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Abstract —This study presents a detailed exploration of two important areas in contemporary photonics and
optical communication technologies: the design and characterization of Er’/Yb>" co-doped bismuth—tellurite
glasses for enhanced up conversion luminescence, and the optimization of erbium-doped fiber amplifier (EDFA)
performance using an intelligent Adaptive Multi-Stage EDFA Optimization (AMEDO) algorithm. By integrating
material engineering with communication system enhancement, the work provides valuable insights for the
development of advanced optical devices and networks. In the materials investigation, Er3/Yb>" co-doped
bismuth—tellurite glasses were successfully fabricated using the conventional melt-quenching method. Structural
and thermal characterization confirmed the amorphous nature of the prepared samples, along with excellent
thermal stability and strong glass-forming capability. The influence of erbium ion concentration on the physical,
structural, and optical properties was systematically examined. Variations in erbium content induced notable
changes in the glass network structure, suggesting the formation of non-bridging oxygens and significant network
rearrangement. Optical absorption measurements demonstrated efficient energy transfer between Yb** sensitizer
ions and Er’" activator ions, particularly due to the strong absorption band of Yb*" around 980 nm. Upon
excitation at 980 nm, the glasses exhibited intense green and red upconversion emissions resulting from
cooperative energy-transfer and excited-state absorption processes. The luminescence intensity increased with
erbium concentration up to an optimum value of approximately 0.5 mol% Er:0s, beyond which concentration
quenching led to a reduction in emission efficiency. The combination of high refractive index, favorable thermal
properties, and controlled structural disorder highlights the potential of these glasses for applications in solid-
state lasers, optical displays, photonic sensors, and biomedical imaging systems. Overall, the findings
demonstrate that Er*'/Yb*" co-doped bismuth—tellurite glasses are promising multifunctional materials for
advanced photonic applications, while the proposed EDFA optimization framework offers an effective strategy
for improving the performance and efficiency of modern optical communication networks.

Keywords: Multi-Stage EDFA, Gain Flattening , Noise Figure Reduction , Amplified Spontaneous Emission
(ASE) , Wavelength Division Multiplexing (WDM) , Spectral Equalization , Power Efficiency Optimization ,
Adaptive Pump Power Control , Fiber Length Optimization , Long-Haul Optical Communication , Real-Time
Network Adaptation, Optical Signal Amplification

LINTRODUCTION

In optical communication links, the achievable transmission distance is strongly influenced by
optical power attenuation, which mainly arises from intrinsic absorption and scattering mechanisms within
the optical fiber. In early communication architectures these losses were mitigated using electrical repeaters.
Such devices required optical signals to be converted into electrical form for processing and subsequently
reconverted to the optical domain. This approach significantly increased system size and design complexity,
while also elevating deployment and maintenance expenditures. The development of optical amplifiers
during the 1980s, followed by their extensive commercial adoption in the 1990s, marked a major
advancement in long haul fiber optic communication systems. Several types of optical amplifiers have since
been explored, including Brillouin amplifiers, Raman amplifiers, semiconductor-based optical amplifiers
and rare earth ion doped fiber amplifiers. Among these rare-earth doped fiber amplifiers EDFA have
emerged as one of the most efficient and widely implemented solutions.

Rare earth ion doped fiber amplifiers offer remarkable flexibility in wavelength operation, spanning
from the visible to the infrared spectral regions (up to approximately 3 um), depending on the choice of
dopant ions such as praseodymium (Pr**), samarium (Sm?**), thulium (Tm?**), ytterbium (Yb**), and erbium
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(Er*") [5.1]. Among these dopants, erbium is particularly advantageous because its emission coincides with
the 1550 nm transmission window, where silica optical fibers exhibit minimum loss, making it ideally suited
for contemporary optical communication networks [5.2]. Erbium-doped fiber amplifiers (EDFAs) are
realized by incorporating erbium ions into the core of silica fibers and are commonly energized using pump
wavelengths of 980 nm or 1480 nm [5.3]. Within the 1.55 pm wavelength region, EDFAs are capable of
providing substantial gain (typically in the range of 30-50 dB),

wide amplification bandwidths (= 90 nm), high output power levels (10-20 dBm) and low noise
figures (approximately 3-5 dB). Initially, EDFA-based amplification was limited to the C-band (1525-1565
nm), however, co-doping with ytterbium has enabled extension into the L-band (1570-1620 nm). In addition,
thulium-doped Raman fiber amplifiers have facilitated signal amplification in the S-band, covering the
wavelength range from 1480 to 1520 nm.

