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Abstract—In this paper, a hybrid optical signal amplification
system that includes Raman scattering and Erbium-doped
fiber amplifier (EDFA) was simulated to take advantage of
the amplification properties of the optical signal transmitted
through the optical fiber network that connects the first and
third campuses of the University of Mosul. The two types of
optical signal amplifiers were studied individually and
together, and the effect was observed in each case on the
optical signal parameters such as the Q-factor, noise figure,
signal-to-noise ratio, and gain. Optisystem ver.7.0 software
was used to simulate the proposed system. The results showed
that the Raman scattering and EDFA hybrid systems
functioned effectively. The output signal power level is higher
than the input signal power level that increased from (16
microwatts) to (83 mill watts). For each frequency, the gain
is positive and the noise figure is relatively high. Although,
this indicates that some noise introduced into the system. The
output signal to noise ratio (OSNR) is high (55 dB). Moreover,
the system is still able to maintain a high signal-to-noise ratio.
The obtained results showed that the Raman scattering and
EDFA hybrid system is a worthwhile technique for
amplifying optical signals for the optical network connecting
the first and third campuses of the University of Mosul.

Keywords—Raman, EDFA, hybrid amplifiers, Optisystem?7,
Dense Wavelength Division Multiplex (DWDM), booster

I. INTRODUCTION

In response to the increasing demand of consumers for
higher speeds and larger data transfer capacities at the
lowest cost and the lowest energy consumption, the need
to develop traditional technologies and improve services
has emerged [1]. Several methods are used to include
wireless techniques such as millimeter wave and non-
orthogonal multiple access techniques [2, 3]. Or by using
hybrid connection methods to strengthen the signal at the
edge of the cells by wireless transmission to several towers
and connecting these towers using optical fiber [4, 5]. In
addition to all of the above, fiber optic networks are
considered one of the best communication technologies
that achieve the aspirations of the users [6]. Stimulated
emission is the mean principle of optical signal amplifiers
that are transmitted during the fiber optic cable [7]. Optical
signal amplifiers can deal directly with the signal on its
status without the need to convert it into an electrical signal,
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and this gives the flexibility to deal with higher bit rates
when the signal is in its optical form, thus bypassing the
obstacle of electrical repeater limiters that cannot deal with
high bit rates [8].

Hybrid optical signal amplification technology is
considered one of the promising technologies for the future
and improving the work of dense wavelength division
multiplexing (DWDM) [9]. This hybrid design is used to
increase the distance between repeaters furthermore,
enhance the bandwidth achieved in EDFA. The Raman
amplifier extensively reduces the nonlinear effects of the
fiber [9]. In [10], a hybrid fiber optic amplifier (HFA) was
studied to propose an optical amplifier in the S + C band,
which used a single wavelength pump based on EDFA to
achieve gain over the C band and a Raman amplifier over
the S-band. The objectives were achieved through an
available commercial optical fiber, and the numerical
improvements of this system were calculated based on
genetic algorithms. The hybrid system can extend the
network to a distance of 100 km. In [11], a comparison of
optical network performance was presented using different
optical amplification systems such as EDFA, Raman, and
Semiconductor Optical Amplifiers (SOA) separately. The
performance was compared based on transmission
distance and scattering with and without nonlinearity. The
experiments showed that with a dispersion equal to 2
ps/nm/km and fewer channels. The best results can be
obtained in the SOA system. In other words, when the
dispersion increases to 10 ps/nm/km, the EDFA system is
superior in terms of BER and output power but with a non-
uniform spectrum gain. Finally, it was observed that the
Raman amplifier gave the best amplification results in the
L band with a flat gain due to its ability to reduce the effect
of fiber nonlinearity. In [12], a comparison of the gain and
noise was adopted of the hybrid amplification system, in
addition to the optical signal-to-noise ratio calculated as a
function of the signal wavelength. The lowest signal-to-
noise ratio was obtained for a Raman amplifier at a
wavelength of 1530-1600 nm, —30 dB for the input signal
power, and 100mW for the Raman pumping power.
Finally, the results showed that the gain flatness of the
hybrid EDFA/Raman amplification system is higher than
that of EDFA only or Raman only.
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In [13], an EDFA/RFA hybrid fiber amplifier of bridge
scheme type with a range of 100 km over C and L bands.
Pumping efficiency improved by recycling the remaining
pumping power. Both experimental measurements and
simulation results were achieved in this study. In [14], the
behavior of Raman alone in comparison with different
hybrid amplifiers was analyzed and its effect on the optical
signal transmitted to long distances in terms of gain, noise
form, bit error rate, and quality factor. The results showed
that hybrid systems used are better. It gives high gain, less
noise, high-quality factor, and a bit of error rate. In [15],
improving the gain of the hybrid amplifier by evaluating
the performance was proposed of the hybrid system
assuming that there are several input channels
simultaneously and it was represented using multiple
Raman pump lasers and resulted in a significant
improvement in the overall gain, ripple and the amount of
noise compared to the proposed improvements. In [16],
study a novel hybrid optical amplifier was proposed for a
dense wavelength division multiplexing system that
includes a mixture of Er-Yb doped materials with a multi-
pump Raman amplifier for backpropagation. High and flat
gain h+—+ has been achieved at wavelengths ranging from
1545 to 1565 nm with low noise effect, low bit error rate,
and high-quality factor. By increasing the input power, the
ripple gain increases. The application of this proposed
amplifier is useful in long-range DWDM applications. In
[17], adense wavelength division multiplexing system was
studied with 60 signal channels in the wavelength range of
1529.2-1627.1 nanometers, where wavelengths of laser
pumping waves were added to improve the parameters to
obtain better results compared to previous work. In [18]
comparing several hybrid systems was accomplished to
reach the best design that achieves the required results in
terms of quality factor, bit error rate, and other optical
signal parameters. In [19], a novel design of a broadband
hybrid Raman/EDFA amplifier was achieved consisting of
several amplification stages with an average gain of 15.4
dB, and a flatness of +1.7 dB.

