 0.27 59.3-32.3 4.6-3.7 
5-20 m 4.72 1.07*10

-6
 0.21 60.7-35.7 4.6-.37 

4-4 m    4.73 1.06*10-6 0.083 51.1-21.8 4.27-3.5 
4-5 m 4.73 1.06*10

-6
 0.12 52.8-23 4.28-3.5 

4-10 m 4.73 1.04*10
-6

 0.31 57.45-28 4.3-3.5 
4-15 m 4.73 1.01*10-6 0.32 59.45-31.8 4.3-3.5 
4-20 m 4.74 9.89*10

-7
 0.27 61-35.2 4.3-3.46 

 
Table 3. Q-factor, BER and eye height for different three-stage EDFA construction 

 

EDFA-lengths Q-factor BER Eye height Max - min gain Max - min NF 
5-10-5 m 4.71 1.1*10-6 0.47 61.4-33 4.64-3.7 
5-10-10 m 4.72 1.07*10

-6
 0.4 63-36.5 4.64-3.7 

5-10-15 m 4.73 1.04*10-6 0.27 64.5-39.7 4.6-3.7 
4-10-5 m 4.73 1.016*10-6 0.53 61.4-32.5 4.3-3.5 
4-10-10 m 4.74 9.9*10

-7
 0.46 63.2-36 4.3-3.4 

4-10-15 m 4.744 9.66*10-7 0.34 64.6-39.3 4.3-3.37 
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Fig. 11. Eye-diagram, Q-factor, and BER at 1480 nm backward & forward pump at 20 m-EDFA 
length 
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Fig. 12. Comparison of gain and noise figure of dual pump configuration of 20 m-EDFA device 
 

     
 

Fig. 13. Gain and noise figure spectrum of two-stage EDFA forward pumping at 0.75 W pump 
 

3.5 Four-stage EDFA 
 

By using the software Optisystem, we can 
construct a four-stage EDFA system in the same 
manner as we have previously established in the 
single-stage version of the device under 
examination and the block diagram of the 
resulting system is exhibited in Fig. 17. In this 

regard, four-stage 980 nm- backward pump 
EDFA of 5m-length each was used in [2] to 
obtain a maximum gain of 61.04 dB, a NF of 
(Min 3.9 dB and max 5 dB), an eye height of 
0.44, and a BER of 6.65*10

-7
. We can further 

increase the gain and decrease the NF in this 
arrangement of EDFA system through the use of 
different configuration of pumping as well as 
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varying the optical lengths of the selected 
stages. In this regard, we construct four-stage 
EDFA scheme with forward pumping; the first 
stage is pumped by 980 nm wavelength whilst 
the other three stages are pumped through         
1480 nm wavelength. Fig. 18 illustrates the                  
gain as well as NF spectrum for different 

constructions of 4-stage EDFA system. 
According to the curves of this plot, it is noted 
that we can get a maximum gain of 67.7 dB and 
a minimum NF of 3.2 dB  by setting 4 m, 10 m, 
10 m, and 15 m lengths for the first, second, 
third, and fourth stage of EDFA system, 
respectively.  

 

 
 

Fig. 14. Eye-diagram, Q-factor and BER of two-stage forward-pumping EDFA system 
 

     
 

Fig. 15. Gain and noise figure spectrum of three-stage EDFA forward pumping at 0.75 W pump 



Fig. 16. Eye-diagram, Q-factor and BER of three

Fig. 17. Four-stage 980
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Fig. 18. Gain and noise figure spectrum of 4-stage EDFA device 
 

 
 

Fig. 19. Eye-diagram, Q-factor and BER of 4-stage EDFA system 
 

Table 4. Q-factor, BER and eye height for different lengths of four-stage EDFA scheme 
 

EDFA-lengths Q-factor BER Eye height Max - min gain Max - min NF 
4-10-5-5 m 4.74 9.92*10

-7
 0.66 64.5 - 36.5 4.3-3.4 

4-10-5-10 m 4.744 9.66*10
-7

 0.5 66 - 39.8 4.3-3.35 
4-10-10-8 m 4.746 9.55*10-7 0.425 66.6 - 41 4.3-3.3 
4-10-10-10 m 4.75 9.4*10

-7
 0.248 67.2 - 42.9 4.3-3.3 

4-10-10-15 m 4.755 9.14*10-7 0.123 67.7 - 45 4.3-3.2 
 

Fig. 19 and Table 4 visualize a comparison of         
Q-factor, Min log of BER along with the eye 
diagram of different 4-stage EDFA 
arrangements. It is shown that the Q-factor and 

BER are almost the same for all the tested 
combinations. However, the best result (0.66) of 
eye height is carried out through the stage 
lengths of 4-10-5-5 m, whilst the high gain and 
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low NF are fulfilled by choosing stage lengths of 
4-10-10-15 m for the EDFA mechanism. So, the 
best values of gain, NF, and eye diagram can be 
accomplished through the use of four-stage 
EDFA system with stage lengths of 4 m-10 m-5 
m-10 m or 4 m-10 m-10 m-8 m. 
 

4. CONCLUSIONS 
 

We have characterized and simulated the 
performance of EDFA device using pumping 
source of 980 nm and 1480 nm wavelengths. 
The calculated results were discussed and 
compared with the object of searching the 
optimum parameter values for each situation of 
multi-stage construction of EDFA system. It is of 
importance to attain the desired range of 
wavelengths in which the EDFA system provides 
efficient results. Along with the source 
wavelength, other parameters like length, pump 
power, and signal power are changed in such a 
way that the optimized values of gain and noise 
figure are recorded with the aid of software 
Optisystem. Additionally, a comparison was 
made among the three pumping configurations, 
forward, backward, and bidirectional at different 
pump power levels. By analyzing the gain and 
noise figure spectrums of the EDFA under 
different pump powers, it was concluded that the 
pump power of 750 mW gives the most 
favorable results. For such case of power level, 
1480 nm pumping wavelength gives the 
maximum gain whilst 980 nm forward pumping 
leads to minimum NF. So, to enhance the gain 
and NF, the best possible construction of EDFA 
system is to use 980 nm forward pumping as 
first stage and 1480 nm pumping for other 
additional stages. As a general concluded 
remark, the EDFA features good gain flatness, 
low noise figure, and wide operating wavelength 
range along with its ability to good network 
control interface. 
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