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Abstract:



In this paper, a comprehensive study on erbium-doped fiber amplifier (EDFA) characteristics under temperature variation has been performed. The rate and propagation equations that characterize EDFA performance pumped at 980 nm and 1480 nm in the forward direction are solved numerically. The Boltzmann distribution between the pump and the gain wavelength is taken into account, and is found to be effective when pumping only at 1480 nm. In addition, a full comparison between the effect of temperature on some of the EDFA characteristics such as the maximum peak gain, optimum fiber length, saturation input power, and saturation output power has been carried out. The temperature variation in the range from −40 °C to +80 °C is taken into account.
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1. Introduction


In early days, communication systems suffered from many limiting factors concerning the permitted transmission distances due to the absorption mechanisms inside the fiber [1]. The first applied solution to avoid absorption loss was the use of electrical repeaters to enhance the signal while being transmitted [2]. The main drawback was the need to use optoelectronic (O/E) and electrooptical (E/O) energy converters, which caused the system to be more complicated. Additionally, cost is increased and slow rates are gained [1,2]. Optical amplifiers were developed in the early 1980s, but were used commercially in the 1990s [1]. They represented the solution thanks to introducing a fully optical system [3]. The common types of optical amplifiers are: semiconductor optical amplifier (SOA) [4,5,6], Raman amplifier (RA) [6,7] and rare-earth doped fiber amplifier (DFA) [4,6].



Rare-earth DFAs have some advantages over SOAs due to their lower noise and higher gain, while they are also advantageous compared to RAs for their lower cost and higher pump power utilization. Also, amplification using DFAs can cover a wide range of wavelengths of input signals. The range could be from visible to infrared depending on the rare-earth material used as a dopant [2,8]. The most frequently used rare-earth material is the erbium ([image: ]) [2,3]. This is due to its capability of operating in the broad range of the third transmission window at 1550 nm, which is characterized by its minimum attenuation [9]. The amplifier in this case is called an erbium-doped fiber amplifier (EDFA). Other rare-earth elements are also used in several applications such as: lanthanum (La) in the improvement of the microstructure and mechanical properties of some aluminum alloys [10], and ytterbium (Yb) in signal amplification in the 975–1200 nm range [11,12].



An EDFA pumping laser wavelength should be 980 nm or 1480 nm [3,13]. However, the 1480 nm has also some advantages over the 980 nm pumping wavelength. It is less affected by the so-called excited state absorption (ESA) that results from various transitions to upper energy levels in case of strong pumping schemes [14,15], and affects the pump absorption along the fiber [16]. In addition, according to Cüneyt Berkdemir et al. [14], although the 980-nm pumping affords a weaker dependence of the performance of EDFA on temperature than that for 1480-nm pumping, a more effective performance of EDFA at the pumping wavelength of 1480 nm as compared to the 980 nm is obtained for a wide range of temperature and high-pump powers. Other pumping wavelengths are also available such as: 510 nm, 532 nm, 665 nm, and 810 nm. However, these wavelengths suffer from the ESA. Different pumping configurations can be used such as forward, backward, or even bi-directional configuration [17]. Modeling EDFA gain and its characteristics has been studied in the literature, in addition to gain temperature dependency. However, the main concern was only dedicated to the gain variation with temperature [12,18,19,20]. Another drawback is the use of complicated methods in some of these studies [20,21]. Also, the EDFA gain dependency on temperature has been used in some sensing applications [22]. Despite this, to the best of our knowledge, no complete and comprehensive investigation has been driven regarding the EDFA characteristics’ dependency on temperature.



The aim of this work is to present a simple analytical model to follow and use to fully study the temperature impact on EDFA gain in case of 1480-nm pumping schema. The temperature range under study is −40 °C to +80 °C. Here, the solutions are calculated numerically, and summations replace the integrals of the previous work [14,23]. In addition, previous work has focused on gain temperature dependency. In our work, the investigation of temperature effect is extended to include the effect of more EDFA parameters such as the maximum peak gain, optimum fiber length, saturation output signal power, and saturation pump power.



This paper is organized as follows. Section 2 introduces the simple proposed analytical model. The obtained results following this model are presented and discussed in Section 3. This is followed by the main conclusions in Section 4.