This article is organized as follows: after the
introduction comes the theoretical background section,
followed by the methodology section. Result and
discussion represent the fourth section. The last section is
conclusions and future work.

Optical signal losses limit the maximum distance the
signal can reach without distortion in long-range optical
communication systems. Therefore, optical amplifiers are
developed to enhance signal reach to the recipient over
long distances [20]. One of the most important types used
in this field is the Raman scattering system, as it was used
to improve the optical signal transmitted through optical
fibers in the optical network that connects the first and
third complexes of the University of Mosul, whose
characteristics were studied in this research. The principle
of Raman light scattering interacts with the type of matter
in different ways. Some materials allow light to pass
through them. While other materials do not allow the

THEORITICAL BACKGROUND
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passage of light and reflection or (scattering) occurs as
shown in Fig. 1.
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Figure 1. Schematic of light scattering, absorption, and transmission in
nanoparticle suspension [21].

A. Scattering

Raman spectroscopy is an analytical technique where
scattered light is used to measure the vibrational energy
modes of a sample [22, 23]. Different types of scattering
are shown in Fig. 2.
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Figure 2. Types of scattering [24].
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A water molecule is used to clarify this case, where laser
beams are shone at a specific wavelength. So, the rays
scatter through the water, and the outgoing wave is the
same length as the incident wave, and this is called
Rayleigh Scattering, and it is the vast majority of scattered
signals shown in Fig. 3 and Eq. (1).

@

A Scatter = A Laser

e Stokes Raman Scattering

It is the lowest part of the resulting signals, and it is of
two types. The first type is the resulting wave with a
wavelength greater than the incident laser wave that means
a lower frequency. Therefore, less energy (electron. volt)
than the original incident wave, as shown in Fig. 4 and Eq.
).
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Figure 4. Stokes Raman scattering [23].

e Anti-Stokes Raman Scattering

The second type is the resulting wave with a wavelength
less than the incident laser wave, which means a higher
frequency. Therefore, higher energy (electron. volt) than
the original incident wave, as shown in Fig. 5 and Eq. (3).
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Figure 5.  Anti-Stokes Raman scattering [23].

B. Energy States of the Previous Three Types

Light waves are classified into ultraviolet or infrared
waves according to the energy level, as the longer, the rays
are with wavelengths greater than red (>700nm), they are
of lower frequency and therefore less energy (e.v) and are
placed in the infrared region. The shorter the wavelengths
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of light than the violet (<400nm), the higher the frequency,
and therefore the higher the energy (e.v), and placed in the
ultraviolet region. So, the classification of waves based on
their energy depends mainly on their wavelengths as
shown in Fig. 6.
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Figure 6. Energy levels [25].

