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Abstract: In this paper, we report a simulation study on the performance enhancement of Praseodymium doped silica fiber amplifiers (PDFAs) in O-band (1270–1350 nm) in terms of small signal gain, power conversion efficiency (PCE), and output optical power by employing bidirectional pumping. The PDFA performance is examined by optimizing the length of Praseodymium doped silica fiber (PDF), its mode-field diameter (MFD) and the concentration of Pr3+. A small-signal peak gain of 56.4 dB, power conversion efficiency (PCE) of 47%, and output optical power of around 1.6 W (32 dBm) is observed at optimized parameters for input signal wavelength of 1310 nm. Minimum noise figure (NF) of 4.1 dB is observed at input signal wavelength of 1310 nm. Moreover, the effect of varying the pump wavelength and pump power on output optical power of the amplifier and amplified spontaneous emission (ASE) noise is also investigated, respectively. Finally, the impact of ion-ion interaction (up-conversion effect) on small-signal gain of the amplifier is also studied by considering different values of up-conversion coefficient.
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1  Introduction

Recently, a significant increase in bandwidth demand is faced by the network operators due to growing number of internet users both in wired and wireless domains [1,2]. This surge in demand is primarily due to the use of multiple bandwidth hungry applications in our daily life such as different social media platforms, voice over internet protocol (VoIP), Video telephony, high-definition television (HDTV), live streaming, online games, virtual reality platforms, e-health, e-commerce etc. [2]. As a result, the capacity of existing optical networks has expanded during the past few years to such an extent that the conventional 1550 nm optical window is on the verge of its capacity crunch [3]. Therefore, induction of new optical windows is urgently needed, where the scattering and absorption losses should be minimum to accommodate the rapid increase in bandwidth demand. In this regard, the second preferred optical window i.e., 1300 nm is being widely explored for optical communication due to its low overall attenuation of 0.3 dB/km and low value of dispersion that is close to zero [3,4].

The commercial wavelength division multiplexed (WDM) networks that are currently in operation generally use the 1550 nm optical window. This window is generally divided into approximately 160 wavelengths resulting in a combined data rate close to 1.6 Tbps over a standard single mode fiber (SSMF) that spans over lengths in the range of hundreds of kilometers [3,5]. The optical signals transmitted over longer fiber spans are usually attenuated due to fiber attenuation and insertion losses of optical add-drop multiplexers (OADMs) used for frequent add-drop of wavelengths [3]. Therefore, optical amplifiers are essential link elements which are used at regular intervals to compensate for the optical losses incurred due to fiber attenuation and insertion losses of various passive components including OADMs. The dopants generally used to develop doped fiber amplifiers for different optical windows are known as Erbium, Ytterbium, Holmium, Praseodymium and Thulium [3,6]. PDFAs are now commercially available for amplification in the O-band (1260–1360 nm) and are compatible with the second optical window [7]. PDFAs are getting huge research attention as they are expected to play a vital role in realizing the optical transmission systems operating in the 1300 nm optical window to address the bandwidth and capacity related issues of future optical networks. The PDFAs operating in O-band are now widely being used in data center networks (DCNs), metro networks, and access networks (various passive optical network (PON) systems) as booster as well as in-line amplifiers [8].

