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A PbSe quantum dot (PbSe-QD)/Raman hybrid optical fiber amplifier is proposed. The gain profile and its dependence on 
the constituent amplifiers length and pumping power is studied and compared to a PbSe-QD only and Raman only 
amplifiers. The values of fiber lengths and pumping power under study for Raman are  5-30 km and 50-400 mW 
respectively, while for the PbSe-QD are 0-44 cm and 50-300 mW, respectively. By changing the size and distribution of the 
PbSe quantum dots, pumping scheme and wavelengths of the Raman fiber, this hybrid amplifier would have the advantage 
of being highly tunable. 
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1. Introduction 
 

Optical amplifiers play an important role in Dense 

Wavelength Division Multiplexing (DWDM) and Coarse 

Wavelength Division Multiplexing (CWDM) network 

communication systems. Different types of optical 

amplifiers have been used through the past decade, 

including the use of rare-earth ion doped fibers in which 

the most common used is Er
+3

 doped fiber amplifier 

(EDFA) [1], [2]. Co-doping Ytterbium (Yb) ions with Er
+3

 

ions causes indirect pumping of Er
+3

 ions that leads to a 

reduction of the up-conversion rate of Er
+3

 by decreasing 

the Er
+3

 clusters. Similar work was also investigated by L. 

Goldberg and J. Koplow [3] where they obtained a 47 dB 

gain for a small signal and a 4.7 dB noise figure from a 3.5 

m Er/Yb co-doped fiber. Other doping rare-earth ions 

include Nd
+3 

[4], Tm
+3  

[5], Ho
+3 

[6] and Pr
+3 

[7]. Another 

method of optical amplification is the distributed Raman 

optical amplifiers where optical amplification is provided 

through the process of Stokes scattering. Gain [8],[9] 

could be provided at any desired wavelength by tunning 

the pumping wavelength and the gain bandwidth could be 

broadened by increasing the number of pumps. This could 

be achieved either through co-propagating pumping 

scheme, counter-propagating pumping scheme or the 

bidirectional pumping scheme. Several commercial Raman 

amplifiers  of interest in this report include the SMF, 

Allwave, TrueWave RS, LEAF, CORNING DSF and 

Corning NZDSF [10].  Recent interest has also arisen in 

the optimization of the gain characteristics of Raman 

amplifiers through numerical simulation and several 

optimization algorithms [11]–[16]. Due to limitations in 

further improvements on rare-earth ions doped amplifiers 

and rapid development in nanocrystal material science, 

interest has increased in the use of quantum amplifiers as 

dopants which are zero-dimensional nano-crystals such as 

CdSe [17], CdTe [18], PbS [19] and PbSe [20] which 

possess some desirable emission spectra in wavelengths 

spanning 465-2340 nm. Small changes in the size of these 

nanoparticles lead to variations in the transition 

wavelengths and their spectral width. There have been 

several reports on quantum-dot fiber amplifiers (QDFA) in 

recent decades, in which  Cheng et al. [21] used a three-

level system to investigate the gain characteristics of PbSe 

through numerical simulation and concluded that the 

proposed QDFA can function on a long-wavelength band 

that have a wider bandwidth and lower noise than of the 

EDFAs. Cheng et al.  [22] also proposed a multi-quantum 

dot amplifier (MQDA) and its numerical simulation 

produced a flatter gain. Bahrampour et al. [23] proposed 

an inhomogeneous model for PbSe (QDFA). Interest in 

hybrid optical amplifiers also ensued from the need of 

further development on optical amplifiers. These are 

amplifiers that have combinations of EDFA or EDFA co-

doped with Yetterbium ions. Mahran et al. [24] studied the 

effect of bending loss on an EDFA/Raman hybrid 

amplifier. Mahran et al. [25]  also studied the gain and 

noise figure of      co-doped with     / Raman fiber 

hybrid amplifier. Singh et al. [26] used a genetic algorithm 

to optimize the performance of a EDFA/Raman hybrid 

amplifier. Obaid et al. [27] suggested through numerical 

simulation a novel flat-gain L-band Raman/Er-Yb co-

doped fiber hybrid optical amplifier. Obaid et al. [28] also 

studied the gain, noise figures and Q-factor of several 

configuration for hybrid amplifiers. Yusoff et al. [29] 

demonstrated a remotely pumped L-band erbium-doped 

fiber amplifier for long-haul transmission system. As 

mentioned earlier, the literature over hybrid amplifiers has 

mainly focused on EDFA/Raman and EDFA-related 

hybrid amplifiers whose gain characteristics are restricted 

by the photoluminescence and the absorbance properties 

of the EDFA amplifier. In this report, to the best of our 
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knowledge, we have studied for the first time the gain of a 