2. Analytical Model


In EDFA, the signal to be amplified and the pump signal are multiplexed together into the doped fiber. The EDFA amplification is achieved by the stimulated emission of the input signal photons. In addition, spontaneous emission takes place and reduces the efficiency of light signal amplification through amplified spontaneous emission (ASE). Concerning the pumping wavelength, a three-energy level model is used for 980-nm pumping as in Figure 1, while a two-level model can be used for 1480-nm pumping [2,3,23]. In Figure 1, R13 and R31 represent, respectively, the pumping and stimulated emission rates between levels 1 and 3. W12 and W21 represent the stimulated absorption and stimulated emission rates between levels 1 and 2, respectively. [image: ] is the assumed dominant radiative spontaneous decay rate from level 2 to level 1 [3]. This radiative decay is the reciprocal of fluorescence life time ([image: ]). [image: ] represents the assumed dominant non-radiative spontaneous decay rate from level 3 to level 2 [3]. It can also be noted from the figure that the ground state 4I15/2 is a manifold consisting of eight sublevels of energy [image: ]; meanwhile, the meta-stable state 4I13/2 is a manifold consisting of seven sublevels of energy [image: ] [24], where the superscript j refers to the sublevel order.


Figure 1. Energy level illustration for Er-doped silica fiber.
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Complete population inversion can be achieved with 980-nm pumping, while incomplete inverted population is noticed in the case of 1480-nm pumping [14].



To study the EDFA amplification through the fiber length in the signal direction of propagation, two sets of equations are needed: the rate equations and the propagation equations. All of these equations depend on the absorption and emission cross-sections of the dopant, which is erbium in our study.



2.1. Absorption and Emission Cross-Sections


The absorption or emission cross-section is a material characteristic that determines the rate of a transition such as absorption or stimulated emission transition. An accurate determination of absorption and emission cross-sections is necessary in order to get an exact solution for both rate and propagation equations. Usually, the absorption cross-section is measured experimentally using commercial spectrophotometers [8,25]. Many techniques have been raised in order to get a complete representation of both cross-sections, such as: Ladenburg–Fuchtbauer relation [26], and McCumber relation [8,27]. The McCumber relation is usually used to relate the absorption and emission cross-sections due to its great validity and simplicity [2,28]. The McCumber relation takes the form [27]:


[image: ]



(1)




where [image: ] is the emission cross-section, [image: ] is the absorption cross-section, [image: ] is Boltzmann’s constant, T is the absolute temperature, [image: ] is Planck’s constant, [image: ] represents the operating frequency, and [image: ] is the net free energy required to excite one [image: ] ion from the 4I15/2 to the 4I13/2 state at temperature T.



It can be noted that at only one frequency ([image: ] = ε/h), the two spectra of the cross-sections are the same. At higher frequencies (shorter wavelengths), the absorption cross-section is larger, while at lower frequencies (longer wavelengths), the emission cross-section is larger [8].




2.2. Rate Equations


We take into account the three-level model, as shown in Figure 1. The population density in energy level 1 (ground state), energy level 2 (metastable state), and energy level 3 (pumping state) are N1, N2, and N3, respectively.



The system of differential rate equations is driven as follows [2,3,29]:


[image: ]



(2a)
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(2b)
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(2c)





Assuming the steady-state condition ([image: ]) and solving the three differential rate equations yields [3,30]:


[image: ]



(3a)




where N represents the total [image: ] ion density. Then:


[image: ]



(3b)




where [image: ] is negligible due to the very fast life time for the energy level 3 (~1 μs) as compared to that of the energy level 2 (~10 ms) [2,3,16].



The rates W12, W21, R13, and R31 are related to the absorption and emission cross-sections through the following equations [3,29,30]:


[image: ]



(4a)
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(4b)
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(4c)
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(4d)




where [image: ] is Planck’s constant, and [image: ] is the fibereffective area doped with [image: ] ions. [image: ] and [image: ] are, respectively, the signal power transmitted through the fiber and the pump power driven into the fiber along its length. [image: ] and [image: ] represent the amplified sponteneous emission (ASE) power in both forward and backward directions, respectively. [image: ] and [image: ] represent the signal and pump frequencies, respectively. [image: ], [image: ], [image: ] and [image: ] represent the absorption ([image: ]) and emission ([image: ]) cross-sections at the signal ([image: ]) and pump ([image: ]) wavelengths, respectively.