II.COMPOSITION OF EDFA AND IT’S PUMPING PROCESS

Figure 1 presents a well-annotated schematic representation of an erbium-doped fiber amplifier
(EDFA). The amplifier architecture incorporates an optical coupler that combines the input signal with the
pump radiation prior to their injection into the erbium-doped fiber. Essential elements of the EDFA system
include pump laser sources and optical isolators, which ensure one-way propagation of the optical signal
and prevent destabilizing back reflections. Polarization combiners are employed to efficiently merge
multiple pump beams, thereby enhancing pumping effectiveness. In addition, optical filters are integrated
within the setup to suppress amplified spontancous emission and other undesirable spectral components,
ensuring improved signal quality.

The operational characteristics of an EDFA are strongly dependent on the chosen pumping scheme.
In practical implementations, pumping is commonly performed at wavelengths of 980 nm or 1480 nm. Three
fundamental pumping configurations are generally adopted: forward pumping (P_fw), backward pumping
(P_bw) and bidirectional pumping (P_bd). Pumping at 980 nm typically yields a lower noise figure than
1480 nm pumping, which makes it particularly suitable for preamplifier applications. In contrast, 1480 nm
pumping provides superior quantum efficiency, allowing higher output power at comparatively lower cost
and is therefore preferred for booster amplifier applications.

2.1 Composition of EDFA and it’s Pumping Process

Figure 1 presents a well-annotated schematic representation of an erbium-doped fiber amplifier
(EDFA). The amplifier architecture incorporates an optical coupler that combines the input signal with the
pump radiation prior to their injection into the erbium-doped fiber. Essential elements of the EDFA system
include pump laser sources and optical isolators, which ensure one-way propagation of the optical signal
and prevent destabilizing back reflections. Polarization combiners are employed to efficiently merge
multiple pump beams, thereby enhancing pumping effectiveness. In addition, optical filters are integrated
within the setup to suppress amplified spontaneous emission and other undesirable spectral components,
ensuring improved signal quality.

The operational characteristics of an EDFA are strongly dependent on the chosen pumping scheme.
In practical implementations, pumping is commonly performed at wavelengths of 980 nm or 1480 nm. Three
fundamental pumping configurations are generally adopted: forward pumping (P_fw), backward pumping
(P_bw) and bidirectional pumping (P_bd). Pumping at 980 nm typically yields a lower noise figure than
1480 nm pumping, which makes it particularly suitable for preamplifier applications. In contrast, 1480 nm
pumping provides superior quantum efficiency, allowing higher output power at comparatively lower cost
and is therefore preferred for booster amplifier applications.
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Figure.1 Composition of EDFA

In the forward pumping (P_fw) configuration, the optical signal and the pump radiation propagate in
the same direction along the fiber. In contrast, backward pumping (P_bw) is characterized by counter-
propagating pump and signal waves. Among these schemes, forward pumping is generally associated with a
lower noise figure, as noise performance is strongly influenced by the gain profile, which tends to be highest
when the input signal power is relatively low. Conversely, the backward pumping arrangement is recognized
for producing a higher saturated output power [5.4].

Bidirectional pumping (P_bd) combines the advantages of both forward and backward pumping
techniques. This configuration enhances overall amplifier performance by simultaneously achieving a low
noise figure and high output power. However, it necessitates the deployment of two pump laser sources,
increasing system complexity. An additional advantage of bidirectional pumping is the more uniform
distribution of signal gain along the entire length of the erbium-doped fiber, which contributes to improved
amplification stability.

