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Abstract—Cooperative up-conversion and excited state 

absorption are the main limiting factors of short cavity 

erbium-ytterbium doped fiber lasers like DFB fiber lasers. In 

this report we quantify the influence of these detrimental effect 

by numerical modelling. The results of our analysis 

demonstrate that cooperative upconversion account for almost 

10% in reduction of the laser output power. In addition, laser 

threshold and slope efficiency of the laser are also strongly 

influenced by cooperative upconversion and excited state 

absorption. 

Keywords—DFB, fiber Optic, Fiber Laser, Upconversion, 

Excited State Absorption. 

I. INTRODUCTION  

Rare earth doped Distributed Fiber (DFB) fiber lasers are an 

interesting type of fiber laser because of their unique 

characteristics like mode-hope, free robust single 

longitudinal mode operation, low frequency noise and high 

signal to noise ratio [1]. These unique features make them 

the most preferred candidates for a range of application such 

as, telecommunication [2-4] or sensing [5-7]. 

In a DFB fiber laser, gain is provided by a rare earth doped 

fiber and feedback is accomplished via a fiber Bragg grating 

(FBG) printed throughout this rare earth doped gain 

medium. Due to the foregoing reason, the cavity of a DFB 

fiber laser is often no longer than a few centimeters. To 

achieve significant gain inside such a short distance, high 

rare earth ion concentration is often required. Such high rare 

earth ion concentration leads inevitably to detrimental 

effects such as cooperative upconversion and exited state 

absorption, therefore luminosity quenching occur because of 

the erbium ions, limiting the gain of the laser. To increase 

the erbium ion concentration while avoiding these 

detrimental effects, solutions like using aluminum fiber and 

co-doping erbium with ytterbium ions, have been used. 

However even using these solutions, cooperative 

upconversion and excited state absorption still exist. 

Knowing the exact influence of these effects on the 

performance of a DFB fiber laser will be beneficial in 

designing such devices. 

Multiple numerical modeling of Erbium and Erbium-

Ytterbium DFB fiber lasers have been presented [8-11]. 

However, to the best of our knowledge, none of these 

attempts to quantify the detrimental effects in Erbium-

Ytterbium DFB fiber lasers have been investigated 

sufficiently. In this paper we use a numerical model, based 

on rate equations to simulate DFB fiber laser behaviour. 

First, we take into account the detrimental effect of 

cooperative upconversion and excited state absorption. 

Following that we model the DFB fiber laser without these 

effects. The results of the two simulations are compared to 

provide a difference between the two and quantify the 

influence of these effects. 

 

II. MATHEMATICAL MODEL 

The Er3+-Yb3+ co-doped medium is described by a set of rate 

equations derived from the transition between energy levels 

due to ion-ion and ion-light interaction. The ion–ion 

interactions that were considered were cooperative 

upconversion (CUP) among Er3+-ions and energy transfer 

between Er3+- and Yb3+-ions. Ion-light interactions included 

absorption at the ground state, stimulated emission, and 

absorption at excited states (ESA). In addition to these 

transitions, spontaneous emission and non-radiative decays 

were also considered. The following rate equations were 

used to model the respective population densities: 

 

 𝜕𝑁1
𝜕𝑡

= 𝑊21𝑁2 + 𝐴21𝑁2 + 𝐴41𝑁4

+ 𝐾𝑡𝑟35𝑁3𝑁5

+ 𝐶𝑢𝑝2𝑁2
2 + 𝐶𝑢𝑝3𝑁3

2

−𝑊13𝑁1 −𝑊12𝑁1
− 𝐾𝑡𝑟61𝑁6𝑁1 

(2.1) 

 

 𝜕𝑁2

𝜕𝑡
= 𝑊12𝑁1 −𝑊21𝑁2 − 𝐶𝐸𝑆𝐴23𝑁2

− 𝐴21𝑁2 + 𝐴32𝑁3

− 2𝐶𝑢𝑝2𝑁2
2 

(2.2) 

 