PbSe-QD/Raman amplifier for several modern commercial 

Raman amplifiers. We also study the effect of changing 

several parameters on the gain of such amplifiers. These 

parameters are the length of the fiber and the pumping 

power for both  Raman and PbSe-QD amplifiers. By 

changing the size of the doped PbSe QDs and the pumping 

scheme, this proposed amplifier would have the advantage 

of having highly tunable gain characteristics. In this report, 

we describe our theoretical model and the equations used 

in the simulation in section 2, our results graphically with 

further discussions in section 3, finally, our conclusions in 

section 4. 

 

Fig. 1. The schematic diagram of the hybrid PbSe-QD/Raman amplifier used in the simulation 

 

 

2. Modeling and equations 
 

Fig. 1 shows the model used in our simulation for a 

PbSe-QD/Raman fiber amplifier, where the output power 

of PbSe-QD amplifier from the signal/noise    
        is 

used as the input power for the Raman amplifier 

  
        , where     is the length of the PbSe-QD fiber. 

The input signal/noise for the   channel   
     

is used as 

the input power for the signal/noise power of the PbSe-QD 

amplifier. The output signal for channel   is the same as 

the output of the Raman amplifier. 

 

 

2.1. Quantum Dot Amplifiers 

 

Our model of the quantum amplifiers is a three-level 

system as shown in Fig. 2, where the same model was used 

in Cheng et al. [20]. The rate equations for the ground 

state population    and the excited-states populations    

and    are given in Eq. (1-2), where       is the 

signal/Pump power of channel k with a frequency    and 

bandwidth equal to    .     and     are the emission and 

absorption cross-section for channel k respectively,    

represent the scattering attenuation cross-section,    is the 

transversal modal intensity,      is the non-radiative 

transition probability per unit time from level 2 to level 1, 

    is the non-radiative transition probability per unit time 

from level 3 to level 2,  and   represents the core radius. 

The first and second terms represent the stimulated 

emission due to the signal/pump powers and the noise 

respectively. Here, m=2 is  used for the signal and 

amplified spontaneous emission (ASE)  noise equation and 

m=0 for the pump power. The third term represents the 

absorption rate and the fourth term representing the 

attenuation due to scattering. We use the stationary state 

approximation where the time derivatives 
   

  
   

   

  
   

and    and    are solved from Eq. (1) and Eq. (2) as 

given below  

 

 Fig. 2. The three-level diagram used to model the PbSe QD rate 

equations as found in Cheng et al [22] a) PbSe level diagram b) 

transition cross-section   and decay lifetimes   (dotted lines 

denote absorption, bold solid lines represent radiative emission, 

and thin solid lines non-radiative emission) 
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           Their values are substituted in Eq. (3) and the 

power is solved numerically along the length of the fiber z 

where the rate equation for the power is 
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The parameters of PbSe-QD amplifier used in the 

simulation and their values are given in Table 1 and  the 

normalized intensity for a single-mode fiber given by [1], 

[30]
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  (
   

 
)
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where                 are the Bessel functions,    
           

       
   is the normalized frequency and    

is found by matching the solution at    . Eq. (2) 

represents  two rate equations for each channel. One 

equation represents the signal and noise and the other 

representing the rate equation for the pump power at 980 

nm. We also assume a multi-quantum dot-doped amplifier 

consists of three different diameters of 5.5 nm      . 

The signal, noise and pump power are propagated by 

solving Eq. (4) numerically. The code is written in C 

language and Eq. (3) is solved numerically using GSL 

library implementation of the Prince-Dormand (8,9) 

algorithm [31], [32]. 

