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Abstract 

Space division multiplexing (SDM) based four mode erbium doped fiber amplifier (4M-EDFA) 

system is explored with 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump power respectively. Main objective of 

this work is reduction in inherent differential modal gain (DMG) and differential spectral gain 

(DSG) between amplified signal modes 𝐿𝑃𝑙𝑚 (𝐿𝑃01;  𝐿𝑃11;  𝐿𝑃21 and 𝐿𝑃02) while maintaining high 

modal gain. Differential modal noise figure (DMNF) and differential spectral noise figure (DSNF) 

parameters are introduced to quantify amplified spontaneous emission (ASE) impact in 4M-EDFA980 𝑛𝑚; 1480 𝑛𝑚 system. A modified erbium ion inclusive overlap factor (𝜂𝑠𝑝) and more 

decisive DMG related differential modal overlap factor (DMOF) and DSG related differential 

spectral overlap factor (DSOF) parameters are extracted using coupled mode equations. 

Calculations reveal 𝜂𝑠𝑝 favourably high in 4M-EDFA980 𝑛𝑚 than in 4M-EDFA1480 𝑛𝑚 system. 

However, calculated DMOF and DSOF values are also unfavorably high in the former than in 

latter. Thereby, 4M-EDFA1480 𝑛𝑚 is further explored for the simultaneous reduction in DMOF and 

DSOF values. Modified erbium doped profile (MEDP) 4M-EDFA980 𝑛𝑚;1480 𝑛𝑚 system is 

simulated with erbium ion profile variants: uniform, 𝑁𝑖𝑛𝑣(𝑟) and 𝑁𝑜𝑝𝑡 (𝑟) in the order of their 

improved performances. 𝑁𝑖𝑛𝑣(𝑟) is extracted from inverse sum of normalised signal intensities 

related function and subsequently unique 𝑁𝑜𝑝𝑡 (𝑟) profile is proposed that satisfies reasonably 

differential modal gain equalization criteria. In 4M-EDFA1480 𝑛𝑚 system at 1550 nm wavelength 

respective values with 𝑁𝑖𝑛𝑣(𝑟) and 𝑁𝑜𝑝𝑡 (𝑟) for average modal gain is 24.05 dB, 24.17 dB; DMG 

is 2.4388 dB, 0.3624 dB and DMNF is 2.6862 dB, 0.3278 dB.  

Keywords:  Few-mode erbium doped fiber amplifier∙ Modal gain equalization criteria ∙ Differential modal overlap factor ∙ Differential spectral overlap factor ∙ Modified erbium doped 

profile ∙ Amplified spontaneous emission 

1. Introduction 

The data carrying capacity of a single-mode fiber (SMF) has a fundamental upper limit. The 

restriction of this capacity is enforced by the received optical signal-to-noise ratio established by 

Claude Shannon in 1948 [1]. The resulting non-linear transmission impairments, make it 

impossible to increase spectral efficiency indefinitely by raising the launched power [2]. A 

conventional SMF data carrying capacity limit is determined to be around 100 Tbit/s, which 

corresponds to the single-mode erbium doped fiber amplifier (SM-EDFA) spectral bandwidth (i.e., 
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11 THz including the C and L amplification bands) [3]. For overcoming the capacity bottleneck of 

single-mode fiber, space division multiplexing (SDM) has become a popular study topic in recent 

years as a method of increasing optical fiber transmission rates. SDM can be realized by employing 

multiple parallel systems based on existing single-mode single-core fiber technology or by 

implementing more radical alternatives such as multi-core fibers (MCFs) [4], multi-mode fibers 

(MMFs) [5], and hybrid SDM fibers (e.g., few-mode MCFs) [6].  

   SDM based on few-mode fibers (FMFs), has been studied to achieve system capacity with high 

bit rates [7]. For next generation SDM transmission systems based on mode division multiplexing 

(MDM), we require high performance inline few-mode EDFA (FM-EDFAs). In such MDM 

systems, the N orthogonal modes are used to support N parallel signalling channels, offering an 

N-fold increase in capacity over conventional single-mode single-core fiber technology. This is 

because it provides the key capability of simultaneously amplifying all signal modes, resulting in 

improved efficiency and lower cost per bit. Differential modal gain (DMG) is the most essential 

design parameter, as it reveals the difference in amplification capability of distinct modes. Long-

haul MDM systems require few-mode optical amplifiers that can provide identical gain across all 

signal modes [6]. In single-core fiber transmission, an early MDM based on the first four linearly 

polarized (𝐿𝑃𝑙𝑚) modes (i.e., 𝐿𝑃01; 𝐿𝑃11; 𝐿𝑃21 𝑎𝑛𝑑 𝐿𝑃02) exhibited a record spectral efficiency [8]. 