The overlap factors at the signal and pump wavelength are, respectively, [image: ] and [image: ]. They can be obtained through using the following equation [3]:


[image: ]



(5)




where [image: ] represents the erbium ion [image: ] doping radius, and [image: ] represents the mode radius, which can be calculated using several models. The model used here is the Myslinski one [31]:


[image: ]



(6)




where [image: ] is the fiber core radius, and [image: ] is the normalized frequency, which is defined as:


[image: ]



(7)




where [image: ] is the operating wavelength and [image: ] is the numerical aperture.



In case of multichannel signals, the final form of the rate equations should be changed to be [2]:


[image: ]



(8)







Equation (8) is used in case of studying the change of the parameter under test with the signal wavelength. In this case, several input signals with different wavelengths are multiplexed together within the same fiber.



It is worthy to mention that in case of temperature variation, modified rate equations should be used that depend on the Boltzmann distribution law [32]. Its effect is very small in the case of 980-nm pumping and can be neglected, while it causes a remarkable change in the case of 1480-nm pumping [14]. Therefore, it will be taken into consideration when studying the propagation equations.




2.3. Propagation Equation


The propagation equations are studied here in order to represent the full distribution of each signal while propagating through the fiber. Based on the Giles and Desurvire model [2,33] and by using the modified rate equations, the propagation equations are [14,23]:


[image: ]



(9a)
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(9b)
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(9c)




where z is the propagation direction through the fiber, and [image: ] is the homogeneous bandwidth.[image: ] and [image: ] are the fiber loss for the signal and pump, respectively. Both losses can be neglected in the case of short fiber, which is our case [2]. Here, β is defined as the Boltzmann factor. It is the only factor, in addition to the emission and absorption cross-sections, that depends on temperature. It can be obtained from the Boltzmann distribution law [32]:


[image: ]



(10)




where Δ[image: ] ([image: ]) represents the difference in energy between the upper and the lower sublevels’ energies [image: ] and [image: ], respectively [3].




2.4. Gain and Optimum Fiber Length Calculation


EDFA gain (G) along the fiber length (L) is defined as the ratio of the signal output power at the fiber end ([image: ]) to the input signal power driven inside the fiber ([image: ]), i.e.,


[image: ]



(11)







The optimum fiber length is defined as the typical fiber length designed in order to get maximum EDFA gain. It is important for evaluating the EDFA performance, and can be obtained using the model proposed by Desurvire, Nusinsky et al., and Lin et al. [3,21,30]. Another simpler model that fits our simulation parameters and results in a complete accordance between analytical and graphical results is [15]:


[image: ]



(12a)




where:


[image: ]



(12b)









3. Results and Discussion


A variety of evaluation parameters such as maximum peak gain, optimum fiber length, [image: ], saturation signal power, [image: ], and saturation pump power, [image: ], are investigated. Each parameter is tested for several other related parameters such as the change of the driven input signal power, [image: ], fiber length, L, and driven pump power, [image: ]. The effect of temperature on each parameter is then tested, and the results are graphically displayed.



In this paper, all of the investigations are made on an Al/P-Silica EDFA at room temperature (27 °C) [34] using the parameters shown in Table 1 [21]. To calculate the EDFA gain, first, the rate equations, Equations (3)–(5), are solved together. The effect of temperature on cross-sections is carried out using the McCumber relation, Equation (1), and the overlap factor is calculated from Equations (5)–(7). Then, the propagation equations are solved together from Equation (9) using a forward explicit Euler’s method. Here, the effect of temperature is presented in this set of equations through both the cross-sections and the Boltzmann factor. For the sake of comparison, we have chosen the temperature range from −40 °C to +80 °C such as in the work of Kemtchou et al., Bolshtyansky et al., Berkdemir et al., Öszoy et al., and Husein at al. [19,20,23,35,36]. The value of [image: ] was chosen to be 200 cm−1 for simplicity [14]. Some boundary conditions are taken into account. First, we consider that the amplified spontaneous emission (ASE) power in the forward direction, [image: ], is zero at the entry of the EDFA. Also, ASE power in the backward direction, [image: ], is considered to be zero at its end.