 𝜕𝑁3

𝜕𝑡
= 𝑊13𝑁1 −𝑊21𝑁3 + 𝐶𝐸𝑆𝐴23𝑁2

− 𝐶𝐸𝑆𝐴34𝑁3

− (𝐴32 + 𝐴31)𝑁3

+ 𝐴43𝑁4 + 𝐶𝑢𝑝2𝑁2
2

− 2𝐶𝑢𝑝3𝑁3
2

+ 𝐾𝑡𝑟61𝑁1𝑁6

− 𝐾𝑡𝑟35𝑁3𝑁5 

(2.3) 
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 𝜕𝑁4

𝜕𝑡
= 𝐶𝐸𝑆𝐴34𝑁3 − (𝐴41 + 𝐴43)𝑁4

+ 𝐶𝑢𝑝3𝑁3
2 

(2.4) 

 

 𝜕𝑁5

𝜕𝑡
= 𝑊65𝑁6 −𝑊56𝑁5 − 𝐾𝑡𝑟35𝑁3𝑁5

+ 𝐾𝑡𝑟61𝑁1𝑁6 

(2.5) 

 

 𝑁𝐸𝑟 = 𝑁1 + 𝑁2 + 𝑁3 +𝑁4 (2.6) 

 

 𝑁𝑌𝑏 = 𝑁5 + 𝑁6 (2.7) 

 

In these equations: 

 
𝑊𝑖𝑗 =

𝜎𝑖𝑗𝐼

ℎ𝜈
 (2.8) 

 

 
𝐶𝐸𝑆𝐴23 =

𝜎23𝐼

ℎ𝜈𝑠
 (2.9) 

 

 
𝐶𝐸𝑆𝐴34 =

𝜎34𝐼

ℎ𝜈𝑝
 (2.10) 

 

Where 𝑖 and 𝑗 represent the two energy levels involved in 

the transition and 𝜎𝑖𝑗 the absorption or emission cross 

section of these transitions. 𝑁𝑖 represents the population 

density of rare earth ions at different energy levels. 

Parameters used in the simulation are presented in table 1. 

 

 

TABLE I.   

symbol Parameter value reference 

𝜎12 Er3+ absorption cross 

section at 𝜆𝑠 

8.9 x 

10-25 

m2 

[12] 

𝜎13 Er3+ absorption cross 

section at 𝜆𝑝 

2 x 

10-25 

m2 

[13] 

𝜎21 Er3+ emission cross 

section at 𝜆𝑠 

8.7 x 

10-25 

m2 

[12] 

𝜎31 Er3+ emission cross 

section at 𝜆𝑝 

2 x 

10-25 

m2 

[13] 

𝜎56 Yb3+ absorption cross 

section at 𝜆𝑝 

8.7 x 

10-25 

m2 

[14][15] 

𝜎65 Yb3+ emission cross 

section at 𝜆𝑝 

11.6 x 

10-25 

m2 

[16] 

𝜎23 ESA cross section of 

Er3+ at 𝜆𝑠 

1 x 

10-27 

m2 

[17] 

𝜎34 ESA cross section of 

Er3+ at 𝜆𝑝 

1 x 

10-27 

m2 

[17] 

𝐴21 Spontaneous 

Emission rate of Er3+ 

100 s-1 [18][19] 

𝐴32 Er3+ nonradiative 

decay from 3 to 2 

105 s-1 [20] 

𝐴41 Spontaneous 

Emission rate of  

105 s-1 [20] 

𝐴43 Er3+ nonradiative 

decay from 4 to 3 

100 s-1 [20] 

𝐶𝑢𝑝2 Cooperative 

upconversion 

coefficient from 2 

2.5 x 

10-21 

m3s-1 

[21,22] 

𝐶𝑢𝑝3 Cooperative 

upconversion 

coefficient from 3 

2.5 x 

10-21 

m3s-1 

[21,22] 

𝐾𝑡𝑟35 Energy transfer 

coefficient from Er3+ 

to Yb3+ 

5 x 

10-21 

m3 s-1 

[23],[22] 