Due to a scarcity of adequate four 𝐿𝑃𝑙𝑚 mode amplifiers, six single-mode amplifiers and two 3D 

waveguide based spatial demultiplexers are employed to amplify the signal modes in this case. It 

is required to concurrently enhance all spatial modes in one device from a practical standpoint. 

   It is reported that gain equalisation in few-mode amplifiers with more than two 𝐿𝑃𝑙𝑚 modes was 

becoming increasingly challenging due to unique modal profiles [9]. So far, the two most common 

ways for equalizing modal gain have been managing pump modal contents [10][11] and optimising 

erbium spatial distributions [9][12][13]. Other gain equalisation solutions have been described as 

well, such as cladding pumped arrangement [14], designing an EDF with a particular refractive 

index profile [15]. Numerical modelling and testing have shown that these strategies are reliable 

for amplifying various 𝐿𝑃𝑙𝑚 modes. Instead of employing EDFs with ring doping, a four 𝐿𝑃𝑙𝑚 

mode amplifier is used by combining a ring doped and a uniform doped EDF [16]. Due to the 

overwhelming gain in 𝐿𝑃01 and 𝐿𝑃11 modes encountered in the second uniform EDF, the 

undesirable DMG of this combined amplifier is considerable and is 4 dB. Two separate systems 

were identified for the extraction of overlap factors by the using FM-EDFA specific extension of 

the Giles model at 980 nm pump power [17]. The modified erbium doped profile (MEDP) 

technique uses optimum multi-well ion profile which provides a large mean gain of 24.24 dB 

spread over four signal modes with a satisfactory reduction in DMG to about 1.324 dB. Mode 

specific pump combination (MSPC) technique for four-mode EDFA (4M-EDFA) system uses 

three pump modes with a satisfactory reduction in DMG to about 1.55 dB at a large mean gain 

value of about 28.72 dB.  

   This paper is based on MEDP 4M-EDFA system with the aim of exploring the possibility of 

further reduction in various differential performance parameters namely DMG, differential 

spectral gain (DSG), differential modal noise figure (DMNF) and differential spectral noise figure 

(DSNF). According to our investigation, implementation of MEDP in 4M-EDFA with 1480 nm 
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pump power is more beneficial than the system with 980 nm pump power. A modified erbium ion 

profile inclusive overlap factor, 𝜂𝑠𝑝 has been introduced to quantify and ascertain the influence of 

erbium ion profile use in EDFA. The extracted parameters related to 𝜂𝑠𝑝 introduced in this work 

are differential modal overlap factor (DMOF) and differential spectral overlap factor (DSOF).  The 

DMOF (∆𝜂𝑠𝑝,𝜆)  and DSOF (∆𝜂𝑠𝑝,𝑙𝑚)  prove to be decisive parameters. It is shown that 980 nm 

pump power gives higher DMOF (∆𝜂𝑠𝑝,𝜆)  and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) values than 1480 nm pump power. 

Initially, the simulation results are carried on 4M-EDFA980 nm;1480 nm system with a uniform 

erbium ion profile to provide the DMG, DSG, DMNF and DSNF. Comparison of results shows 

that 4M-EDFA980 nm system yields DMG and DSG more than 4M-EDFA1480 nm system. An 

important finding of this work is that DMG and DSG are strongly correlated to DMOF (∆𝜂𝑠𝑝,𝜆)  

and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) respectively. Further, work is focused on 4M-EDFA1480 nm with the aim of 

reduction of differential performance parameters. For the 4M-EDFA1480 nm system, the inverse 

normalized sum of signal intensities based 𝑁𝑖𝑛𝑣(𝑟) profile outperforms the uniform profile on all 

differential performance metrics. The 𝑁𝑜𝑝𝑡 (𝑟)  profile can be obtained by optimizing the 𝑁𝑖𝑛𝑣(𝑟)  

profile using differential coupled mode equations. In terms of differential performance parameters, 

the 𝑁𝑜𝑝𝑡 (𝑟) profile produced thus far outperforms the 𝑁𝑖𝑛𝑣(𝑟)  profile. 