Table 1. Al/P-Silica erbium-doped fiber amplifier (EDFA) parameters used in simulation [21].





	Parameter
	Symbol
	Value





	Core effective area
	[image: ]
	1.96 × [image: ]



	[image: ] ion doping radius
	B
	2.5 [image: ]



	Pump wavelength
	[image: ]
	1480 nm



	Signal wavelength
	[image: ]
	1532 nm



	Pump absorption cross-section
	[image: ]
	2.4312 × [image: ]



	Pump emission cross-section
	[image: ]
	0.7164 × [image: ]



	Signal absorption cross-section
	[image: ]
	6.2778 × [image: ]



	Signal emission cross-section
	[image: ]
	5.5644 × [image: ]



	Fluorescence life time
	𝜏
	10.8 ms



	Total [image: ] ion density
	N
	1 × [image: ] ion/[image: ]



	Core refractive index
	N
	1.5



	Numerical aperture
	NA
	0.18









The values of all of the needed parameters in the simulation are shown in Table 1. The used absorption and emission cross-sections at room temperature are extracted from the work of Miniscalco [34], and are typical for Al/P-Silica erbium-doped glasses.



We validate the accuracy of the used analytical model in our work to the study concerning the optimum fiber length, which was calculated already and introduced by Geguo et al. [15]. The procedure is accomplished by setting β = 1, and the obtained values are found in a complete agreement with that mentioned and simulated in Figure 5 in the work of Geguo et al. [15]. Another check was accomplished using the given parameters by Nusinsky [21], where again a fair agreement was found between the obtained results and already simulated results in Figure 2 by Nusinsky [21].


Figure 2. Emission cross-sections change wavelengths at different temperatures.



[image: Applsci 08 01640 g002]






3.1. Emission Cross-Section Variation with Temperature


In order to investigate the influence of temperature on the emission cross-section, the wavelength at which the two cross-sections spectrums are equal is of great importance. From the experimental work, this wavelength was found to be 1537.9 nm [34] and the net free energy, [image: ] required to excite one [image: ] ion from the 4I15/2 to the 4I13/2 has been calculated from its experimental definition ([image: ] to be 0.8078 eV. Finally, the McCumber relation has been applied to the emission cross-section, and its variation with temperature in the range from −40 °C to +80 °C is shown in Figure 2. A small variation in gain amplitude with a slight variation in temperature is noticed, but with no shift toward longer or shorter wavelengths. Hence, it can be revealed that the window at which the signal is amplified is not affected by the temperature variation. Another observation from Figure 2 is that the wavelength at which all of the emission cross-section curves meet the absorption cross-section curve is 1537.9 nm. At shorter wavelengths, an increase in temperature causes an increase in the value of the emission cross-section. At longer wavelengths, the effect is opposite, and the emission cross-section decreases with temperature. Our results are found to be in a good agreement with those obtained by J. Kemtchou et al. [19].




3.2. Temperature Effect on EDFA Gain


The EDFA gain is displayed, in Figure 3, versus the input signal wavelength at −40 °C and +80 °C for the two different pumping wavelengths. The fiber length is chosen to be 5 m. The input pump and signal power are 200 mW, and 10 μW, respectively. As expected, in both parts (a) and (b), the maximum gain is achieved at ~1531 nm, which corresponds to the wavelength of the maximum emission cross-section.


Figure 3. Gain variation with signal wavelength at different temperatures when pumped with (a) 980 nm and (b) 1480 nm.
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The effect of [image: ] and its variation with temperature is also considered in Figure 3, for both pumping cases. Figure 3a shows that [image: ] has no effect in the case of 980-nm pumping. However, in the case of 1480-nm pumping, it has a noticeable effect, as depicted from Figure 3b. This agrees with the results obtained by Cüneyt Berkdemir et al. [14]. Noting that, neglecting the [image: ] effect leads to a false increase in the gain value by around 4 dB at a signal wavelength of 1531 nm for both temperature values. It is also noted that the effect of [image: ] is neglected in the case of 1480-nm pumping at longer signal wavelengths, ~1600 nm, which is out of the scope of our study.



