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A B S T R A C T 

In this manuscript, the gain of the EDFA-Raman hybrid optical amplifier (HOA) 

is maximized using a popular nature inspired Whale Optimization Algorithm 

(WOA). The dominating parameters of HOA, length of Raman amplifier and 

EDFA and its pump powers are optimized to get the maximum possible gain. 

Further, the performance of WOA is compared by using other metaheuristic 

techniques such as Real coded Genetic Algorithm, Differential Evolution, Particle 

Swarm Optimization, to optimize the same model of HOA. WOA proves to be a 

better optimization technique as it is able to find maximum gain, have a better 

convergence curve and box plot performance as compared to the other three 

techniques. Moreover, the gain flatness and noise figure performance of HOA is 

compared with EDFA and Raman amplifier.  
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1. Introduction 

Increasing demand of high data rate and larger bandwidth in optical 

communication systems become serious issues which can be resolved by 

using wavelength division multiplexing (WDM) systems [1]. However, 

using only WDM system does not prove to be sufficient because there are 

a number of other issues such as attenuation loss and low signal-to-noise 

ratio (SNR) which degrade the quality of system. The performance 

characteristics of WDM system largely depend on data rates, modulation 

schemes used and amplification techniques [2]. Optical amplifiers are key 

component of WDM system to improve gain and bandwidth [3].  

Most widely used optical amplifiers are Erbium doped fiber amplifier 

(EDFA) and fiber Raman amplifier (FRA). Erbium doped fiber amplifiers 

(EDFAs) are energy efficient and widely used for C and L band 

amplification [4]. EDFA amplifiers provide high gain coefficient and cost 

effectiveness but add amplified spontaneous emission (ASE) noise. Also, 

gain flatness is limited in EDFA, meaning that additional gain flattening 

filter must be used to increase the gain bandwidth of amplifier. Raman 

amplification can provide wide, flat and seamless gain bandwidth over any 

spectral range with proper choice of pump wavelengths and powers [5]. 

Raman amplifiers have shown high BER performance but use of Raman 

amplifiers brings a lot of non- linearities and low gain efficiency [6].  

Using hybrid amplifiers (HO) such as a combination of Erbium doped 

fiber amplifier (EDFA) and Fiber Raman Amplifier (FRA) proves to be an 

effective solution to provide gain as well as increased bandwidth, capacity, 

and SNR value of a system. It improves gain flatness and reduces non- 

linearities of a system. So, cascading both amplifiers is a good solution to 

these problems. However, for obtaining improved results, optimization of 
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main parameters of hybrid model of these amplifiers become indeed 

important [7]. 

In [1], system performance is optimized for SOA, EDFA, Raman 

amplifier and hybrid amplifier with reduced spacing using parameters like 

Q factor, SNR, gain. M.H.Ali et al [8] has optimized pump power of Raman 

amplifier using Opti system software. In [9], gain performance is observed 

for HOA amplifier in C band. However, in [1], [8-9], no global optimization 

technique has been used to optimize any system performance. [6] optimizes 

length and pump power of both EDFA and FRA using genetic algorithm. 

[7] used PSO- a global search technique, to optimize hybrid amplifiers 

(EDFA/FRA) length of EDFA and pump power of both EDFA and Raman 

amplifier. In [10], PSO is used to optimize PC-EDFA parameters like N 

(total erbium ion concentration) and length of EDFA. Algorithms used in 

[6-7, 10] have many parameters which are user-defined, thus creating 

difference in results for every user. Also, these algorithms are a little 

complex to execute. In [11], authors have demonstrated optimization of 

HOA using algorithms with less computational complexity.  

The Whale Optimization Algorithm (WOA) is a new swarm-based 

meta-heuristic optimization technique which is inspired by the bubble-net 

hunting strategy of humpback whales [12]. WOA uses non-linear equation 

to update the positions of particles and that is why the exploration and 

exploitation ability of WOA is better than other meta-heuristic techniques. 

Moreover, the steps of exploration and exploitation is done independently, 

so WOA avoid local optima and achieve faster convergence speed at the 

same time [13]. These advantages cause WOA to be an appropriate 

algorithm for solving single objective problems, multi objective problems, 

different constrained or unconstrained optimization problems for practical 

applications without structural reformation in the algorithm [14]. 