So far, a handful of research studies have been performed on PDFAs as compared to other rare earth doped fiber amplifiers. Mirza et al. evaluated the performance of PDFA for the wavelength range of 1250–1350 nm by employing a single forward pump source whose length, Pr3+ concentration and pump power are properly optimized. A small-signal peak gain and PCE of 22.7 dB and 12.5 % were respectively observed at 1300 nm [3]. Anashkina and Hu et al. proposed optical amplification schemes in the 4000–5000 nm wavelength range for mid infrared (IR) ultra-short pulses where, double-clad chalcogenide fiber is doped with Pr3+ in [9], double-clad chalcogenide fiber is doped with Praseodymium, Dysprosium, or Terbium ions in [10], and chalcogenide fiber is doped with Pr3+ for cascaded amplification in [11]. Hu et al. investigated the cascaded amplification in a three-level mid IR amplification in a chalcogenide fiber doped with Pr3+ [12]. It has been observed that 45% of the pump power at 2000 nm shifted to signal at 4500 nm. Khamis et al. proposed a Pr3+-doped chalcogenide photonic crystal fiber (PCF) design based on large mode area for high efficiency mid IR fiber laser [13]. Slope efficiency of more than 64% at 4500 nm for fiber loss of 1 dB/m has been obtained. Philippe et al. investigated the gain evolution in the case of alteration of state of polarization of both pump and signal during propagation through a Pr3+/ Tm3+ co-doped fluoride fiber [14]. Gains and PCEs in the range of 25–30 dB and 20%–25% respectively, are obtained. Shan et al. demonstrated a resonantly pumped PDFA operating at 4100 nm employing forward and backward pumping schemes and chalcogenide fiber doped with Pr3+ [15]. It was shown that PCE and output optical power of 62.8% and 7.2 W are obtained with backward pumping. The study in [16,17], considers the impact of concentration of Pr3+ ions on the amplified spontaneous emission (ASE) noise generated by the amplifier. It also considers the optimization of Judd-Ofelt parameters to maximize the cross-section of stimulated emission. Liu et al. [18] proposed a method for obtaining ultra-broadband near IR signal amplification employing a Pr3+ doped ultraviolet (UV)-sensitive Germanium-Tellurite glass fiber in 1280–1680 nm wavelength range. Schimmel et al. evaluated the gain performance of PDFA in the 1250–1350 nm spectral range by employing different pump configurations [19]. Peak small-signal gain of around 15 dB was obtained at 1300 nm at optimized parameters. In [20], the 1310 nm dense wavelength division multiplexing (DWDM) based system level performance of semiconductor optical amplifier (SOA) and PDFA are studied experimentally. The maximum gain obtained was 25 dB for SOA and 20.9 dB for PDFA while, the minimum values of receiver sensitivity for single channel was −11.5 and −11 dBm for SOA and PDFA, respectively. Different samples of chalcogenide fibers with core of special pure Ga (In)-Ge-As-Se glasses doped with different concentrations of Pr3+ have been prepared to experimentally study the broadband photoluminescence in the spectral range of 3500–5500 nm in [21]. The values of the PCEs of these samples at 4700 nm were calculated with the highest value obtained as 29%. Nishida et al. developed an efficient PDFA using PbF2-InF3-based fluoride SMF doped with Pr3+ [22]. A small-signal gain and PCE of 22.5 dB and 11.5%, respectively were obtained. Ohishi et al. investigated the concentration quenching effect in PDFA by considering the different doping concentration of Pr3+ in fluoride fiber operating at the 1300 nm. The authors observed that the doping concentration of around 1000 ppm results into significant degradation in performance [23]. Valles et al. proposed a numerical study to evaluate the gain and ASE performance of PDFA based on fluoride fiber and bidirectional pumping [24]. A peak small-signal gain of around 31 dB is obtained by using a double-path configuration with a reflective type of mirror. In [25], a high output optical power PDFA based on fluoride fiber and single pump source was proposed. A small-signal peak gain and output power of 36 dB and 20 dBm were obtained in double-pass configuration at 1300 nm. Miroslav et al. investigated the transient effect of adding or dropping of wavelengths in WDM networks that are required during reconfiguration or for coping with line failures [26]. The analysis was performed on a network composed of eight Pr3+ doped fluoride fiber amplifiers concatenated together [26]. Tab. 1 presents a comparison between the previously proposed PDFA related studies with our work. The information that has not been provided in a particular study is represented with a dash in Tab. 1.

[image: images]

The highest ever small-signal gain, PCE, and output optical power of PDFA with silica glass host material reported in literature is 22.7 dB, 12.5% and 11 dBm, respectively [3]. Similarly, highest ever small-signal gain, PCE and output optical power of PDFA with fluoride glass host material reported in literature is 40 dB [26], 46% [27] and 20 dBm [25], respectively. Finally, the highest ever small signal gain, PCE and output optical power of PDFA using chalcogenide fibers reported in literature is 30 dB [9], 62.8% [15] and 38.6 dBm [15], respectively. To the best of our knowledge, we report for the very first time an enhanced performance of PDFA by employing the bidirectional pumping where the wavelength of both pumps is 1030 nm. The output power, gain and NF of the amplifier are evaluated by optimizing the length of PDF, concentration of Pr3+ and the MFD of the fiber used. Highest ever small-signal gain of 56.4 dB, PCE of 47% and output optical power of around 1.6 W is observed at optimized parameters for signal wavelength of 1310 nm. In view of the literature discussed earlier, the novel aspects of our work are as under:

     i)  Performance of the PDFA is enhanced by employing a short length of silica fiber doped with Pr3+ and bidirectional pumping.

    ii)  To date, the highest small-signal gain, PCE, and output optical power of 56.4 dB, 47%, and 1.6 W, respectively are achieved at signal wavelength of 1310 nm.

   iii)  Minimum NF of 4.1 dB is observed at signal wavelength of 1310 nm.

    iv)  The effect of up-conversion on small-signal gain of PDFA is also investigated by considering different values of up-conversion coefficient.