2. Differential modal and spectral gain behavior in 4M-𝐄𝐃𝐅𝐀𝟗𝟖𝟎 𝒏𝒎;𝟏𝟒𝟖𝟎 𝒏𝒎 system       

In this section, the three-level energy state diagram of EDFA is described in terms of three coupled 

mode equations. In this work, modal and spectral gain in 4M-EDFA980 𝑛𝑚 and 4M-EDFA1480 𝑛𝑚 

will be investigated. The coupled mode equations shall be used to evaluate differential 

performance parameters namely DMG, DSG, DMNF and DSNF for the systems. A modified 

transverse overlap integral equation shall be offered that includes the unit less erbium ion profile 

parameter 𝑁(𝑟). This erbium ion inclusive transverse overlap integral 𝜂𝑠𝑝 will be evaluated and 

identified for achieving higher gain per mode with the least possible DMG between them.  Two 

new related parameters introduced in this work, namely DMOF and DSOF have been used to 

analyze and compare the performance of 4M-EDFA980 𝑛𝑚 with 4M-EDFA1480 𝑛𝑚 with a uniform 

profile, 𝑁(𝑟) = 1. In this section, study has been carried for four signal modes, 𝐿𝑃01; 𝐿𝑃11; 𝐿𝑃21 

and 𝐿𝑃02 pumped with 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 respectively. The investigations carried out 

in this section show that the overlap factors of all respective signal modes at all operating 

wavelengths with 𝐿𝑃01;980 𝑛𝑚 is higher than 𝐿𝑃01;1480 𝑛𝑚. However, the main drawback observed 

is that the DMOF and DSOF are also high for 𝐿𝑃01;980 𝑛𝑚 than for 𝐿𝑃01;1480 𝑛𝑚 based 4M-EDFA. 

FM-EDFA considers achieving low DMOF and DSOF as more important than achieving high 

individual modal overlap factors. The low DMOF is an important factor that ensures low DMG 

and hence low DMNF and, similarly, the low DSOF is significant for achieving low DSG and low 

DSNF. 

2.1.   Coupled mode equations description of FM-EDFA 

A simplified representation of a three-level energy system for erbium ion doped optical fiber is 

shown in Fig. 1. For 1480 nm pump power the erbium ions are directly excited from a ground level 𝐸1 (4I15/2) to the upper metastable energy level 𝐸2 (4I13/2). By using 980 nm pump power the erbium 
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ions are excited from ground level 𝐸1 to upper energy level 𝐸3 (4I11/2) first, before quickly relaxing 

down non-radiatively to the metastable energy level 𝐸2 , due to the short lifetime (5-10 µs) of 𝐸3 energy level. This rapid spontaneous decay renders the number of ions in energy level 𝐸3  negligible with respect to the number of ions in metastable energy level 𝐸2 . Thus, the ion 

population in energy level 𝐸3 is neglected for calculating the gain and noise figure of an EDFA 

that uses 980 nm pump power. The use of 980 nm and 1480 nm pump energy is beneficial and 

widely preferred because these avoid the excited state absorption (ESA) of the pump energy. ESA  

reduces the effective population inversion between energy level 𝐸2 and 𝐸1 , thus reducing the 

amplification efficiency of the EDFA [18]. 

 
Fig. 1 Three level energy diagram of erbium doped fiber amplifer 

   At steady state, the normalized ion population in the ground state and metastable state given by 

following Eqs. (1) and (2) are obtained by equating the rate equation to zero [10].  

𝑁1(𝑟,𝜑,𝑧)𝑁0(𝑟,𝜑) =  1𝜏+∑ 𝜎𝑒𝑠(𝑃𝑠,𝑙𝑚(𝑧)+𝑃𝐴𝑆𝐸,𝑙𝑚(𝑧))𝑖𝑠,𝑙𝑚ℎ𝑣𝑠𝑙𝑚1𝜏+∑ (𝑃𝑠,𝑙𝑚(𝑧)+𝑃𝐴𝑆𝐸,𝑙𝑚(𝑧))(𝜎𝑎𝑠+𝜎𝑒𝑠)𝑖𝑠,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑠𝑙𝑚 +∑ 𝑃𝑝,𝑙𝑚(𝑧)(𝜎𝑎𝑝+𝜎𝑒𝑝)𝑖𝑝,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑝𝑙𝑚                               (1) 