It is worthy to study the significant impact of temperature on the EDFA gain. Below a certain wavelength, the increase in temperature has a positive influence on the gain. On the other hand, after this wavelength, the effect is negative, and a decrease in gain is observed. This wavelength is 1542 nm in the case of the 980-nm pumping schema, while its value is 1535 nm in the 1480-nm pumping case.




3.3. Maximum Gain Variation with Temperature


The EDFA gain variation with input signal wavelength that is represented in Figure 3 showed two different peaks. One narrow peak is located around 1530 nm, while another wider peak is located at around 1550 nm. In case of a 3-m Al/P-Silica EDFA with the input and pump powers of 10 µW and 80 mW, respectively, the maximum of the two peaks is the narrow one located at exactly 1532 nm. Its variation with the operating temperature is depicted in Figure 4.


Figure 4. Maximum gain variation with temperature compared to a linear best fit (dotted red).
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From Figure 4, it can be noted that the maximum gain value at the 1532-nm input signal wavelength shows a nearly linear decrease in its value with the increase in the surrounding temperature while working at an environmental temperature higher than −20 °C. This linear behavior is also proved through the linear best fitting simulated in the figure by the dotted red line. It is worthy to mention that changing any of the EDFA operating parameters will affect the maximum gain variation with temperature.




3.4. Optimum Fiber Length Variation with Temperature


The optimum fiber length, Lopt, investigation shows its dependency on several parameters such as input signal power and input pump power as follows.



3.4.1. Dependency of Lopt on Input Signal Power


The effect of input signal power on Lopt variation with temperature is studied in Figure 5. Three different input signal powers are chosen: 1 μW, 5 μW, and 10 μW. The corresponding optimum fiber length is calculated using Equation (12) for an input pump power of 200 mW. For the case of the maximum gain amplification channel located at 1532 nm and pumped using a pump wavelength of 1480 nm, the signal and pump overlap factors are calculated using Equations (5)–(7), and are found to be 0.6986 and 0.7165, respectively. A decrease in the value of the optimum fiber length with the input signal power is observed. This is needed in the fiber design; otherwise, no maximum gain could be obtained. This result is in fair agreement with both the numerical and analytical solutions of Inna Nusinsky et al. [21].


Figure 5. Variation of [image: ] with temperature for three different input signal powers: 1 µW, 5 µW, and 10 µW.
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It is also noticeable that while changing the environmental temperature, there is a certain temperature value at which the value of Lopt is maximized. At lower temperature values, the Lopt value increases with the increase in temperature, while an opposite behavior occurs at higher temperature values. Concerning this limiting temperature at which Lopt is at its maximum, its value decreases with the increase in the driven input signal power, as illustrated in Figure 5.




3.4.2. Dependency of Lopt on Input Pump Power


The effect of input pump power on Lopt variation with temperature is studied in Figure 6. Three different input pump powers are chosen: 50 mW, 100 mW, and 200 mW, while the corresponding Lopt is calculated using Equation (12). To accomplish the simulation, an input signal power of 10 μW is used. An increase in Lopt is noticed with increasing input pump power, which supports the best fiber length design that is needed to acquire the highest possible gain.


Figure 6. Variation of [image: ] with input pump power using [image: ] = 10 μW at different temperatures with [image: ].
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Also, it is noticed that a certain temperature value exists at which the value of Lopt is maximized, as already stated in the last section. At lower temperature values, the value of Lopt increases with the temperature increase. However, at higher temperature values, a decrease in the corresponding value of Lopt is noticed. Concerning this limiting temperature at which Lopt is at its maximum, its value decreases with the increase in the driven input pump power, as illustrated in Figure 6.





3.5. Saturation Signal Power Variation with Temperature


The study of the saturation signal power [image: ] is of great importance in order to have a complete overview concerning the maximum possible input signal power that could be driven to the fiber without affecting its output gain. The saturation signal power could be defined as the input signal power at which the gain has been reduced by 3 dB of its small-signal gain. From previous studies [2,3], increasing the input signal power will push into the saturation region because, in this case, the number of photons of the input signal will be higher than the number of carriers in the meta-stable state. The saturation signal power investigation shows its dependency on the input pump power. This will be explained as follows.