 

 

2.2. Raman Amplifiers 

 

The rate equation for Raman amplifiers can be written 

as 
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The   symbols denote the forward and backward 

propagated powers. The first term represents the 

attenuation decay, the second term represents Rayleigh 

backward scattering, the third and fourth represent the 

power and ASE gain, and finally, the  fifth terms represent 

the depletion in power due to stoke conversion.  The gain 

efficiency of Raman fibers (AllWave, TrueWave, SMF, 

LEAF, Corning DZF and Corning NZDSF) are listed in 

Table 2. A modified version of the code authored by Jose 

Kraus Perin [33] is used in our simulation where the 

parameters, symbol and values for Eq. (6) used in this 

code are also given in Table 2.  Here, we assume a multi-

pumped Raman fiber that is pumped at the following 

wavelengths: 1425, 1440, 1450, 1465, and 1473 nm. The 

eq. (6) is solved using Matlab bv4pc function [34]. The 

output power for the signal and noise channel from the 

PbSe-QD amplifier is used as the input power for the 

Raman amplifier and the gain is calculated as  

 

                         

  
             

  
     

                

where       is the signal input power at the PbSe-QD 

amplifier input and       is the power at the Raman fiber 

output. Denoting the Raman gain efficiency as    where 

the gain efficiency is defined as 

                        
        

     

                            

We use the following form for the Raman efficiency 

                                                                                   

where       is the peak value for the Raman gain 

efficiency and             is the normalized gain. The 

attenuation coefficient at different wavelengths for the 

different Raman fibers could be found in [10]. For the 

PbSe-QD amplifier, we assume that the fiber is co-doped 

with three different radii whose absorption and emission 

cross-sections are the same as those found in Cheng et al. 

[22]. Table 1 and Table 2 contain the parameters used in 

our simulation for the QD-PbSe amplifier and Raman 

amplifier respectively.  It is also important to mention that 

for the PbSe-QD only amplifier, the input signal power 

goes through the PbSe-QD fiber first, and its output 

  
        is used to calculate the gain for the PbSe only 



216                                                                                 O. Mahran, N. El-Nohy, H. Ibrahim 

 

amplifier as described in subsection 2.1. The same 

happens to the Raman only gain where the input signal 

propagates through the Raman fiber at the second stage 

shown in Fig. 1 and its output is used to calculate the gain 

as described in subsection 2.2. 

 
3. Results and discussion 
 

In this section, we represent the result of our 

simulation where for the PbSe-QD/Raman amplifier, the 

input power   
      for both the signal and noise channels 

propagates through the PbSe-QD power first, and its 

output power is obtained by solving Eq. (1) to Eq. (4). 

This output is then used as input power for the Raman 

amplifier whose output power   
              is 

obtained by solving Eq. (6). The gain is then calculated 

using Eq. (7). For the PbSe-QD only amplifier, the signal 

and noise propagate through the PbSe-QD fiber only and 

its output   
        is used to calculate the gain in Eq. (7) 

replacing   
             . Table 3 shows the maximum 

gain values for the proposed hybrid PbSe-QD/Raman 

amplifier of several commercial Raman fiber at the default 

settings of PbSe-QD fiber length of 44 cm and pumping 

power of 300 mW, and the Raman fiber length of 30 km 

and the pumping power of 400 mW, compared to the 

Raman only and PbSe-QD only amplifiers of the same 

settings. From our observation, the Corning DSF has given 

the maximum gain in both hybrid and Raman amplifiers, 

compared to the rest of the Raman fibers. Table 4 shows 

the maximum gain obtained from the hybrid PbSe-

QD/Raman  of  Corning DSF using the default settings  

compared to EDFA and EDFA/Raman amplifiers as given 

by Mahran et al [35]. From the table, our proposed hybrid 

amplifier has obtained a better maximum gain than the 

EDFA but it is still far to beat the gain obtained from 

EDFA/Raman amplifier.  

 

3.1. The Gain Profile 

 

We assume that the optimum fiber lengths for 

quantum doped fiber amplifier is 0.45 m, found by Cheng 

et al [22] and Raman amplifiers of 35 km. These values 

are taken as the default fiber length parameters. The PbSe-

QD amplifier is pumped at 980 nm and 300 mW while the 

Raman amplifier is pumped at 400 mW for wavelengths 

1425 nm, 1440 nm, 1450 nm, 1465 nm and 1473 nm as in 

Fig. 3 where in this figure, the calculated gain for the 

PbSe-QD amplifier only is obtained by solving Eq. (1) to 

Eq. (4). We use 100 channels each of width of 1 nm 

spanning a wavelength from 1525 nm to 1625 in this 

calculation. 