The major contribution of this research paper is: 1. Recently developed 

popular Whale Optimization Algorithm (WOA) has been employed to 

optimize the parameters of hybrid optical amplifier based on EDFA and 

Raman amplifier. 2. The optimization task has been carried out with other 

benchmark algorithms like Differential Evolution (DE), Real coded 

Genetic Algorithm (RGA) and Particle Swarm Optimization (PSO) and 

comparative performance evolution has been reported. 3. Gain and noise 

figure performance of hybrid amplifier is compared with the gain and noise 

figure achieved by only EDFA and only Raman amplifier. 

This paper is ordered as follows: section 2 describes the gain model. 

Section 3 introduces the optimization techniques used in the paper. Section 

4 discusses the results. Section 5 includes the conclusion drawn from the 

work. 

2. Gain Model 

Hybrid optical amplifiers work well in C+L band, however 

optimization of dominating parameters of HOA like EDFA length, FRA 

length, EDFA pump power, FRA pump power is important to get the 

maximum gain. The expression for the gain of any system is given by: 

G =      P2/P1                                                       (1) 

where P1 is the input power given to the system and P2 is the received 

output power. Fig. 1 represents the schematic diagram of hybrid amplifier 

used in this paper where EDFA is followed by Raman amplifier. In this 

hybrid combination, PE-in is the input signal power given to EDFA, PE-op is  

 

 

 

 

 

Fig. 1 – Schematic representation of the Hybrid optical amplifier 

configuration used in this work.  

 

the output power of EDFA which is given to Raman amplifier as its input 

power PR-in and PR-op is the output power of Raman amplifier. So, the 

expression of gain for hybrid amplifier is given by [6]: 

 

𝑮 = 𝒆𝒙𝒑[𝑳𝑹𝒆𝒙𝒑{−𝝈𝒔𝒂Ґ𝒔𝑵𝒕𝑳𝑬 + Ґ𝒔(𝝈𝒔𝒂 + 𝝈𝒔𝒆)𝑵𝟐𝒂𝒗𝒈}𝒈𝒐  −                   𝜶𝒔𝒆𝒙𝒑{−𝝈𝒔𝒂Ґ𝒔𝑵𝒕𝑳𝑬 + Ґ𝒔(𝝈𝒔𝒂 + 𝝈𝒔𝒆)𝑵𝟐𝒂𝒗𝒈}𝑳𝑹]                    (2) 

Where 

LR is the length of Raman amplifier,  

LE is the length of EDFA, 

PE-in= PE= input signal power of EDFA, 

PR-in= PR= input signal power of FRA, 

PPE= pump power of EDFA, 

𝑁2𝑎𝑣𝑔 = 𝑁𝑡[𝜔𝑝 + 𝜔𝑠𝑎]𝐿𝐸[𝜔𝑝 + ( 1𝜏𝑠𝑝) + 𝜔𝑠𝑎 + 𝜔𝑠𝑒] 
𝜔𝑠𝑎 = 𝜎𝑠𝑎𝑃𝐸−𝑖𝑛𝑎𝑠ℎ𝜈𝑠  

𝜔𝑝 = 𝜎𝑝𝑎𝑃𝑃𝐸𝑎𝑝ℎ𝜈𝑝  

𝜔𝑠𝑒 = 𝜎𝑠𝑒𝑃𝐸−𝑖𝑛𝑎𝑠ℎ𝜈𝑠  

𝑔𝑜 = 𝑃𝑅−𝑖𝑛𝐿𝑒𝑓𝑓𝑔𝑅𝑎𝑝𝐿𝑅  

𝐿𝑒𝑓𝑓 = [1 − 𝑒𝑥𝑝(−𝛼𝑝𝐿𝑅)]𝛼𝑝  

Further details about go and N2avg can be viewed in [6].  

In eq. (2), length of FRA, length of EDFA, pump power of FRA and 

pump power of EDFA are kept variable to be optimized, the search space 

for the length of FRA is 10-45 km, length of EDFA is 10-15 m, pump power 

of FRA is 100-400 mW and pump power of EDFA is 300-500 mW. The 

values of rest of parameters are: absorption cross section at signal frequency 

(σsa ) = 1*10-25m2, Emission cross section at signal frequency (σse) = 

2.33*10-25 m2, Absorption cross section at pump frequency (σpa) =1.86*10-

25 m2, Emission cross section at pump frequency (σpe) =  0.42*10-25 m2, 

signal wavelength (λs) = 1540 nm, pump wavelength of EDFA (λpE) = 980 

nm, pump wavelength of FRA (λpR) = 1450 nm, Raman gain coefficient 

(gR) =2.5*10-14, total Erbium ion concentration (Nt) =27*1023 m-3, Fiber loss 

at signal frequency (αs) = 36*10-5 dB/m, Fiber loss at pump frequency (αp) 

= 36*10-5 dB/m, Spontaneous emission lifetime (τsp)= 0.01 sec. 
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Following assumptions and conditions are considered to reach eq. (2)[6] 

• Pump power of Raman amplifier is so large as compared to the 

signal power that pump depletion can be neglected by settling 

gR=0. 