To calculate the saturation signal power, the gain versus the input signal power should be driven first for each parameter that needs to be studied. The input signal power related to a value of gain lower than the maximum gain value by 3 dB represents the saturation signal power. The gain versus the input signal power is depicted in Figure 7. The EDFA length is 2 m, and the input pump power is 200 mW.


Figure 7. Gain versus input signal power.
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The effect of temperature has been studied in the range from −40 °C to +80 °C. It is worthy to choose the fiber length to be Lopt. It could easily be calculated to be 6.86 m using Equation (12) in which the simulation data for [image: ], [image: ], [image: ] and T have the following values: 0.05 mW, 200 mW, 1530 nm, and 300 K, respectively. This choice will afford a high gain of ~36.9 dB in the case of a very low input signal power at −40 °C. However, this length will not provide gain saturation in the case of a low-input power signal, and hence the concept of calculating [image: ] will not be accomplished, which is why we have chosen the fiber length to be 2 m. Another important observation is that the gain versus the input signal power variation with temperature is clearer in the case of 1480-nm pumping rather than 980-nm pumping, because this last case is less sensitive to temperature variation [13]. This result led Paul Kai Nu Ko et al. [22] to use a laser with a wavelength of 1480 nm in their sensing application using EDFA.



Figure 8 represents the effect of changing the pump power on the saturation signal power variation with temperature. The fiber length is chosen to be 2 m, and the temperature is in the range from −40 °C to +80 °C. An increase in the value of the saturation signal power with temperature is noticeable. Hence, working at higher temperature ranges will afford higher opportunities to amplify input signals while conserving a flat output amplified signal. Also, one can notice the increase in the saturation pump power due to the temperature increase with the increase of the driven signal power in the case of the 1480-nm pumping.


Figure 8. Saturation signal power variation with temperature.
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3.6. Saturation Pump Power Variation with Temperature


The saturation pump power is another important factor in the study of the fiber performance in order to have a complete overview concerning the minimum required pump power to have an optically amplified signal. It could be defined as the input pump power at which the gain has been reduced by 3 dB of its saturation gain value. From previous studies [2,3], increasing the input pump power will increase the number of carriers in the meta-stable state, and this continues until all of the carriers in the ground state are stimulated into the meta-stable state. At this level, any increase in the number of carriers in the meta-stable state will not affect the amplification, and the saturation region is reached. The saturation pump power investigation shows its dependency on several parameters, such as: input signal power and signal wavelength, as follows.



The gain versus input pump power should be obtained first at different temperatures using the 1480-nm pumping wavelength, as shown in Figure 9. The EDFA length is 4 m, and the input signal power is 10 μW. The effect of temperature is studied in the range from −40 °C to +80 °C. Again, the higher temperature sensitivity of the 1480-nm pumping compared to the 980-nm pumping regime is revealed when comparing the gain versus input pump power variation with temperature for both cases, as previously stated in Section 3.5.


Figure 9. Gain versus input pump power.
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The effect of the input signal power on the saturation pump power variation with temperature is displayed in Figure 10. A 4-m fiber length is pumped using an 1480-nm laser beam at a temperature range from −40 °C to +80 °C. A notable decrease is observed in the value of the saturation pump power with the increase of the temperature. Also, one can notice the negative impact of temperature on the saturation pump power variation with the increase of the driven signal power in the 1480-nm pumping case.


Figure 10. Saturation pump power variation with temperature.
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4. Conclusions


In this study, the rate and propagation equations that characterize EDFA performance pumped at both 980 nm and 1480 nm in the forward direction are solved numerically, and the obtained results are displayed graphically. The main EDFA parameters are investigated in the temperature range from −40 °C to +80 °C. A 1480-nm pumping wavelength is chosen for its lower neglected ESA and its effective performance as compared to other pumping schemes. The obtained results showed a small but effective variation of the emission cross-section with temperature. The effect of the Boltzmann factor and its variation with temperature is taken into consideration, and is found to be effective only in the case of 1480 nm. In general, the obtained results imply a better gain performance at higher temperatures. The maximum gain is found to be decreased linearly for temperatures greater than −20 °C. Regarding the optimum fiber length, its variation with temperature shows a maximum value at a certain temperature while fixing either the input signal power or pump power. The value of this temperature decreases with the increase of the input signal power and the pump power. The saturation signal power increases, and the saturation pump power decreases with the temperature increase.
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