 

3.2. Dependence on Raman Fiber Length 

 

In Fig. 4  we show the dependence of the gain profile 

with the length of Raman optical fiber. The optical 

quantum dot amplifier is pumped at 980 nm at 300    

and the Raman fiber is backward pumped at wavelengths 

at 1425 nm, 1440 nm, 1450 nm, 1465 nm, and 1473 nm 

with pumping power of 400   . The gain increases 

significantly around 10 dB with the increase of the Raman 

fiber length by 20 km and the maximum rise is seen at 

wavelength of 1560 nm. The increase in gain with greater 

Raman fiber length could be explained by the rise of 

Stimulated Raman Scattering (SRS) signal amplification 

which is represented by the third term in Eq. (6) that 

increases with length as the signal propagates through the 

Raman fiber. The limiting behavior could be explained by 

the observation that almost all power of 400 mW is 

absorbed by the 20 km fiber. The SRS gain efficiency is 

reduced as the signal wavelength and pumping wavelength 

difference decreases, thus the attenuation which increases 

with increasing Raman fiber length dominates, and the 

gain is reduced as the signal wavelength becomes higher. 

 

 
 

Fig. 3. Gain of 44 cm long PbSe-QD amplifier pumped at  

980 nm at a power of 300 mW 

 
3.3. Dependence on Raman Pumping Power 

 

In Fig. 5, we show the dependence of the gain profile 

with the pumping power of Raman optical fiber. Here, the 

optical quantum dot amplifier is pumped at 980 nm at 300 

   and the Raman fiber is backward pumped at 

wavelengths at 1425 nm, 1440 nm, 1450 nm, 1465 nm and 

1473 nm. A threshold of 200 W for the Raman pumping 

power is required to achieve higher gain. The gain is 

optimum at wavelength 1560 nm. The increase in gain 

with increasing Raman pumping power could also be 

explained by the increase in the (SRS) term amplification 

which increases signal amplification as the Raman 

pumping power increase. 

 

3.4. Dependence on PbSe-QD Fiber Length 

 

In Fig. 6, we show the dependence of the gain profile 

with the length of the PbSe-QD optical fiber. Here, the 

Raman fiber is backward pumped at wavelengths at 1425 

nm, 1440 nm, 1450 nm, 1465 nm, and 1473 nm with 

pumping power of 400    and the optical quantum dot 

amplifier is pumped at a wavelength of 980 nm at 300 

   pumping power. We see that the gain increases with 
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increasing PbSe-QD fiber length reaching an optimum 

length at about 40 cm. This could also be explained by the 

Stimulated Emission Amplification (SEA) – represented 

by the first term in Eq. (4). This increase in gain by the 

ASE process increases the signal power as it propogates 

along the fiber from the pumping power. However, after a 

certain length of around 40 cm, where almost all of the the 

300 mW pumping power is absorbed, almost no ASE gain 

is achived at lengths higher than 40 cm. 

 

3.5. Dependence on PbS-QD Pumping Power 

 

In Fig. 7, we show the dependence of the gain profile 

on the pumping power of the PbSe-QD amplifier fiber. 

Here, the optical quantum dot amplifier is pumped at 980 

nm at a length of 44 cm and the Raman fiber is backward 

pumped at wavelengths of 1425 nm, 1440 nm, 1450 nm, 

1465 nm, and 1473 nm at a power of 400     The 

pumping power for the PbSe-QD fiber is increased from 

50    to 300    in steps of 50   . We see that a 50 

mW PbSe-QD pumping power increases the gain by 

around 10 dB, and it remains almost constant after that. 

The increase in the gain with PbSe-QD pumping power is 

due to the rise of signal power through SEA which 

increases the signal power as the pumping power becomes 

higher, however, this SEA reaches a limiting behavior for 

a value of QD pumping power of around 150 mW.  

