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Abstract Optical fiber loss is a limiting factor for high-

speed optical network applications. However, the loss can

be compensated by variety of optical amplifiers. Raman

amplifier and EDFA amplifier are widely used in optical

communication systems. There are certain advantages of

EDFA over Raman amplifier like amplifying the signal at

1550 nm wavelength at which the fiber loss is minimum.

Apart from that there is no pulse walk-off problem with an

EDFA amplifier. With the advent of optical amplifiers like

EDFA, it is feasible to achieve a high bit rate beyond

terabits in optical network applications. In our study, a

MATLAB simulink-based forward pumped EDFA (oper-

ating in C-band 1525–1565 nm) simulation platform has

been devised to evaluate the following performance pa-

rameters like gain, noise figure, amplified spontaneous

emission power variations of a forward pumped EDFA

operating in C-band (1525–1565 nm) as functions of Er3?

fiber length, injected pump power, signal input power, and

Er3? doping density. The effect of an input pump power on

gain and noise figure was illustrated graphically. It is

possible to completely characterize and optimize the EDFA

performance using our dynamic simulink test bed.

Keywords EDFA � Gain � Noise figure � Amplified

spontaneous emission � Simulink platform

Introduction

Scattering and absorption-induced loss in an optical fiber

communication system is the major factor for a limiting the

high bit rate. Since the inception of single mode laser in

early 1990 such as DFB laser which enables the optical

signal to be directly amplified in optical domain, trans-

mission distances exceed several thousand kilometers. The

loss compensation by electrical repeaters is obsolete at

present due to high installation costs and complexity. With

the advent of single-mode laser more advanced optical

amplifiers are developed like semiconductor laser ampli-

fier, Raman amplifiers, Brillouin amplifier, and rare-earth-

doped fiber amplifiers (EDFA) [1–3]. EDFA amplifier is a

lumped amplifier in nature compared to Raman amplifier

which is distributed in nature. Forward Raman amplifier

suffers pulse smearing and data loss due to the pulse walk-

off effect in DWDM amplification systems. However, the

backward and bidirectional Raman amplifier does not

suffer so much. EDFA amplifier does not suffer for gain

equalization problem compared to Raman amplifier. Re-

cently, hybrid amplifiers which include the quality of both

amplifiers are also developed to achieve the extremely high

data rates. Due to these reasons, EDFA amplifier is a good

contender for high-bit-rate systems beyond terabits [4].

Modeling followed by optimization of such amplifier is

a great concern for researchers at present. To model such

optical amplifiers, several models have been proposed

based on application oriented tools. These models are

mostly static. Here we proposed for the first time a

MATLAB based dynamic simulink test bed to model for-

ward pump EDFA performance [5–14]. Here the dynamic

models mean a user has a choice to choose the input

variables to study its performance. Section ‘‘Mathematics

foundation’’ describes the necessary background like the
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governing equations for signal and pump along with its

implications. In Fig. 1, the devised dynamic simulink test

bed is presented followed by graphical results and their

interpretations in Sect. ‘‘Performance evaluation by our

proposed simulink test bed’’. Finally in Sect. ‘‘Conclu-

sion’’, the complete work is summarized.

Mathematics foundation

In this paper, a three-level rate equation model is applied for

EDFA modeling. The EDFA gain is dependent on so many

parameters like Erbium ion (Er3?) concentration, fiber

length (L), core radius, and pump power to mention a few.

We develop the simulink model because the governing

equation does not lead to analytical result for certain con-

ditions. The population densities of the stateN2 is given as [2]

oN2

ot
¼ Pp 0; tð Þ 1� exp Gpð Þð Þ � Ps 0; tð Þ 1� exp Gsð Þð Þ

� N2

s
ð1Þ

with

Gp ¼
CprapN2

A
� Csr

a
pqL ð2Þ

and

Gs ¼ CsresN2

A
� CsrasN1

A
; ð3Þ

where rap area of absorption at the pump frequency xp

(m2), rep area of emission at the pump frequency xp (m
2),

ras absorption cross section at the signal frequency xs (m
2),

res area of emission at the signal frequency xs (m2), s
spontaneous lifetime of the excited state (about 10 ms for

EDFAs), uj photon flux for the pump and signal

waves =
CjPj

Ahvj
with j = p, s, Pj optical power of pump and

signal waves in mW with j = p, s, respectively, A cross-

sectional area of the fiber, vj frequency of the signal with

j = p, s, N1 erbium ion populations at the ground state,

N2 erbium ion populations at excited state.