In the case of infrared waves, we expose the electron to
a low energy of less than 1.6 electron volts, which does not
cause high excitation. When exposed to ultraviolet
radiation, energy is higher than 3.5 electron volts. Thus,
the electron gets excited and moves to a higher energy
level in the conduction band [26]. In the case of Raman,
there is an imaginary level of energy that does not exist in
reality. Only the electron is excited, ensuring it is not
raised to the conduction level. At the same time, it has a
field of value that makes the electron vibrate only, and this
is called the state of vibration energy [27].

We only excite the electron and take the reaction to it
according to the three mentioned cases where we notice
the energy of the returning electron after the jump. The
first type (Rayleigh) is not utilized because the returning
electron energy is the same as the electron energy before
the transition. Therefore, the state of the electron must be
tracked when it returns with a higher or lower energy of
the electron transferred. This is meant by Raman scattering
[28]. The difference in energy between the incident
photons and the Raman scattered photon is equal to the
vibration energy of the scattering molecule. A small part
of the light, only one out of approximately ten million
photons, is the one that achieves Raman scattering, that is,
the scattering of light with a frequency higher (Anti-Stoke)
or lower (Stoke). Usually, less than the frequency of the
incident photon [29]. Therefore, we note that the discovery
of the Indian scientist Raman, although it was achieved in
the 1930s and won the Nobel Prize, the Raman device was
not produced until after the 1960s when scientific research
reached a light source that gives a huge number of photons,
which is the laser [24].

A laser is a device that emits light through a process of
optical amplification based on the stimulated emission of
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electromagnetic radiation. The word “laser” is an acronym
for (light amplification by stimulated emission of radiation
[8]. Erbium-Doped Fiber Amplifier

C. Erbium-Doped Fiber Amplifier
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Figure 7. Erbium doped fiber amplifier [30].

EDFA includes three main components of a length of
erbium-doped fiber, the laser pump, and the wavelength
collector coupler to collect the signals and the pump
wavelengths as shown in Fig. 7. The maximum length of
the optical fiber depends on the pumping power, the input
signal, the amount of erbium-doped, and the pumping
wavelength. EDFA is widely used for optical
communications due to its high compatibility with optical
fibers [31]. EDFA amplifies wavelengths between 1500
and 1600 nanometers. It deals with wavelengths in the L
and C bands. This allows the signal to stimulate the excited
atoms to release photons [31].

D. Types of Amplifiers

Optical signal amplifiers are classified according to
their location in the transmission line into three types:
Booster, In-line, and Pre-line as shown in Fig. 8.
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Figure 8. Types of amplifiers [7].
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It includes all amplifiers placed at the beginning of the

communication line immediately after the transmitter (TX).

In this type, the input signal goes through the amplification
stage before being injected into the optical fiber. This
enhances the strength of the transmitted signal and makes
it extend over longer distances that may reach 100 km [32].

o In-line amplifiers

These amplifiers are placed in locations on the
transmission line to compensate for the signal propagation
losses and then re-transmit them along the transmission
line [33].

e Pre-line amplifiers

Itis placed at the end of the transmission line before the
receiver, as it improves the received signal before entering
the photo-detector. It efficiently improves the sensitivity
of the detector [34].
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E. Raman Scattering and EDFA Hybrid System

Optical amplifiers are an essential element in long-
distance data transmission systems. Various optical signal
amplification systems combined in a hybrid system
contribute to increasing the data transmission distance
with efficiency, capacity, and high quality. Due to the high
implementation costs, simulations are the best alternative
for evaluating the performance of hybrid optical
amplification systems [35].

Hybrid amplifiers are the future of DWDM systems
because they provide high gain bandwidth and less noise
[36]. A hybrid amplification system offers simultaneous
loss and dispersion compensation, but achieving a flat
spectrum gain that can be very expensive because it
requires pumping at many wavelengths [19, 37].

In this paper, the action of Raman scattering and EDFA
was simulated using optisystem?7 software, in addition to
the hybrid system simulation that combines the two types
together to enhance the optical signal transmitted through
the optical network that connects the first and third
campuses of the University of Mosul to obtain the best
signal strength in terms of quality, bit error rate, and other
factors.