 

𝑁2(𝑟,𝜑,𝑧)𝑁0(𝑟,𝜑) =  ∑ 𝜎𝑎𝑝𝑃𝑝,𝑙𝑚𝑖𝑝,𝑙𝑚ℎ𝑣𝑝𝑙𝑚 +∑ 𝜎𝑎𝑠(𝑃𝑠,𝑙𝑚(𝑧)+𝑃𝐴𝑆𝐸,𝑙𝑚(𝑧))𝑖𝑠,𝑙𝑚ℎ𝑣𝑠𝑙𝑚1𝜏+∑ (𝑃𝑠,𝑙𝑚(𝑧)+𝑃𝐴𝑆𝐸,𝑙𝑚(𝑧))(𝜎𝑎𝑠+𝜎𝑒𝑠)𝑖𝑠,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑠𝑙𝑚 +∑ 𝑃𝑝,𝑙𝑚(𝑧)(𝜎𝑎𝑝+𝜎𝑒𝑝)𝑖𝑝,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑝𝑙𝑚                               (2) 

   Here lm defines the signal or pump modes, were l and m are number of zeros in the azimuthal 

and the radial direction respectively. For a particular mode, number of zeros in the azimuthal 

direction is 2l and number of zeros in the radial direction is m-1 [19]. The parameters 𝑣𝑠 and 𝑣𝑝 

are optical frequencies at signal and pump wavelengths respectively, 𝜏 is the spontaneous emission 

lifetime for the excited state, ℎ is the Planck constant and 𝑁0 is the total number of erbium ion 

concentration (𝐸𝑟3+) per unit volume. The parameters  𝜎𝑎𝑠  and 𝜎𝑎𝑝 are absorption cross-section 
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areas whereas 𝜎𝑒𝑠 and 𝜎𝑒𝑝  are emission cross-section areas at signal and pump wavelengths 

respectively. 

   Normalized intensities of signal and pump wavelengths are designated as 𝑖𝑠,𝑙𝑚(𝑟, 𝜑) and 𝑖𝑝,𝑙𝑚(𝑟, 𝜑) respectively, where these parameters give us the distribution of power in radial and 

azimuthal directions. For a particular mode (𝐿𝑃𝑙𝑚), the normalised intensity parameter is a 

function of operating wavelength (𝜆) and waveguided related parameters namely core radius (a), 

refractive indices of core (𝑛1) and cladding (𝑛2).  

   The gain and noise figure along the length of FM-EDFA can be calculated in terms of the 

following wavelength dependent coupled mode equations. These coupled mode equations describe 

the propagation of signal, pump and amplified spontaneous emission (ASE) for each transverse 

mode as given by Eqs. (3), (4) and (5) respectively. In these equations, the 𝐸𝑟3+ doping region 

extends from 𝑎1 ≤ 𝑟 ≤ 𝑎2 [9][20][21]. 

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧 =   𝑃𝑠,𝑙𝑚(𝑧) ∫ ∫ 𝑖𝑠,𝑙𝑚[𝑁2(𝑟, 𝜑, 𝑧)𝜎𝑒𝑠𝑎2𝑎12𝜋0  − 𝑁1(𝑟, 𝜑, 𝑧)𝜎𝑎𝑠]𝑟𝑑𝑟𝑑𝜑                                 (3) 

𝑑𝑃𝑝,𝑙𝑚(𝑧)𝑑𝑧 =   𝑢𝑘𝑃𝑝,𝑙𝑚(𝑧) ∫ ∫ 𝑖𝑝,𝑙𝑚[𝑁2(𝑟, 𝜑, 𝑧)𝜎𝑒𝑝𝑎2𝑎12𝜋0  − 𝑁1(𝑟, 𝜑, 𝑧)𝜎𝑎𝑝]𝑟𝑑𝑟𝑑𝜑                           (4) 

 
𝑑𝑃𝐴𝑆𝐸,𝑙𝑚± (𝑧)𝑑𝑧 = ±𝑢𝑘𝑃𝐴𝑆𝐸,𝑙𝑚± (𝑧) ∫ ∫ 𝑖𝑠,𝑙𝑚[𝑁2(𝑟, 𝜑, 𝑧)𝜎𝑒𝑠𝑎2𝑎12𝜋0  − 𝑁1(𝑟, 𝜑, 𝑧)𝜎𝑎𝑠]𝑟𝑑𝑟𝑑𝜑 