III. PROPOSED METHODOLOGY

The proposed optimization framework for erbium-doped fiber amplifiers (EDFAs) is based on an
Adaptive Multi-Stage EDFA Optimization (AMEDO) algorithm. The primary objective of this methodology
is to improve the operational performance of EDFAs deployed in optical communication networks through
dynamic regulation of critical parameters, including pump power, erbium-doped fiber length and gain
distribution. By adaptively tuning these parameters, the approach seeks to enhance key performance metrics
such as amplifier gain, noise figure, power efficiency and spectral
uniformity across the operating wavelength range. The major components of the proposed
methodology are summarized as follows.

A. Adaptive Control of Pump Power and Fiber Length

1. Continuous monitoring of network conditions is employed to enable real-time adjustment of pump power
and effective fiber length.

2.The adaptive control mechanism ensures attainment of optimal gain while suppressing excessive noise
accumulation.

B. Gain Flattening and Spectral Equalization
1.In wavelength-division multiplexing (WDM) environments, the AMEDO algorithm enforces gain

equalization across all channels, thereby mitigating wavelength dependent amplification variations.
2.Joint optimization of pump power and erbium-doped fiber length contributes to uniform output power
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levels over the entire bandwidth.
C. Noise Figure Minimization

1. The algorithm targets reduction of the noise figure (NF) by optimally balancing amplifier gain against
amplified spontaneous emission (ASE) noise.

2. Adaptive tuning of pump wavelength and pump power plays a crucial role in suppressing ASE-related
degradation.

D. Optimization of Power Efficiency

1.Pump power is dynamically regulated to minimize energy consumption while maintaining the desired
amplification level.

2.This energy-aware optimization reduces overall operational costs and improves system sustainability.

E. Real-Time Intelligent Adaptation

1.Machine learning (ML) methods and heuristic optimization techniques such as genetic algorithms and
particle swarm optimization are incorporated to facilitate real-time parameter adaptation.

2.The algorithm continuously updates its decision strategy based on evolving network conditions, enabling
robust and responsive control.

F.Implementation in Multi-Stage EDFA Architectures

1. The proposed methodology is particularly effective for multi-stage EDFA configurations employed in
long-haul transmission systems and hyperscale data center networks.

2. Coordinated optimization across all amplification stages ensures consistent signal quality, improved
reliability and enhanced energy efficiency.

G. Proposed Optimization Algorithm
Adaptive Multi-Stage EDFA Optimization (AMEDO)

The Adaptive Multi-Stage EDFA Optimization (AMEDO) algorithm is developed to enable intelligent and
real-time optimization of multistage erbium-doped fiber amplifiers within optical communication networks.
The algorithm simultaneously targets enhancement of signal gain, suppression of noise and improvement of
power efficiency through continuous adjustment of pump power, erbium-doped fiber length and other
critical amplifier parameters. The operational procedure of the AMEDO algorithm is outlined below.

Step 1: Parameter Initialization

Initially, key system parameters such as pump power, fiber length and input signal power are assigned for
each amplification stage of the EDFA. Baseline values of gain, noise figure (NF) and amplified spontaneous
emission (ASE) are also established across all stages to serve as reference points for subsequent
optimization.

Step 2: Continuous Network Monitoring

The algorithm continuously observes prevailing network conditions, including variations in input signal
power, pump power levels, and signal attenuation at each EDFA stage. Real-time measurements of gain and
noise figure are acquired to detect any deviation from desired operating conditions.

Step 3: Adaptive Regulation of Pump Power

Based on real-time feedback, the pump power at each amplification stage is dynamically regulated. When
excessive noise figure values are observed, pump power is reduced to limit ASE generation. Conversely, if
the measured gain falls below the target level, the pump power is incrementally increased within predefined
optimal bounds to enhance amplification.
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Step 4: Optimization of Fiber Length

The effective length of the erbium-doped fiber in each stage is adjusted in accordance with the observed
signal attenuation and available pump power. Longer fiber sections may necessitate higher pump power to
maintain adequate signal quality. In multi-stage EDFA configurations, the fiber length of each stage is jointly
optimized to maximize gain while minimizing cumulative power losses.

Step 5: Gain Flattening and Spectral Equalization

For wavelength-division multiplexing (WDM) systems, the algorithm ensures uniform gain across all
wavelength channels. This is achieved by coordinated tuning of pump power and fiber length to correct
wavelength-dependent gain variations. Where necessary, gain-flattening filters are incorporated to further
enhance spectral uniformity.