I1l. METHODLOGY

Opti-system7 simulation software is a comprehensive
program that provides a platform for designing, simulating,
and testing optical networks in all their joints [38]. The
environment of this program is strong and hierarchical,
distinguished from other software environments by
covering all components of optical networks [39].
OPTIWAVE SYSTEM INC. is the only company that
offers an integrated set of tools to work on optical fiber
simulation [40], which includes tools for analyzing results,
waveforms, wavelength, energy, noise, spectrum and
dispersion of signals, drawing polarity, and any point in
this system can be analyzed to find out all its details and
provides the feature of change and reactivation to conduct
various experiments on the results and notice the
difference immediately [41]. Optisystem7  works
independently and does not depend on other programs. It
depends on the realistic modeling of fiber optic
communication systems. The systems can be easily
expanded by adding the required components, linking
them to the system, and simulating their impact. It has a
graphical interface and its own library that can be used to
create an integrated optical network and analyze its work
[42].

The circuit is simulated in Optisystem?7 software using
the following steps:

A. The First Step

Adding two arrays of continuous laser (CW) with the
operation frequency of (139.1THz) and combine them
using an ideal multiplexer, as shown in Fig. 9.

B. The Second Step

Erbium-Doped Fiber Amplifier (EDFA) is a type of
optical amplifier that is widely wused in optical
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communication systems to boost the power of optical
signals. The basic operation steps of an EDFA are as the
following:

Pumping: The EDFA contains a length of optical fiber
doped with erbium ions, and these ions are excited by a
high-powered laser, which pumps energy into the
erbium ions and raises them to a higher energy level.

Optical signal injection: The optical signal to be
amplified is injected into the erbium-doped fiber. The
optical signal can be injected at one end of the fiber

WDM MUX

WDM MUX

CW laser Array ES 1 CW laser Array ES 1

Frequency 153.1 THz
Frequency 153.1 THz X

Freguenc§ spacing 100GHz Frequency spacing 100GHz
Power 0 dBm Power 0 dBm

Ideal
MUX

optic or through a coupler that allows the optical signal
to be coupled into the fiber optic from the side. As the
excited erbium ions return to their ground state. They
release energy in the form of photons that have the same
wavelength as the input signal. These photons travel in
the same direction as the input signal and amplify it by
adding additional power to the optical signal.

Output: The amplified signal is then transmitted to the
receiver or to the next stage of the optical
communication system.

Optical power
meter

Optical spectrum
analyzer

Dual port WDM
analyzer

Erbium Doped Fiber Bidirectional Optical Fiber

Length 4.683km Length 4.683km

| Optical Ground Optical Null

?T?Z:g: Optical
Optical Null —  power
meter

Optical .

—  spectrum i sotfcttlrcfr!n
analyzer apnalyzer

Figure 9. Hybrid system simulation.

C. The Third Step

In Raman scattering, the optical signal propagates
through the fiber, interacts with the fiber material, and
generates scattered photons through the Raman effect. The
scattered photons have a longer wavelength than the input
signal and travel in the opposite direction to the input
signal. The scattered photons generated by the Raman
effect travel back toward the input signal and interact with
it.

This interaction leads to an additional power transfer
from the scattered photons to the input signal, resulting in
signal amplification. The circuit of the Raman Amplifier is
shown in Fig. 9. After that, connect the input of the Raman
scattering component to the output of the fiber span and
the output of the Raman scattering component to the
EDFA input.

IV. RESULT AND DISCUSSION

The (EDFA) component that is Erbium-Doped Fiber
with a length of (5Km) and, optical Null, and the circuit is
shown in Fig. 9. In this paper, two optical amplifiers are
used. The Raman Amplifier and Erbium-Doped Fiber
Amplifier. The results of each stage are shown in Figs. 10,
and 11. The results included several factors that showed
the proposed design, and these factors are as follows:
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Frequency: The frequency of the optical signal in
terahertz.

Wavelength: The wavelength of the optical signal in
nanometers (nm).

Gain: The gain of the optical amplifier in decibels (dB).
Noise Figure: The noise figure of the optical amplifier
in decibels (dB).

Input Signal: The power level of the input signal in
decibels relative to 1 milliwatt (dBm).