The simulation work in this paper has been performed by using the OptiSystem 18 commercial tool from Optiwave Corporation, Ontario, Canada [28]. The enhancement in the performance of PDFA presented in our work gives a design guideline to amplifier manufacturers.

2  Theoretical Background

To design an efficient PDFA for small-signal amplification in O-band, it is necessary to understand the theoretical background of PDF i.e., absorption and emission cross-sections of Pr3+ doped in glass fibers, energy level diagram, and rate equations. Fig. 1 shows the absorption and emission cross-sections and simplified energy level diagram of Pr3+. It may be observed that the blue curve is the ground state absorption (GSA), and the red curve is the emission of Pr3+. Although, the Pr3+ has two pump absorption bands having their peaks centered at 1010 and 1400 nm, but the pump wavelengths in 1000–1040 nm wavelength range are widely used to excite the Pr3+ [3,16,19,23,25]. Similarly, the emission starts at 1220 nm but emission cross-section is maximum around 1300 nm.
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Figure 1: (a) Pr3+ absorption and emission spectra (b) Energy level diagram

The simplified energy level diagram of Pr3+ based on four-level absorption and radiative transitions is shown in Fig. 1b. It may be observed that the main transitions among energy levels are labelled as 1G4, 3P0, 1D0, 3F4, 3F3, 3H5, and 3H4 [28]. 1G4 ↔ 3H4 transitions enable the pump GSA and emission. Similarly, 3H4 → 3F4 and 1G4 → 3H5 transitions hold signal GSA and signal emission. Moreover, the carrier density of 1G4 level can be decreased by the up-conversion effect due to the 1G4 → 1D2 and 1G4→ 3H5 transitions [29] because energy difference between 1G4 and 1D2 levels equals to energy difference between 1G4 and 3H5 levels [3,29]. The carrier densities at each level are represented as n1, n2, n3, n4, and n5 and the total density nt is given by:

nt=n1+n2+n3+n4+n5(1)

Based on the above discussion, the rate equations for energy level diagram of Pr3+ as shown in Fig. 1b can be written as [23]:

dn3dt=γ13n1−(γ35+γ34+γ32+γ31+1τ3+cn3)n3+B43τ4n4+B53τ5n5(2)

dn4dt=(γ35+c2n3)n3−n4τ4(3)

dn5dt=γ35n3−n5τ5(4)

In expressions (2) to (4), the transition rates γ13, γ31, γ32, γ34 and γ35 are given by Ppσ13ηpAchυp, Ppσ31ηpAchυp, Ppσ32ηpAchυs, Ppσ34ηpAchυs and Ppσ35ηpAchυs, respectively. Similarly, B53 and B43 are branching ratios for the 3P0–1G4 and 1D2–1G4 transitions which are evaluated by Judd-Ofelt analysis having numerical values as 2% and 9%, respectively.

The small-signal gain of the PDFA completely depends upon the transitions between 3H4 and 1G4 levels having the carrier densities of n1 and n3, respectively. When a signal passes through the gain medium of PDFA having thickness of dz, then the propagation equation of signal can be written as [29]:

dPsdz=[n3(σ32−σ34)−n1σ13]PsΓs(5)

In above expression, the σ34 is the excited state absorption (ESA) cross-section at the signal wavelength which is not considered by OptiSystem. Therefore, the small-signal gain achieved is given by [29]:

G=Ps(L)Ps(0)=exp[LΓs{n3(σ32−σ34)−n1σ13}](6)

where L is the length of PDF. Tab. 2 describes the various symbols mentioned in Eqs. (1) to (6).
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3  Simulation Setup