Step 6: Noise Figure Minimization

The noise figure at each amplifier stage is continuously evaluated. If the NF exceeds the permissible
threshold, the algorithm modifies pump wavelength and power settings to suppress ASE noise. This process
ensures maintenance of a high signal to noise ratio (SNR) throughout the entire amplification chain.

Step 7: Enhancement of Power Efficiency

To improve energy efficiency, the algorithm identifies opportunities to reduce excessive pump power
without compromising signal quality. Under conditions of sufficient signal strength, pump power is scaled
down to conserve energy. Additionally, low-power operational modes may be activated during reduced
traffic demands.

Step 8: Intelligent Adaptive Control Using Optimization Techniques

Advanced machine learning and heuristic optimization methods, such as genetic algorithms (GA), particle
swarm optimization (PSO) and simulated annealing (SA) are integrated to support intelligent real-time
adaptation of EDFA parameters. These techniques enable the algorithm to learn from network behavior and
refine control decisions accordingly.

Step 9: Iterative Optimization Process

The AMEDO algorithm operates in an iterative manner, continuously updating amplifier parameters across
all stages. Each iteration incorporates feedback from network performance metrics, allowing progressive
refinement and sustained optimization over time.

Step 10: Final Performance Assessment

Upon completion of the iterative optimization cycle, the overall performance of the multi-stage EDFA
system is evaluated using the following criteria:

1. Gain Uniformity: Verification that gain variation across amplifier stages is minimal.

2.Noise Figure: Confirmation that NF values remain within acceptable limits.

3.Power Consumption: Assessment of energy savings achieved through optimized pump power
control.

4.Spectral Uniformity: Validation of consistent amplification across all wavelength channels.

IV. PSEUDO CODE AMEDO (ADAPTIVE MULTI-STAGE EDFA OPTIMIZATION)
ALGORITHM

1. **Initialization**:

Initialize fiber parameters, pump power and signal power for each stage.
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Set initial values for system parameters like gain, noise figure (NF) and ASE power.

2.**Real-Time Monitoring**:

While the network is active:

Continuously measure input signal power, pump power, output signal power, noise figure and attenuation.
3.**Adaptive Pump Power Adjustment**:

If noise figure (NF) is too high, reduce pump power to decrease ASE noise. If signal gain is insufficient,
increase pump power to boost amplification.
4.**Fiber Length Adjustment**:

Adjust fiber length based on attenuation: increase length if attenuation is high, decrease if minimal.
5.**Noise Figure (NF) Reduction**:

If NF exceeds threshold, adjust pump power or wavelength to minimize ASE noise and optimize NF.
6.**Wavelength Equalization (For WDM Systems)**:

Adjust pump power to equalize gain across multiple wavelengths in Wavelength Division Multiplexing
(WDM) systems.

7.#**Power Efficiency Optimization**:

If demand is low, reduce pump power to save energy without sacrificing performance.

8. **Real-Time Adaptation Using Heuristics**:

Use heuristic or machine learning algorithms (e.g., Genetic Algorithm, Particle Swarm Optimization) for
continuous optimization based on real-time performance.

9.**Iterative Refinement**:
Continuously update parameters across all stages of the EDFA for optimal performance.
10. **Final Evaluation®*:

Evaluate performance based on gain variation, noise figure (NF), power consumption and wavelength
uniformity.

If performance meets desired thresholds, maintain the current settings. Otherwise, re-optimize parameters.
End Algorithm.

V.MATHEMATICAL EQUATIONS INVOLVED IN STUDY OF EDFA

This section examines the rate and propagation equations governing the operation of an erbium-
doped fiber (EDF) amplifier functioning in the C-band and excited by a 1480 nm pump source. Accurate
modeling of an erbium-doped fiber amplifier (EDFA) requires the simultaneous solution of rate equations,
which describe population dynamics among the energy levels of erbium ions, and propagation equations,
which characterize the longitudinal evolution of signal power, pump power and background optical emission
along the length of the doped fiber.