𝐾𝑡𝑟61 Energy transfer 

coefficient from Yb3+ 

to Er3+ 

5 x 

10-21 

m3 s-1 

[21],[23],[2

2] 

𝑁𝐸𝑟  Erbium ions density 1.2 x 

1025 

m-3 

- 

𝑁𝑌𝑏  Ytterbium ions 

density 

2.4 x 

1026 

m-3 

- 

𝜆𝑝 Pump wavelength 980 

nm 

- 

𝜆𝑠 Laser wavelength 1550 

nm 

- 

𝐿 DFB Fiber Laser 

cavity length 

50 

mm 

- 

Γ𝑝 Overlap factor at 

pump wavelength 

0.83 - 

Γ𝑠 Overlap factor at 

signal wavelength 

0.64 - 

𝛼𝑝 Background loss at 

pump wavelength 

0.20 

m-1 

- 

𝛼𝑠 Background loss at 

signal wavelength 

0.15 

m-1 

- 

𝑛𝑒𝑓𝑓  Core effective 

refractive index 

1.47 - 

𝑟 Core radius 2.3 

µm 

[24] 

Δ Index difference 9.3 x 

10-3 

- 

a. Sample of a Table footnote. (Table footnote) 

Fig. 1. Example of a figure caption. (figure caption) 

Equations (1) to (7) are solved for Ni in steady state for 

continuous wave operation. This means that all derivatives 

with respect to time will vanish. The resulting system is a 

nonlinear algebraic set of equations. It can be solved 

numerically by means of a Newton Raphson method or any 

other appropriate algorithm . In addition to these equations, 

propagation of the optical field in the periodic grating 

structure is modelled using a system of coupled mode 

equations. These equations describe two counter 

propagating optical fields inside the periodic structure 

created by the fibre Bragg grating. These fields feed energy 

to each other as they propagate due to the presence of the 

FBG. In addition, their respective intensity grow because of 

the presence of gain in the fiber cavity. The coupled 

equations are: 

 



 𝑑𝑅

𝑑𝑧
= (𝑔 − 𝑖𝜎̂)𝑅(𝑧) − 𝑖𝑘𝑆(𝑧) (2.11) 

 

 𝑑𝑆

𝑑𝑧
= −(𝑔 − 𝑖𝜎̂)𝑆(𝑧) − 𝑖𝑘∗𝑅(𝑧) (2.12) 

 

In these equations 𝑅  and 𝑆  are the forward and backward 

propagating field given by: 

 𝑅(𝑧) = 𝐴(𝑧)𝑒𝑥𝑝(−𝑖𝛥𝛽𝑧 + 𝜙 2⁄ ) (2.13) 
 𝑆(𝑧) = 𝐵(𝑧)𝑒𝑥𝑝(𝑖𝛥𝛽𝑧 − 𝜙 2⁄ ) (2.14) 

where 𝑘  is the the “AC” (associated coupling) coefficient 

and 𝜎̂  is a general “DC” (demi coupling) self-coupling 

coefficient and 𝑔  accounts for possible gain, e.g. in DFB 

fiber laser. In the case of a passive grating, 𝑔 = 0. 

The “DC” coupling coefficient is given by: 

 
𝜎̂ ≡ ∆𝛽 + 𝜎 −

1

2

𝑑𝜙

𝑑𝑧
 (2.15) 

Where Δ𝛽 is the detuning from the designed wavelength of 

an infinitesimally weak grating given by: 

 
Δ𝛽 = 2𝜋𝑛𝑒𝑓𝑓 (

1

𝜆
−

1

𝜆𝐵
) (2.16) 

Where 𝜆𝐵  is the Bragg wavelength given by 𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ 

and 
𝑑𝜙

𝑑𝑧
 accounts for the possible chirp of the grating period, 

and 𝜎 =
2𝜋

𝜆
𝛿𝑒𝑓𝑓̅̅ ̅̅ ̅̅  will vanish for weak gratings. These 

coupled equations are solved using the transfer matrix 

method to find R and S. The algorithm for solving the DFB 

fiber laser model can be explained as follow: For a given 

pump power an output power for the DFB fiber laser is 

estimated. The gain medium is divided in a number of equal 

sections (100 in our case). Knowing the input pump power 

at the first section and using the estimates signal output 

power, the gain is found from the population density at each 

energy level obtained from solving the rate equations for 

steady state. This process is repeated until the end of the 

DFB fiber laser cavity. At the end of the laser cavity a 

convergence condition is tested. If the convergence 

condition is satisfied, the process is stopped else, a secant 

shooting algorithm is used to refine the estimation, until 

convergence is achieved. Using this method we were able to 

compute the output power with respect to the pump power.  