• Consider forward pumping only for both amplifiers. 

• Fiber losses α and α’ are neglected for small fiber length. 
 

3. Optimization Techniques 

3.1. The Whale Optimization Algorithm 

The Whale Optimization Algorithm (WOA) was introduced by 

Seyedali Mirjaili and Andrew Lewis in 2016. This meta-heuristic, nature 

inspired algorithm mimics the social behavior of humpback whales and 

inspired by bubble-net hunting strategy [15]. Author of this algorithm states 

that WOA is competitive enough to other state of art meta-heuristic 

techniques and superior to conventional algorithms. Fig.2 represents the 

flow chart of WOA. Steps to implement WOA are - 

1) Initialize N number of particles for LR, LE, PR, PE and t number of 

iterations 

2) Calculate the fitness function (G) for all particles using eq. (2)  

3) Initialize while loop (t< maximum number of iterations). 

4) Initialize for loop for each particle. 

5) Update a, A, C, l, p. 

6) If p<0.5, either update the position using equation (6) or (7) depending 

on values of A 

                �⃗⃗� = |�⃗⃗� ∗ �⃗⃗� ′(𝒕) − 𝑿(𝒕)|                                                         (6)                   �⃗⃗� (t+1)= �⃗⃗� 𝒓𝒂𝒏𝒅 − �⃗⃗� ⋅ �⃗⃗�                                                                (7) 

7) If p>0.5, update the position of particles using equation      �⃗⃗� (𝒕 + 𝟏) = �⃗⃗⃗� ′⃗⃗⃗⃗ ′(𝒕). 𝒆𝒃𝒍. 𝐜𝐨𝐬(𝟐𝜫𝒍) . �⃗⃗� ′(𝒕)                                        (8)  

8) Bound the value of particles within decided search space. 

9) Update the fitness function for maximum value (as this is 

maximization problem). 

10) End for loop. 

11) End while loop. 

12) Print maximum fitness function and its corresponding value of LR, LE, 

PR, PE. 

13) End   

 

3.2. Comparative Benchmark Techniques 

3.2.1 Real coded Genetic Algorithm 

Genetic Algorithm (GA) introduced in 1975, works on the concept of 

“survival of the fittest”. It is a stochastic algorithm based on principle of 
genetics and evolution [16]. Parameters used while implementing RGA is 

given in Table 1. Steps to implement GA are as follows: - 

1) Generate N number of particles for system variables i.e. LR, LE, PR, PE 

within defined search space. 

2) Evaluate fitness function using equation (2). 

3) Begin loop for fixed number of iterations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 – Flow chart of The Whale Optimization Algorithm 

 

a) Tournament selection: - a competition is organized among 

randomly generated particles and a vector called parents is 

generated. 

b) Crossover: - offspring are generated using parent in this step 

within decided range for each variable. 

c) Mutation: - off springs generated in crossover is mutated by 

declaring the mutation probability. 

4) Generated positions and offspring are arranged, and fitness function 

is calculated. The maximum N solutions are chosen, and the 

corresponding values of variables are also stored. 

5) Continue till iterations ends. 

 

 

                                         

 

        

     

  

 

       

                 

 

       

                           

 

 

 

 

  

                    

 

 

                     

 

 

                 

 

 

 

 

 

 

                                                            

 

 

 

 

 

    

                                             

 
 Start 

 Declare N number of whales for LR, LE, PR, PE and T number of iterations 

 Initialize the population randomly 

 Iteration = Iteration + 1 

 Bound the randomly generated population within search space  

 

 Update the positions of whales 

 Update the value of fitness function 

 Yes  

Iteration < max (Iteration) ? 

 No 

 Store maximum fitness function and corresponding positions of LR, LE, PR, PE 

 
End 
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3.2.2 Differential Evolution 

DE was introduced in 1997, it is popular algorithm for population-based 

search study [17]. DE is less complex algorithm and converges faster as 

compared to other evolutionary algorithms [16]. Values of parameters used 

in DE is given in Table 2. Steps to implement DE are as follows: - 

1) Generate N number of particles for four variables i.e. LR, LE, PR, PE 

within limited search space 

2) Begin loop 

a) Generate three random number i.e., r1, r2, r3. 

b) Generate vectors V using equation (2) for all variable 𝑽 = 𝑷𝒓𝟏 + 𝑭𝒓 ∗ (𝑷𝒓𝟐 − 𝑷𝒓𝟑)                                      (3) 

Where Fr is scaling factor, whose value lies in the range [0,1] 

and P is position of particle. 

c) Crossover: - generate another vector U 

3) Evaluate fitness function (G) using eq. (2), use initial vector and U for 

variables. 