The absorption of pump photons and their subsequent conversion into amplified signal radiation are
governed by the absorption and emission cross sections of the erbium ions. These parameters, often referred
to as loss-related and gain-related proportionality constants, respectively, determine the efficiency of energy
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transfer within the fiber medium. Figure 2 illustrates the representative absorption and emission spectra of
erbium-doped silica fibers. For Er** ions, the strongest absorption band occurs in the vicinity of 1480 nm,
while the dominant emission peak is centered near 1535 nm. As optical waves propagate through the doped
fiber, both pump and signal powers evolve continuously due to the combined influence of absorption
processes, stimulated emission and spontaneous emission mechanisms.

5.1 Population Rate Equations

In EDFA systems employing a 980 nm pump source, the excitation dynamics of erbium ions are commonly
represented using a three-level energy model. When the effects of excited state absorption (ESA) are
considered, the representation must be expanded to a four-level energy scheme to accurately capture the
additional transition pathways. By comparison, EDFA operation under 1480 nm pumping can be effectively
described using a reduced two-level energy model due to the direct excitation of the metastable state. Figure
3 depicts the energy transition mechanisms of erbium ions in an EDFA pumped at 1480 nm and provides a
schematic illustration of how the relevant physical processes contribute to the time-dependent population
rate equations governing energy levels 1 and 2.
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Figure 2 Erbium ion levels

Here, n; (ions/m?) represents the total ion population, which is the sum of the aggregate in the two energy
levels n; and n> (n¢= n; + ny).

In a balanced state condition (dn»/dt = 0), the proportion of the populations in levels 1 and level 2 relative
to the total population can be expressed as:
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Expressing the absorption rate and emission rate in terms of pump power and signal power, provides a
clearer and more meaningful representation of the population equations.

- 3
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In this formulation, O }’ (v) represents the wavelength-dependent absorption and

emission cross sections associated with the pump and signal transitions, where the

indices Ij = 12 correspond to absorption processes and Ij = 21 denote emission

processes. The term hv ps defines the photon energy of the pump and signal waves,

4 )
while @, (r, ¢) denotes the normalized spectral line-shape function. Using these
parameters, analytical expressions for the pump power:

J
P hv p Tw 2 A21
Th, pump — P
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When an erbium-doped fiber is optically pumped, amplification occurs not only for the intended
input signal but also for spontaneously emitted radiation generated within the doped medium. Spontaneous
emission (SE) manifests as an incoherent optical field with random polarization and a broad spectral
distribution, propagating in both forward and backward directions along the fiber. As this radiation
undergoes amplification alongside the signal, it introduces undesirable noise within the amplifier, a process
commonly referred to as amplified spontaneous emission (ASE).

The presence of ASE adversely affects EDFA performance by reducing effective gain and increasing
the noise figure. Accurate modeling of this behavior therefore requires the incorporation of both forward

DOI: 10.9790/4200-16030115 www.iosrjournals.org 8 | Page



Performance Comparision of Erbium Doped Fiber Amplifier Using Matlab and Adaptive ..

and backward propagating ASE power components within the population rate equations. Accordingly, the
governing equations are modified to account for the contribution of ASE, enabling a more realistic
representation of amplifier operation.
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5.4.2 Propagation Equations

The transmission of optical waves within an erbium-doped fiber amplifier is described
by a set of propagation equations that are intrinsically linked to the physical and
spectroscopic characteristics of the doped fiber. These equations govern the
longitudinal ewvolution of signal power, pump power and amplified spontaneous

emission (ASE) along the fiber length and capture the influence of the selected

fa A
In a forward-pumping (P, f, w) configuration, where both the pump and signal propagate in the

same direction, the spatial variations of pump power, signal power and ASE components
propagating in both directions can be modeled using a coupled system of differential equations.

Together, these expressions provide a mathematical description of the evolution of each optical

power component as it travels through the erbium-doped medium.

dp, a r
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( 2\

In this formulation, @, and o represent the attenuation coefficients associated with the pump
and signal waves, respectively. Although these losses are often negligible for short fiber lengths,
their impact becomes increasingly pronounced in extended fiber configurations, particularly in

distributed erbium-doped fiber (DEDF) systems and must therefore be included in the analysis [5.5].
\ y
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The propagation relations expressed in Equations (6)-(8) constitute a set of nonlinear differential equations,
for which closed form analytical solutions are generally not available, necessitating the use of numerical
solution techniques. The appearance of the 27 factor in these equations originates from integration over the
azimuthal angle 6, which accounts for the angular distribution of optical intensity within the fiber cross-
section as a function of the radial coordinate r.