 

III. RESULTS AND DISCUSSION 

The method used for quantifying cooperative upconversion 

and excited state absorption consists of solving the system 

model with and without the contribution of these 

phenomena. Results are then compared for different 

conditions like, pump power, phase shift position and 

grating coupling coefficient. 

 
Fig. 1. Gain profile of DFB fiber laser simulated with and without HUC 

and ESA 

 

Fig. 1 shows the gain distribution along the DFB fiber laser 

length. The minimum gain correspond to the location of the 

phase shift of the phase shifted FBG. It can be seen that the 

maximum gain is around 3.4 m-1 for the DFB fiber laser and 

this value drops to around 2.6 m-1 due to UC and ESA. This 

will inevitably result in a significant decrease in output 

power. 

 
Fig. 2. Intensity distribution inside DFB fiber laser 

 

The intensity distribution inside the DFB fiber laser is 

shown in Fig. 2.  The peak corresponds to the location of the 

π phase shift in the FBG. Throughout the length of the laser, 

the intensity of the optical field is lower when UC and ESA 

are taken into account than when these phenomena are 

neglected. 

 

 
Fig. 3. Output power as a function of pump power of a DFB fiber laser with 

and without UC and ESA 

 

The influence of UC and ESA can be seen in Fig. 3. 

Representing the output power as a function of the pump 



power. It can be seen that UC and ESA increase the laser 

threshold from almost 1mW to close to 10 mW. Slope 

efficiency and output power are equally strongly reduced. 

Using a pump power of 120 mW in the simulation, an 

output power of 18.5 mW was achieve when UC and ESA 

were not taken into account. This value drops to 11.85 mW 

when these two phenomena were considered. The threshold 

is increased because, when the pump power is low, the rate 

of metastable level depopulation by ESA and UC is higher 

than the pump rate. Therefore population inversion is not 

achieved. When the pump power becomes sufficiently high, 

the pump rate becomes higher than the metastable level 

depopulation by ESA and UC, therefore oscillation can start. 

 

 
Fig. 4. Left end output power as a function of phase shift position 

 

It can be shown that by placing the π phase shift FBG 

asymmetrically with respect to the ends of the DFB fiber 

laser, the output from the short arm can be an order of 

magnitude higher than that of the long arm [10]. However 

the phase shift cannot be moved completely towards one 

edge, because beyond a certain phase shift position the 

output power starts decreasing again. It means that there 

exists an optimum value of the phase shift position, 

corresponding to maximum output power. In our simulation 

this value was found to be 20.5 mm from the left end, if this 

end is considered to be the output. In addition, the output 

power depends also on the grating coupling coefficient. 

Fig.4. shows the optimum values of grating coupling 

coefficient and phase shift position obtained in our 

simulation. It can be easily seen that the optimum value for 

the coupling coefficient is 150 m-1. However ESA and UC 

has no influence on these π phase shifted and coupling 

coefficient values. 

IV. CONCLUSION 

 

An Erbium-Ytterbium co-doped distributed feedback fibre 

laser was modelled. Simulations were performed and the 

influence of detrimental effects like cooperative up-

conversion and excited state absorption were analysed using 

a numerical model and simulations. It was found that the 

influence of UC and ESA reduced the value of output power 

from 18.5mW to almost 12 mW for a pump power of 120 

mW, thus reducing significantly the efficiency of the laser. 

The above shows that these phenomena cannot be neglected 

when designing a Distributed Feedback Fiber Laser. 
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