The simulation setup implemented to observe the performance of the PDFA is shown in Fig. 2. The gain medium of the amplifier is excited through bidirectional pumps (P1 and P2), where each pump has power and wavelength of 1.5 W and 1030 nm, respectively. Two isolators are also employed in the setup to stop the back reflections from entering the PDF and the continuous wave (CW) laser source. The Pr3+ ions in gain medium of the amplifier get excited from ground energy level (3H4) to higher energy level (1G4) via GSA [3]. As a results, the emission takes place via radiative decay from higher energy level (1G4) to first excited level (1H5) [3]. Dual port WDM analyzer, optical power meter (OPM), and optical spectrum analyzer (OSA) are used for monitoring the results and their analysis. The PDF is one of the most important components of the PDFA which significantly affects the overall performance of the PDFA. The OptiSystem has internally defined the absorption and emission cross-sections for Pr3+ as per specification of the commercially available PDF developed by FiberCore. Various important parameters of PDF such as PDF length, Pr3+ concentration, diameter of the core, MFD and numerical aperture (NA) used in simulations are according to the specifications of commercially available components. The important simulation parameters and their values have been shown in Tab. 3.
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Figure 2: Simulation set-up for PDFA, CW: Continuous wave laser, P1/P2: Bidirectional pumps,OC: WDM Optical coupler, ISO: Optical isolator, PDF: Praseodymium doped fiber, OSA: Optical spectrum analyzer and OPM: Optical power meter
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4  Results and Discussion

Length of PDF, Pr3+ concentration, and MFD are three major design parameters that have a significant effect on the performance of the PDFA [3,25,30]. Therefore, these parameters require proper optimization in order to obtain a high performance PDFA. The performance in terms of gain of the amplifier is evaluated at different lengths of the PDF while keeping the concentration of Pr3+, MFD of the fiber, pump and signal powers at 50 × 1024 m−3, 4.3 μm, 3 W and −30 dBm, respectively as shown in Fig. 3a. It may be observed that the small-signal gain of the PDFA increases as the length of the PDF is increased. This trend can be explained by considering Eq. (6) which shows that the gain of the PDFA depends upon the length of PDF and carrier density at ground state energy level. Moreover, for signal wavelength of 1310 nm, small-signal gain equal to 55.3 and 55.6 dB is observed at PDF lengths of 15 and 20 m, respectively. Since the difference between the gain is negligible for both the PDF lengths, we choose the smaller length of 15 m as the optimized length It may also be observed that there is no significant increase in small-signal gain for PDF lengths of 15 and 20 m, which is due to decrease in population inversion for lengths above 15 m [3,30]. Moreover, for a fixed pump power, the gain saturates at PDF length of 15 m because this limited pump power is not enough to introduce a complete population inversion throughout the PDF, as discussed in [11,31].

Fig. 3b shows signal wavelength versus gain plots as a function of Pr3+ concentration at PDF length, MFD, pump and signal powers of 15 m, 4.3 μm, 3 W and −30 dBm, respectively. It may be observed that peak gain equal to 55.3 dB is obtained when Pr3+ concentration is 50 × 1024 m−3 for signal wavelength of 1310 nm. Again, becomes clear that the small-signal gain of the PDFA increases on increasing the Pr3+ concentration, as explained Eq. (6), which shows that the gain of the PDFA also depends on carrier density at ground state energy level. The small-signal gain tends to saturate after the optimal value of Pr3+ concentration. As Pr3+ ions reside in pairs called clusters, the degree of clustering in PDF increases by increasing the doping concentration, leading to the loss of pumping efficiency [32]. Therefore, increasing the doping concentration reduces or saturates the gain due to up-conversion. Finally, Fig. 3c shows signal wavelength vs. gain plots for different values of MFD at PDF length, Pr3+ concentration, pump and signal powers of, 15 m, 50 × 1024 m−3, 3 W and −30 dBm, respectively. It may be observed that the small-signal gain of the PDFA is around 55.3, 55.7, 56.4 and 56.5 dB at MFD values of 4.3, 3.6, 3.1 and 2.6 μm, respectively, for signal wavelength of 1310 nm. Since the difference between the gain is negligible for MFD values of 3.1 and 2.6 μm, the MFD of 3.1 μm is considered as optimized MFD. Typically, the MFD of a fiber is always greater than the physical diameter of its core [33]. It means that some fraction of optical power is always guided by the fiber cladding. A decrease in MFD means that the mode of the source is matched to that of the fiber and so maximizes the launching efficiency, resulting in an increase of small-signal gain [33].
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Figure 3: Signal wavelength vs. gain plots at different values of (a) PDF length (b) Pr3+ concentration (c) MFD (d) Up-conversion coefficient