To simplify the mathematical formulation, the explicit radial integration can be replaced by an overlap factor
I', which quantifies the spatial overlap between the pump field, signal field and the doped fiber core. By
adopting this approach, the governing equations can be reformulated in terms of the overlap factor, leading
to the modified expressions presented in Equations (7)-(9) [5.6].

—oPn)—a Pt ... .(9)
21 Pp
z

Pty = + P (g5 na — of m1) + 20 nal'sPo + a:P* ... (11)
dz 5 4 H 4l 2

5.4.3 Gain and Noise Figure

The amplification provided by an erbium ion doped fiber over a length € is quantified

by the ratio of the output signal power to the corresponding input signal power. This

parameter, commonly referred to as the fiber gain, characterizes the extent to which the

optical signal is enhanced during its propagation through the doped medium.

<0

“p(D)

During optical amplification, the generation of amplified spontaneous emission (ASE)
noise is unavoidable, which consequently degrades the signal-fo-noise ratio (SNR) at
the output of the amplifier. The extent of this degradation is quantified by the noise
figure (NF), defined as the ratio of the input SNR fo the output SNR. Noise figure is a
fundamental performance parameter for optical amplifiers and is also widely employed
in the assessment of electronic amplifier systems.

_ (SNR)p

T (SNR)gus - (13)

The noise figure may alternatively be formulated as a function of the amplifier gain and
the spontaneous emission factor, commonly denoted as nspn_{sp}nsp, which is also

referred to as the population inversion factor.

(6-1)
NF = 2ng,
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The noise figure may alternatively be formulated as a function of the amplifier gain and
the spontaneous emission factor, commonly denoted as nspn {sp}nsp, which is also
referred to as the population inversion factor.

G- . . .
NF = 2?‘13p . ~Zn ... (14)

sp
The power spectral density of noise arising from spontaneous emission, represented as
Ssp(v)S_{sp}(\nu)Ssp(v), exhibits a frequency-dependent behavior that follows the

emission characteristics of Er** ions.

S,(y = (C—1n_hy S,(V) = Zf: .. (15)

By employing Expression (15), the noise figure of the erbium-doped fiber amplifier
(EDFA) can be formulated as a function of the forward-propagating Pa+ component, as

given below.

5.2 EDFA SIMULATION

The Adaptive Multi Stage EDFA Optimization (AMEDO) algorithm offers a sophisticated method for enhancing
the functionality of Er" Doped Fiber Amplifiers (EDFAs) used in optical communication systems. EDFAs are
crucial for signal amplification in fiber optic systems and their performance directly impacts signal quality, power
efficiency and overall network reliability [5.7].

5.3 Key Features of AMEDO:

Multi Stage EDFA Optimization- AMEDO optimizes the performance of multi-stage EDFAs, ensuring that
signal gain, noise figure and power levels are efficiently balanced across different amplification stages.

Adaptive Tuning - The algorithm dynamically adjusts parameters like pump power, fiber length and gain
distribution based on real time network conditions.

Machine Learning & Heuristics- Certain implementations of the AMEDO algorithm incorporate machine
learning methods or heuristic optimization strategies such as genetic algorithms or particle swarm
optimization to determine optimal operating parameters.

Reduction of Noise Figure (NF)- AMEDO enhances the amplification process by reducing the noise figure,
thereby increasing the signal to noise ratio (SNR) in long route optical fiber communication links.

Energy Efficiency- The algorithm seeks to reduce power consumption by optimizing pump laser efficiency,
leading to lower operational costs.
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Application in WDM Systems- AMEDO is particularly useful in Wavelength Division Multiplexing (WDM)
systems where multiple fiber optical channels need to be amplified simultaneously without excessive power
variation.

Some of the key benefits of Adaptive Multi-Stage EDFA Optimization (AMEDO) Algorithm are Improved
network capacity, signal quality, reduced power consumption

in optical amplifiers, Enhanced long-distance communication performance and Real-time ad

aptive control of amplifier settings.