Input Signal: The power level of the input signal in
watts (W).

Input Noise: The power level of the input noise in
decibels relative to 1 milliwatt (dBm).

Input Noise (W): The power level of the input noise in
watts (W).

Input OSNR: The input optical signal-to-noise ratio
(OSNR) in decibels (dB).

Output Signal: The power level of the output signal in
decibels relative to 1 milliwatt (dBm).

Output Signal: The power level of the output signal in
watts (W).

Output Noise: The power level of the output noise in
decibels relative to 1 milliwatt (dBm).

Output Noise: The power level of the output noise in
watts (W).
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* Output OSNR: The output optical signal-to-noise ratio  B. Raman Amplifier Result
(OSNR) in decibels (dB). Table 11 shows the results for this amplifier. Fig. 11
A. Erbium-Doped Fiber Amplifier shows Raman amplifier SNR.

Table | shows the results for this amplifier. Fig. 10
shows Erbium-Doped Fiber Amplifier SNR.
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Figure 10. . Erbium-Doped Fiber Amplifier SNR. Figure 11. Raman Amplifier SNR.
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C. Input Power

Fig. 12 shows the input values for each Input Power,
Raman Amplifier Power, and EDFA Power.
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Figure 12. Input power, raman amplifier power, EDFA power.

D. The Result Discussion

It is important to note that the EDFA requires a
continuous supply of pumping energy to maintain its
amplification capability. The pumping laser is typically
operats at a higher power level than the input signal to
ensure that the erbium ions are continuously excited and
capable of amplifying the signal. Additionally, the EDFA
is designed to maintain the polarization and wavelength
characteristics of the input signal, ensuring that the
amplified output signal is faithful to the original input
signal.

It is important to note that the Raman amplifier can be
implemented using either forward or backward pumping.
In forward pumping, the pump laser is located at the input
end of the fiber, while in backward pumping, the pump
laser is located at the output end of the fiber. Forward
pumping is typically used in long-haul transmission
systems, while backward pumping is used in metro and
access networks.

Additionally, the Raman amplifier combination with
other types of optical amplifiers, such as the EDFA, to
achieve higher levels of signal amplification. The
implementation steps for these hybrid amplifiers would
involve; the addition of the necessary components and
configurations to incorporate the different types of
amplifiers.

In general, both Raman amplifiers and EDFAs can
achieve high SNR values. However, the SNR of Raman
amplifiers is often lower than that of EDFAs, especially at
longer distances. This is because Raman amplifiers rely on
stimulated Raman scattering to amplify the signal, which
is highly dependent on the pump power, and the dispersion
properties of the fiber. These factors can introduce
additional noise into the received signal, leading to a lower
SNR. On the other hand, EDFAs use erbium ions to
amplify the signal, which has a more consistent gain profile
and lower noise than Raman amplifiers. Therefore, EDFAS
are typically favored in long-haul communication systems
where high SNR is critical. When collecting signals from
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Raman amplifiers and EDFAs, the SNR can be affected by
various factors. One of the most significant factors is the
attenuation of the fiber optic cable. As the signal travels
through the fiber, it experiences attenuation due to various
sources, including scattering, absorption, and bending
losses. This can reduce signal power and increase the noise
level, leading to a lower SNR.

Other factors that affect the SNR include dispersion,
polarization mode dispersion, and nonlinear effects such as
four-wave mixing. Therefore, it is essential to carefully
design and optimize the fiber optic system to minimize
these effects and maximize the SNR of the amplifier.

V. CONCLUSIONS AND FUTURE WORK

In this work, the Raman scattering and EDFA hybrid
system was proposed and simulated using OptiSystem7
software to connect between two sites of the University of
Mosul via an optical network. The obtained results show
that the Raman scattering and EDFA hybrid system is
operating effectively with the output signal power level are
higher than the input signal. The gain for each frequency is
positive, which indicates that the optical signal is amplified.
The noise figure for each frequency is relatively high,
which means noise is being introduced into the system.
Moreover, it is showed that the output OSNR is high,
which indicates that the system is yet able to maintain a
high signal-to-noise ratio. Thus, the obtained results
suggest that the Raman scattering and EDFA hybrid system
is a viable option for amplifying optical signals in a
telecommunications network to connect between two
campuses of the University of Mosul.
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