The up-conversion effect is an ion-ion interaction and its impact on the PDFA performance is linked to the concentration of Pr3+ in PDF. For PDF having a high concentration of Pr3+ such that nt > 50 × 1024 m−3, the up-conversion tends to degrade the performance of PDFA [34]. In highly doped PDFs, about 10% of Pr3+ ions remain in the ground state, even for high pump powers. When both ions in the pairs are pumped, they rapidly undergo the up-conversion, leading to the loss of pumping efficiency [34]. Fig. 3d shows signal wavelength vs. gain plots for different values of up-conversion coefficient by considering the optimized values of PDF length, Pr3+ concentration, and MFD, while pump and signal powers are 3 W and −30 dBm, respectively. It may be observed that the small-signal gain of the PDFA is highest, having a value of 56.4 dB in the absence of up-conversion effect for signal wavelength of 1310 nm. The gain reduces to 51.7, 18.5 and 13.1 dB by considering the up-conversion effect for up-conversion coefficients of 2 × 10−21 m3 s−1, 2 × 10−20 m3 s−1, and 4 × 10−20 m3 s−1, respectively.

Mathematically, the PCE of PDFA is defined as [3]:

PCE(%)=Pout−PinPp(7)

Pin, Pout, and Pp are the powers of input signal, amplified signal, and pump respectively. We plot pump power against the output optical power at different signal powers to evaluate the PCE of the PDFA for PDF length, Pr3+ concentration, and MFD of 15 m, 50 × 1024 m−3, and 3.1 μm respectively. It is clear from Fig. 4a that the maximum PCE of 47% is obtained when the signal has a power of 0 dBm, while a minimum value PCE of 41% is obtained when the signal power is at −30 dBm. Furthermore, it may also be observed that the lasing threshold is lower when the signal power is higher and vice versa, at a fixed value of pump power, PDF length, Pr3+ concentration, and MFD. Similarly, Fig. 4b shows signal wavelength vs. output power plots of the amplifier as a function of signal power for PDF length, Pr3+ concentration, MFD, and pump power of 15 m, 50 × 1024 m−3, 3.1 μm, and 3 W, respectively. It may be observed that highest output power of 1.6 W is obtained at signal power of 0 dBm.
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Figure 4: (a) Pump power vs. output power plots as a function of signal power (b) Signal wavelength vs. output power plots as a function of signal power

To consider the effect of variation of pump wavelength on output optical power of the PDFA, we have plotted the wavelength of pump (P1) against output optical power at different pump powers for signal power of 0 dBm while keeping the wavelength of the pump (P2) fixed at 1030 nm as shown in Fig. 5a. It is evident from Fig. 5a that output optical power of the PDFA first starts increasing slowly in 1020–1080 nm wavelength ranges from 25.5, 29 and 31 dBm and reaches to 27.34, 31 and 33.5 dBm for pump powers of 1, 2 and 3 W, respectively. Similarly, no significant increase in output optical power of the PDFA can be seen in the wavelength range of 1080–1100 nm for each of the three pump powers. Therefore, we can infer that the PDFA has gone into saturation for wavelengths longer than 1080 nm resulting into no significant increase in output optical power of the amplifier for each value of pump powers as shown in Fig. 5a. This particular behavior of the PDFA can be explained by observing Fig. 1a. It is clear that pump absorption exists in the 960–1080 nm wavelength range for Pr3+. There is a gradual decrease in pump absorption of Pr3+ for wavelengths longer than 1080 nm, which results into a decrease in the small-signal gain of the PDFA and consequently, the output optical power of PDFA stops increasing further [3]. Fig. 5b shows the plot between signal wavelength and ASE noise power as a function of pump power by considering an optimized PDF length, Pr3+ concentration, and MFD for signal power of −30 dBm. It is obvious that the peak ASE is around −1.1 dBm at pump power of 1 W for signal wavelength of 1310 nm. It increases to 2.7 and 4.7 dBm for pump powers of 2 and 3 W, respectively at signal wavelength of 1310 nm. As a result of increasing the pump power, the number of photons generated due to spontaneous emission during the process of optical amplification also increases. Therefore, the ASE noise power also increases with an increase in pump power. Moreover, it may be noticed that the ASE exhibits a decreasing trend for longer wavelengths, which is due to poor population inversion at longer wavelengths [19]. Furthermore, a 3 dB ASE bandwidth of 25 nm is obtained for pump power of 3 W.
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Figure 5: (a) Pump wavelength vs. output power plots as a function of pump powers (b) Signal wavelength vs. ASE plots as a function of pump power