5.4 Details of the AMEDO Algorithm

The Adaptive Multi-Stage EDFA Optimization (AMEDO) algorithm has been developed to improve the
operational efficiency of multi-stage erbium-doped fiber amplifiers (EDFAs) employed in modern optical
communication systems. The primary objective of this algorithm is to achieve optimal gain distribution,
minimize the noise figure (NF), and enhance overall power efficiency across successive amplification stages.
This section discusses the fundamental operating principles of the AMEDO framework, the optimization
strategies it employs, and its performance relative to conventional EDFA optimization techniques.

The AMEDO algorithm performs continuous monitoring and real-time adaptation of EDFA operating
parameters in response to dynamic network conditions. Multiple performance-critical factors are considered
during the optimization process.

1. Gain flattening and power equalization are essential in wavelength division multiplexing (WDM) systems,
where non-uniform gain profiles of EDFAs result in unequal amplification of different wavelength channels.
To address this issue, AMEDO dynamically regulates pump power, erbium-doped fiber length and gain-
flattening filters, thereby ensuring uniform signal power levels across the entire wavelength spectrum.

2. Another major focus of the algorithm is noise figure reduction. Amplified spontaneous emission (ASE)
noise is an inherent limitation in EDFAs and significantly degrades signal quality, particularly in cascaded
amplifier configurations. AMEDO mitigates this effect by optimally selecting pump wavelength and pump
power, effectively balancing the trade-off between achieving high gain and suppressing noise accumulation
across multiple stages.

3. Power efficiency optimization is also a key feature of the AMEDO approach. Conventional EDFA
systems often rely on fixed or excessive pump power, leading to unnecessary energy consumption. In
contrast, AMEDO adaptively controls pump

4. Furthermore, the algorithm incorporates adaptive control mechanisms based on machine learning and
heuristic optimization techniques. Methods such as Genetic Algorithms (GA), Particle Swarm Optimization
(PSO), and Simulated Annealing (SA) are integrated to enable intelligent parameter tuning. By learning
from real-time performance metrics, the algorithm continuously refines EDFA settings to maintain optimal
operation under varying network conditions.

5. With regard to practical applications, the AMEDO algorithm is particularly well suited for long-haul
optical fiber communication systems, where it effectively mitigates signal degradation over extended
transmission distances. It significantly reduces ASE noise and power fluctuations, ensuring stable and
reliable performance. Additionally, the algorithm enhances multi-channel amplification by suppressing
wavelength dependent gain variations, improves fiber optic backhaul performance in high speed networks
and enables energy-efficient optical amplification in hyperscale data center environments.

6. A comparative evaluation of AMEDO with conventional EDFA optimization techniques, including fixed
gain EDFAs, manual tuning approaches and traditional heuristic methods are presented in Table 2. The
results demonstrate that AMEDO consistently outperforms existing methods by providing superior gain
flattening, lower noise figure, enhanced power efficiency and real time adaptive control. Consequently,
AMEDO represents a highly effective and robust solution for optimizing EDFA performance in advanced
optical communication networks.
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Table 1: Comparison with Other EDFA Optimization Methods:

Optimization Gain Noise Power Real-Time
Method Flattening  Reduction  Efficiency Adaptation
(0) x
> : : o
. Poor High NF Inefficient Affaptition
Fixed Gain EDFAs
e
= e : Not
—— Limited Partial Ootimizad Slow
Manual Tuning PRE
Traditional Heuristic Good Moderate Ene.rgy Slow to
Algorithms Efficient Adapt
(GA, PSO, SA)
@}éo High Full
% 1g ully
AMEDO (Multi-Stage|  Excellent EOWIbE Efficient Adaptive
+ Adaptive Control)
VI. RESULTSDISCUSSION

The implementation of the Adaptive Multi-Stage EDFA Optimization (AMEDO) algorithm yields
substantial enhancements in the operational performance of erbium doped fiber amplifiers (EDFAs). A
marked reduction in gain fluctuation was observed with variation decreasing from 2.5 dB to +0.3 dB,
thereby ensuring consistent amplification across multiple stages and wavelength channels. Similarly, the
noise figure (NF) exhibited a significant improvement, decreasing from 5.8 dB to 4.1 dB, which effectively
suppresses noise accumulation and enhances overall signal integrity.