 
Table 1. The parameters used in the PbSe-QD simulation 

Parameter Symbol Value 

Core radius a             

Concentration of QD 

particles for each 

radius 

N              

Scattering attenuation 

coefficient 
             

Power Propagation 

direction sign 
   

+ forward, 

- backward 

Pumping power input       Up to 300    

Pumping power 

Wavelength 
          

Signal power input                

Channel Bandwidth    1 nm 

Number of channels     100 

Minimum wavelength 

for the channel 
             

 

 

Table 2. The parameters used in the Raman amplifier simulation [10], [19] 
 

Parameter Symbol Value 

Absorption 

Coefficient 
   0.18 – 0.28 dB/km 

Raman  Gain 

Efficiency 
   

Allwave 0.36         
TrueWave RS 0.6         

SMF 0.39         

LEAF 0.46          

CorningDSF 0.67          

Corning NZDSF  0.72  

        

Rayleigh 

Backscattering 
              

Pumping 

wavelengths 
                    

1425,1440,1450, 1465 and 

1473 nm 

Channel 

Bandwidth 
   1 nm 

Number of 

channels 
    100 

Minimum 

wavelength for 

the channel 

              

 
Table 3. Maximum gain comparison for hybrid PbSe-QD/Raman, Raman only, and PbSe-QD only  

amplifiers using several Raman fibers 
 

Raman Fiber 

Maximum gain (dB) 

PbSe-QD/Raman 
Raman 

only 

PbSe-QD 

only 

TrueWave 31.5  22.5  20.7  

SMF 29.2  14.2  20.7 

LEAF 30.2  17.2  20.7 

  Corning DSF 32.4  27.1  20.7 

Corning NZDSF 31.9  24.7  20.7  

ALLWAVE 28.6  12.7  20.7  
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Table 4. A comparison of maximum gain in hybrid PbSe-QD/Raman, EDFA/Raman and EDFA amplifiers 

 

Amplifier Maximum Gain (dB) 

Hybrid PbSe-QD/Raman  32.4 

EDFA/Raman 41.1  

EDFA  24.3  

 

 

 

 

 

Fig. 4. Hybrid amplifier gain dependence on Raman fiber length for (a)TrueWave RS (b) SMF  (c) LEAF (d) Corning  

DSF, and (e) Corning NZDSF (f) AllWave fibers (color online) 
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Fig. 5. Hybrid amplifier gain dependence on Raman pumping power for (a) TrueWave RS (b) SMF  (c) LEAF  

(d) Corning DSF,(e) Corning NZDSF, and (f)AllWave fibers (color online) 
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Fig. 6. Hybrid amplifier gain dependence on PbSe-QD fiber length for (a) TrueWave RS (b) SMF   

(c) LEAF (d) Corning DSF,(e) Corning NZDSF, and (f)AllWave fibers (color online) 
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Fig. 7. Hybrid amplifier gain dependence on PbSe-QD pumping power for (a) TrueWave RS (b) SMF  

 (c) LEAF (d) Corning DSF,(e) Corning NZDSF, and (f)AllWave fibers (color online) 
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4. Conclusion 
 

By changing the radius of the quantum dots, quantum 

dot optical amplifiers such as PbSe-QD provide desirable 

amplification characteristics over a wide range of 

wavelengths [36]. Raman optical amplification is also 

independent of the signal wavelength, thus a hybrid PbSe-

QD/Raman amplifier would provide an optical hybrid 

amplifier over a wide range of wavelengths and highly 

tunable properties. In this paper, we study for the first time 

a proposed PbSe-QD/Raman amplifier through numerical 

modeling for several commercial Raman amplifiers. The 

proposed amplifier have gain dependence on both the 

PbSe-QD and Raman amplifiers lengths and pumping 

powers over the wavelengths spanning from 1525 nm to 

1625 nm.  We have used numerical modeling to achieve 

an accuracy that is greater than analytical approximations. 

It is shown that  the hybrid amplifier has provided an 

improved gain  compared to the two single amplifiers 

since the dependence on the length and pumping power of 

each amplifier provides limiting behavior. Compared to 

the EDFA/Raman amplifier, the proposed hybrid amplifier 

has lower gain values which is mainly due to the PbSe-QD 

scattering [37]. Further research is required to reach 

optimum values for the parameters under study. 
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