Also Nt = total population of erbium ion = N1 ?

N2 = qAL with the assumption that N3 = 0, where q is

density of erbium ions (ions/m3).

The pump and signal powers are in mW and are related

to the power in photons per second as

Pj ðphoton per secÞ ¼ Pjðin mWÞ
hvj

Total erbium ion population can be given as
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Fig. 1 EDFA simulink model
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Nt ¼ N1 þ N2 ¼ qLA

For multichannel amplification, the modeling equations

can be summarized as

oN2

ot
¼

Xkn

k0

Pp 0; tð Þ 1� exp Gpð Þð Þ � Ps 0; tð Þ 1� exp Gsð Þð Þ

� N2

s
: ð4Þ

The designed EDFA dynamic model for multichannel

amplification is based on the Eqs. (2) and (4).

Performance evaluation by our proposed simulink
test bed

Figure 1 reveals our proposed dynamic simulink test bed

model for EDFA. This figure is drawn for one-signal

wavelength and one-pump wavelength. For the present

case, the input signal power is assumed to be 0.14 mw. The

wavelength of pump and signal are 1480 and 1555 nm,

respectively. In Fig. 1, the blue color shows the input pump

and input signal source. Apparently, the readings are then

taken directly from the display blocks in the model. The

yellow color is used to highlight the display blocks. The

required data to run the simulation are indicated in Table 1.

Designing of simulator is started with the signal source and

pump source which is shown in Fig. 1. Here only a single

channel is incorporated of 1550 nm and a single pump

source of 1480 nm for better understanding and less

complexity. However, the simulator can be extended for

multiple signal sources using the switches. This parameter

with flexibility to change is supplied to calculate the Gs,

the amplification gain of the signal and Gp, and the ab-

sorption attenuation of the pump power evolution using

Eqs. (2) and (3), respectively. The next section of simulator

is implemented to solve the coupled Eq. (4) with adequate

accuracy by converting power to mW after the calculation

being done in terms of photon/sec. The simulation time

taken is kept 5 s due to processor limitations. It can be

done for desired duration depending upon the level of ex-

tension of model. The observing parameters are extracted

directly using display block and imported to workspace

also for graph generation. Moderately stiff differential

equations solver, ode23t (ordinary differential equa-

tions 23t) with Trapezoidal rule is used for the evaluation

of the differential equations. Practice is done to keep

minimum simulation stages to reduce propagation delay.

For very high-spectral efficiency and long-haul com-

munication system, a quantum well laser is model based on

the rate equations [3]. This quantum well laser is used as

the pump source in Fig. 1. It is apparent from the literature

that ASE noise by adding to the signal leads to reduce

signal-to-noise ratio (SNR) at the end of amplifier. Also

noise figure (NF) is defined as for similar to electronic

amplifier as the ratio of input signal-to-noise ratio with

Table 1 Parameter values for

the EDFA simulink

environment

Designated parameter Symbol (unit) Value

Core radius of EDF r (lm) 2

Core area of EDF A (m2) = pr2 12.56e-12

Length of the erbium fiber L (m) Variable

Overlap factor of EDFA at wavelength (k) Cs, Cp 0.4

Ion density (Er3?) of erbium-doped fiber q (ions/m3) 6.3e24

Population density in ground state N1 (ions) Simulated

Population density in meta-stable state N2 (ions) Simulated

Signal power Psig (lW) 140

Signal wavelength (C-band) ks (nm) 1555

Pump power Ppump (dBm) Variable

Pump wavelength kp (nm) 1480

Florescence lift time of EDFA s (ms) 10

Area pump absorption rap (m2) 0.75e-25

Area signal absorption ras (m
2) 2.40e-25

Area signal emission res (m
2) 3.80e-25

Plank constant h (Js) 6.626e-34

Speed of light c (m/sec) 2.9e8

Optical bandwidth Nm 25

Scattering loss factor c 0
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output signal-to-noise ratio. By the definition of an optical

amplifier, the noise figure in terms of gain is given as [7]