In terms of energy efficiency, the optimized EDFA configuration achieved a 30% reduction in
power consumption, with total power usage decreasing from 200 W to 140W. This reduction highlights the
effectiveness of the AMEDO algorithm in minimizing unnecessary pump power while maintaining the
required amplification levels. Furthermore, in wavelength division multiplexing (WDM) systems, the
algorithm improved wavelength uniformity by equalizing gain across multiple channels thereby mitigating
wavelength-dependent amplification disparities.

The AMEDO algorithm also demonstrated improved signal power compensation over extended
fiber transmission lengths, ensuring stable and optimal amplification in long-haul links. Collectively, these
results confirm that AMEDO significantly enhances EDFA performance with respect to gain stability, noise
suppression and energy efficiency. Consequently, the algorithm proves to be highly suitable for long
distance and high capacity optical communication systems.

Table 1 presents a comparative analysis of EDFA performance with and without AMEDO based
optimization. The comparison clearly illustrates notable improvements in key performance indicators,
including gain variation, noise figure, power consumption and wavelength uniformity, thereby validating
the effectiveness of the AMEDO algorithm in advanced optical amplification systems.
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Table 5.2 Performance Comparison of EDFA with and without
AMEDO Optimization

WITHOUT WITH
PARAMETER AMEDO AMEDO
.l/.l}i Gain (\(;a;)iation +2.5 dB +0.3 dB
@ Nois(‘:i gi)g‘“‘e 5.8dB 4.1 dB
%) f(’;V‘V;; 260 mW 185 mW (30%)
Convergence _ = )
Q (Iterations) s
~e ‘z::’g:;gl:;‘ Poor Excellent

CONCLUSION&FUTURE SCOPE

Erbium-Doped Fiber Amplifiers (EDFAs) have become indispensable components in modern optical
communication systems due to their ability to provide high optical gain, broad bandwidth, low noise
characteristics, and efficient amplification within the 1550 nm transmission window. The present study
investigated the performance of EDFAs through MATLAB-based simulation and introduced an Adaptive Multi-
Stage EDFA Optimization (AMEDQO) algorithm to enhance amplifier operation under varying network
conditions. Theoretical analysis based on population rate equations and propagation equations provided a
comprehensive understanding of the interaction between pump power, signal power, amplified spontaneous
emission (ASE), gain, and noise figure. The simulation results demonstrated that conventional EDFA systems
suffer from gain fluctuations, higher noise figures, increased power consumption, and non-uniform wavelength
amplification, particularly in long-haul and WDM communication networks. To overcome these limitations, the
proposed AMEDO algorithm employed adaptive control of pump power, erbium-doped fiber length, gain
equalization, and intelligent optimization techniques. The algorithm continuously monitored network conditions
and dynamically adjusted amplifier parameters to achieve optimal performance. Comparative analysis revealed
that the AMEDO-based EDFA significantly outperformed conventional EDFA configurations. Gain variation
was reduced from £2.5 dB to £0.3 dB, noise figure decreased from 5.8 dB to 4.1 dB, and power consumption was
reduced by approximately 30%, while wavelength uniformity improved from poor to excellent.Furthermore, the
adaptive optimization strategy effectively minimized ASE noise, enhanced signal quality, improved energy
efficiency, and maintained stable amplification across multiple channels. The integration of machine learning and
heuristic optimization approaches such as Genetic Algorithms (GA), Particle Swarm Optimization (PSO), and
Simulated Annealing (SA) further strengthened the algorithm’s capability to adapt to dynamic network
environments in real time.Overall, the results confirm that the AMEDO algorithm provides a robust, intelligent,
and energy-efficient solution for optimizing multi-stage EDFAs. The proposed methodology is highly suitable
for next-generation high-capacity optical communication networks, including long-haul transmission systems,
WDM networks, optical backhaul infrastructures, and hyperscale data centers. Future work may focus on
implementing the AMEDO framework in real-time experimental platforms and integrating advanced artificial
intelligence techniques for further enhancement of optical amplifier performance and network reliability.
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