4) Compare evaluated fitness and choose the maximum fitness function 

and their corresponding value of variables. 

5) End loop, when iterations end. 

3.2.3 Particle Swarm Optimization 

PSO was introduced in 1995, a global optimization approach based on 

bird flocking and fish schooling [16,18]. Values of parameters of PSO is 

given in Table 3. Steps to implement PSO are: - 

1) Generate N number of position (P) and velocity (V) vector for LR, LE, 

PR, PE. 

2) Evaluate fitness function for each particle using eq. (2) 

3) Start loop for fixed number of iterations  

4) Update the value of velocity and position using equation 𝑵𝑽(𝒕+𝟏) = 𝒘 ∗ 𝑽(𝒕) + 𝒄𝟏 ∗ 𝒓𝒂𝒏𝒅 ∗ (𝑳𝒃𝒆𝒔𝒕 − 𝑷(𝒕+𝟏)) + 𝒄𝟐 ∗ 𝒓𝒂𝒏𝒅 ∗(𝑮𝒃𝒆𝒔𝒕 − 𝑷(𝒕+𝟏))                                               (4) 

 𝑵𝑷(𝒕+𝟏) = 𝑷(𝒕+𝟏) + 𝑵𝑽(𝒕+𝟏)                                    (5) 

Table 1 – Parameters of RGA. 

Parameters  Value  

Number of particles 50 

Number of iterations 100 

Fitness function Maximum gain 

Cross over probability 0.8 

Mutation probability 0.2 

 

Table 2 – Parameters of DE. 

Parameters  Value  

Number of particles 50 

Number of iterations 100 

Fitness function Maximum gain 

Scaling factor 0.5 

Crossover rate 0.5 

Table 3 – Parameters of PSO. 

Parameters  Value  

Number of particles 50 

Number of iterations 100 

Fitness function Maximum gain 

Inertial weight (w) 0.1 

Cognitive parameter (c1) 2 

Social parameter (c2) 2 

Table 4 – Parameters of WOA 

Parameters  Value  

Number of particles 50 

Number of iterations 100 

Fitness function Maximum gain 

Parameter ‘a’ Linearly decreasing from 2 to 0 

  

where t and t+1 are consecutive iterations, w is inertial weight whose 

values lies in the range [0,1], c1 and c2 are called cognitive parameters 

and social parameter, respectively. Lbest is local best and Gbest is global 

best value of P. 

5) Evaluate the fitness again for updated position vector and compare the 

fitness functions, call maximum fitness function and its 

corresponding position vector as local best and best of local best is 

called global best.  

6) End loop, when iteration ends. 

7) Print maximum fitness function and global best of all four variables. 

4. Results and Discussion 

Hybrid optical amplifier shown in Fig. 1 is optimized using the four 

meta-heuristic algorithms which includes evolutionary algorithms like real 

coded Genetic Algorithm (RGA), Differential Evolution (DE), swarm-

based algorithm like Particle Swarm Optimization (PSO), nature inspired 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Convergence Curve of gain obtained by proposed WOA and 

benchmark algorithms like RGA, DE and PSO 
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Fig. 4. Box Plot of gain obtained by proposed WOA and comparative 

RGA, DE, PSO algorithm over 20 independent runs 

 

algorithm like The Whale Optimization Algorithm. Eq. (2) is used as fitness 

function (G) and the four parameters LR, LE, PR, PE are optimized to 

maximize the gain of the amplifier. MATLAB software is used to 

implement these algorithms. 