The NF is an important criterion used in characterizing the performance of an optical amplifier. It is the ratio of the input to output signal to noise ratios (SNRs) of the amplifier and can be expressed in dB as [3]:

NF=10log⁡10SNRinSNRout(8)

As a result of spontaneous emission occurring along with stimulated emission inside the doped region of the amplifier, some undesired photons are generated and added to the signal photons, thus reducing the overall SNR of the signal at the output of the amplifier. Therefore, NF is considered to be one of the crucial parameters which can readily reflect the system performance. Fig. 6 shows the signal wavelength vs. NF plots as a function of signal power for an optimized PDF length, Pr3+ concentration, and MFD for pump power of 3 W. NF equal to 4.1 dB, 4.8 dB, and 5.7 dB is observed at wavelength of 1310 nm for signal powers of −30 dBm, −15 dBm and 0 dBm, respectively, as shown in Fig. 6. It is also clear that NF increases on decreasing the signal powers, which is due to the fact that ASE boosts abruptly when signal is weak.
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Figure 6: Signal wavelength vs. NF plot as a function of signal power

5  Conclusions

The performance enhancement of PDFAs in 1270–1350 nm wavelength range based on bidirectional pumping has been reported. A substantial increase in small signal gain, power conversion efficiency, and output optical power of PDFA are observed by considering an optimized length of PDF, Pr3+ concentration, and mode-field diameter. A highest ever small-signal gain, power conversion efficiency, and output optical power of 56.4 dB, 47%, and 1.6 W, respectively are obtained. The effect of up-conversion on performance of the PDFA is also studied.
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Table 1: Literature review of PDFAs

Study No. of  Host material Gain PCE Output NF Operating
pumps power wavelength
[3] 1 Silica 22.7dB 12.5% 11 dBm 52dB 1300 nm
[8] 2 Chalcogenide 30 dB 20% 19 dBm — 4300 nm
[9] 1 Chalcogenide 25dB — — — 4400 nm
[10] 1 Chalcogenide 25dB 45% — — 4500 nm
[14] 1 Chalcogenide 25 dB 62.8% 38.6dBm - 4500 nm
[15] 1 Phosphate 20 dB — — 4.1 dB 1310 nm
[18] 2 Silica 15dB — — — 1300 nm
[19] 1 Silica 209dB - 16 dBm 7 dB 1310 nm
[20] 1 Chalcogenide — 29% 27.8dBm - 4700 nm
[21] 2 Fluoride 22.5dB 11.5% 16 dBm 6.5dB 1310 nm
[22] 2 Fluoride 32dB — — — 1300 nm
[23] 2 Fluoride 31dB — — 7.5dB 1300 nm
[24] 1 Fluoride 36dB — 20 dBm 7 dB 1300 nm
[25] 1 Fluoride 40 dB — — — 1315 nm
[Proposed] 2 Silica 47% 31.5dBm 4.1dB 1310 nm
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Table 3: Important simulation parameters

Parameters Value
Pump wavelength (P1 and P2) 1030 nm
Pump power (P1 and P2) 1.5W
Core radius 1.2 um
Doping radius 0.8 um
Numerical aperture (NA) 0.34
Mode-field diameter (MFD) 3.1 um
Signal attenuation 0.1dB
Pump attenuation 0.15dB
Temperature 300 K
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Table 2: Important symbols used in Eqgs. (1) to (6)

Symbol Description

T3, Ty, Ts Spontaneous lifetimes of 'G,, 'D,, *P, levels

n, + n, +ny + n, + ns Carrier densities at different levels

c Up-conversion coefficient

Vi Transition rate between the i and j levels

P, Pump power

P, Signal power

o Stimulated emission cross-section between i and j levels
s N Fractional pump and signal powers in PDF core
I, Overlap integral of signal

A, PDF core area

L Length of PDF

h Plank’s constant

U,, U, Pump and signal frequencies

n, Total population density
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