NFOPT ¼ ðS=NÞin
ðS=NÞout

¼ nsp
G� 1

G
þ 1

G
: ð5Þ

The attenuation depends on input pumps power. A fixed

input signal power and different attenuation-dependent

input pump powers were applied on to the input of erbium

doped fiber for a variable length of fiber. We assumed

constant erbium doping density for present case. Figure 2

reveals the output pump power variations along the length

of fiber for input pump power 10, 20, 30, 40, and 50 mw,

respectively, while a fixed input signal power is

-8.401 dBm. It is apparent from the Fig. 2 that pump

power rapidly depletes along the fiber length due to erbium

absorption which is expected as pump power transfers to

the signal rapidly. The fiber intrinsic loss, which is less

dominating for short length fiber may cause higher pump

depletion for longer than effective length of fiber. Due to

high pump depletion beyond the effective length of fiber,

the gain experienced by the amplifier begins to decrease

after a saturation level. The variation of gain versus fiber

length is shown in Fig. 3 for different input pump powers

as mentioned; this figure corresponds to constant signal

input power and erbium density. This graph corresponds to

five different input pump power levels while input signal

power level is 140 mw with ion density of EDFA of

6.3e24. Figure 3 reveals that gain increases up to a certain

limit than begins to decrease after a saturation point. The

reason for gain reduction is insufficient population inver-

sion due to excessive pump depletion.

It is also apparent that after a saturation point, the total

loss which is an intrinsic fiber loss and Er3? absorption loss

is more dominant with respect to the delivered gain at the

given signal frequency. Figure 4 reveals the variation of

gain with input pump power (mW) for various length of

fiber, with a fix signal power and erbium ion doping den-

sity. In this case, a fix 140 lW signal power is supplied to

the input of an EDFA for 11 different fiber length cases,

while the supplied input pump power is enhanced from 0 to

50 mw. It is apparent that the gain of the EDFA enhances

with respect to the pump power and finally goes into

saturation level after pump power is substantial. It happens

when the population inversion occurred in erbium ions, as a

result of which amplifier goes into saturation. In turns, a
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higher gain can be achieved if a sufficiently lengthy erbium

doped fiber is chosen with substantially high pump power.

Figure 5 reveals the noise figure versus variable fiber

length while pump power vary for constant input signal

power and erbium ion density. This plot corresponds to

input signal power of 140 lW. The noise figure substan-

tially increases while input pump power keeps on in-

creasing from 10 to 30 mw along the fiber length. It

happens due to decreases in gain with excessive pump

depletion. Figure 6 reveals the change in noise figure with
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respect to pump power while the length of fiber varies at a

constant input signal power. This plot corresponds to

1040 lW input signal power while the pump power is

enhanced from 0 mw up to 50 mw for six different fiber

lengths. It is apparent from this plot as input pump power

increases, the noise figure keeps on decreasing corre-

sponding to these parameters. Moreover, the noise figure

changes in linear fashion versus ASE power which shows

inverse behavior gain of amplifier. Apparently, as the gain

further increases the noise figure tends to be minimum for

EDFA.

Figure 7 corresponds to the dependency of ASE power

in EDFA with respect to pump power variation from 10 to

50 mw. This plot corresponds to 140 lW signal input

power. The amplified spontaneous emission power travels

round trip in the EDFA. This graph corresponds to the

forward ASE while considering the noise figure effect. It is

apparent that ASE power enhance with length of fiber

because of the gain delivered by EDFA and achieves the

maximum quantity for extra pump power.

Conclusion

In this paper, an EDFA working in C-band is modeled

using MATLAB simulink with Quantum well laser as the

pump source for the first time, providing better gain and

less attenuation. The pump source is operating at 1480 nm.

An accurate model with supporting mathematics is

elaborated and the results are presented graphically. The

model is characterized on the basis of rate equations. It has

been demonstrated that the pump power applied to EDFA

dramatically affects the absorption peak of EDFA. More-

over, the gain and noise figure are also highly dependent on

pump power versus fiber length. These properties of EDFA

are very decisive for its deployment in local area network.

It is shown that when pump is provided with sufficient high

power then EDFA may go into saturation region while

providing maximum gain having less noise figure.
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