Fig. 3 shows the convergence curve of all four algorithms, for the 

comparison of performance of algorithms. The number of particles and 

number of iterations are kept same i.e. 50 and 100 respectively. WOA gives 

the maximum gain of 29.09 dB and PSO is able to find the maximum gain 

of 28.97 dB in given search space, maximum gain achieved by DE is 28.89 

dB and maximum gain achieved by RGA is 28.06 dB. WOA converges way 

faster than rest three algorithms, as WOA takes only 3 iteration to converge, 

PSO take 11 number of iterations to converge, DE gets converge in 23 

iterations and RGA takes 28 iterations. All four algorithms implemented in 

this paper are metaheuristic in nature. So, it is important to examine the 

variations in the maximum fitness function when algorithms run multiple 

times. Fig. 4 is a box plot for all four algorithms, which gives us the 

maximum, minimum and average value of maximum gain when algorithms 

are implemented 20 times. From the Fig. 4, it is evident that RGA shows 

the maximum variation in the results, followed by DE. Results of PSO 

varies in less range than RGA and DE, and WOA shows almost no variation 

in results.  Table 5 tabulates the maximum gain and optimal values of LR, 

LE, PR, PE achieved from all algorithms. The maximum gain is shown by 

WOA, that is 29.09 dB with length of FRA = 27.64 km, length of EDFA= 

12.43 m, pump power of FRA = 400 mW, pump power of EDFA= 418.7 

mW. One more parameter to compare the performance of algorithms is 

computational time. The computational time of WOA is less than other 

three algorithm, whereas the takes longest time to execute the algorithm. 

After optimization, the system performance of the HOA has been 

evaluated. Fig. 5 shows the schematic diagram of a WDM system in which 

multiple wavelength input signal is passed through mux, and then this 

signal is passed through the amplifier block. In the amplifier block, the 

simulations are carried out for hybrid amplifier as well as by considering 

individual EDFA and FRA amplifiers in turn, to facilitate comparison.  

 

Table 5 – Optimal value and maximum gain for each algorithm. 

Algorithms Length 

of FRA 

(km) 

Length 

of 

EDFA 

(m) 

Pump 

power 

of FRA 

(mW) 

Pump 

power of 

EDFA 

(mW) 

Gain 

(dB) 

RGA 28.35 14.09 389 392.7 28.06 

DE 27.84 11.7 398 432 28.89 

PSO 28.68 13.89 398 361.9 28.97 

WOA 27.64 12.43 400 418.7 29.09 

 

Amplified signal from the output of amplifier is received by receiver 

through a demultiplexer. Fig. 6. shows the gain profile of only-EDFA, only-

Raman amplifier and HOA. To analyze the gain performance of amplifiers 

(EDFA, FRA, HOA), the rest of the parameters of amplifiers remain same 

as described in section 2 and gain is obtained at wavelengths in C and L 

band. Gain profile shows that gain bandwidth of HOA is much wider as 

compared to only-EDFA and only-Raman amplifier. EDFA shows a good 

value of gain in C band whereas Raman amplifier shows greater gain than 

EDFA at almost every wavelength. Fig. 7. shows the noise performance of 

only-EDFA, only-Raman amplifier and HOA. Noise figure of Raman 

amplifier is higher than EDFA and HOA, whereas noise figure of HOA is 

less for entire range of bandwidth. 

 

 

 

 

 

 

 

 

Fig. 5. Block diagram of WDM system 

 

    

 

 

 

 

 

Fig. 6 -Gain profile of HOA, only EDFA and only Raman amplifier 
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Fig. 7. Noise figure profile of HOA, only EDFA and only Raman 

amplifier 

5. Conclusion  

In this paper, optimization of the HOA (a cascaded connection of 

EDFA and Raman amplifier) have been demonstrated using four different 

algorithms i.e. Real coded Genetic Algorithm, Differential Evolution, 

Particle Swarm Optimization and The Whale Optimization Algorithm, and 

also compared the performance of these algorithms. Four major parameters 

i.e. FRA length, EDFA length, FRA pump power and EDFA pump power 

have been optimized, and using the minimum optimal value of these 

parameters the gain of HOA is maximized. It is found that WOA provides 

best results among the four algorithms used in this paper as it converges 

fastest, shows maximum gain of 29.09 dB and it takes minimum elapsed 

time. This algorithm has minimum user defined parameter which makes it 

user friendly and shows minimum variation on multiple runs. Also, the gain 

and noise figure performance of HOA is compared with Raman-only and 

EDFA-only amplifier and found that the optimized HOA has better gain 

and noise figure performance. 
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Figures

Figure 1

Schematic representation of the Hybrid optical ampli�er con�guration used in this work.



Figure 2

Flow chart of The Whale Optimization Algorithm



Figure 3

Convergence Curve of gain obtained by proposed WOA and benchmark algorithms like RGA, DE and PSO



Figure 4

Box Plot of gain obtained by proposed WOA and comparative RGA, DE, PSO algorithm over 20
independent runs



Figure 5

Block diagram of WDM system



Figure 6

Gain pro�le of HOA, only EDFA and only Raman ampli�er



Figure 7

Noise �gure pro�le of HOA, only EDFA and only Raman ampli�er