                          ±2ℎ𝑣𝑠∆𝑣 ∫ ∫ 𝑖𝑠,𝑙𝑚𝑁2(𝑟, 𝜑, 𝑧)𝜎𝑒𝑠𝑎2𝑎12𝜋0 𝑟𝑑𝑟𝑑𝜑                                                       (5) 

   Where 𝑢𝑘=1(𝑢𝑘 = −1) denotes a mode travelling in the forward (backward) direction and the 

term 2ℎ𝑣𝑠∆𝑣 denotes the spontaneous emission.  

   The performance parameters evaluated in this work for a 4M-EDFA system are DMG, DSG, 

DMNF, DMOF and DSOF. Whereas 𝜂𝑠𝑝 related parameters DMOF and DSOF will be calculated 

and discussed in section 2.3. 

   The signal gain of any mode is given by 

Gain (dB) = 10𝑙𝑜𝑔10   𝑃𝑠,𝑙𝑚(𝑧=𝐿)  𝑃𝑠,𝑙𝑚(𝑧=0)                                                                                                       (6) 

   Thereby, DMG is expressed as  

DMG (𝜆) = Maximum|𝐺𝑎𝑖𝑛(𝑖, 𝜆) − 𝐺𝑎𝑖𝑛(𝑗, 𝜆)|,    𝑖 ≠ 𝑗                                                              (7) 

   Where i and j are the different signal modes at the same frequency amplified by FM-EDFA. 

 

DSG is defined as the maximum deviation of gain of a mode over given range of frequency and is 

expressed as 
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DSG (𝑖) = Maximum|𝐺𝑎𝑖𝑛(𝑖, 𝜆𝑖) − 𝐺𝑎𝑖𝑛(𝑖, 𝜆𝑗)|,    𝜆𝑖 ≠ 𝜆𝑗                                                          (8) 

   Where 𝜆𝑖 𝑎𝑛𝑑 𝜆𝑗  are different frequency positions of a signal mode. 

The NF of any signal mode can be obtained by  

NF (dB) = 10𝑙𝑜𝑔10[𝑃𝐴𝑆𝐸,𝑙𝑚+ (𝑧=𝐿)𝐺ℎ𝑣𝑠∆𝑣 + 1𝐺]                                                                                              (9)  

   Thereby, DMNF can be calculated as 

DMNF (𝜆) = Maximum|𝑁𝐹(𝑖, 𝜆) − 𝑁𝐹(𝑗, 𝜆)|,    𝑖 ≠ 𝑗                                                               (10) 

   Similarly, DSNF is also expressed as 

DSNF (𝑖) = Maximum|𝑁𝐹(𝑖, 𝜆𝑖) − 𝑁𝐹(𝑖, 𝜆𝑗)|,    𝜆𝑖 ≠ 𝜆𝑗                                                           (11) 

   One of the important factors that determines the gain per mode is the overlap factor (𝜂𝑠,𝑝), which 

is the product of normalized signal intensity and normalized pump intensity along with doping 

profile [17][22]. The transverse overlap factor integral has been modified to include 𝐸𝑟3+ ion 

profile.  Here 𝐸𝑟3+ ion profile inclusive transverse integral has been used to evaluate and compare 

the DMOF and DSOF performance of 4M-EDFA980 𝑛𝑚 and 4M-EDFA1480 𝑛𝑚 systems.  

2.2.   Erbium ion profile inclusive transverse overlap integral  

In this section Eqs. (1) to (3) will be used to describe 𝐸𝑟3+ ion profile inclusive transverse overlap 

integral which is designated by 𝜂𝑠𝑝. By calculating the number of 𝐸𝑟3+ ions at the energy levels 𝐸1 and 𝐸2 of FM-EDFA and substituting these values into coupled mode equations, we can 

determine the dependence of modal signal gain on 𝜂𝑠𝑝.  

   Since the 4M-EDFA system in this work uses only one pump power mode (𝐿𝑃01), the pump 

related term ∑ 𝑃𝑝,𝑙𝑚(𝑧)(𝜎𝑎𝑝+𝜎𝑒𝑝)𝑖𝑝,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑝𝑙𝑚  in Eqs. (1) and (2) reduces to 
𝑃𝑝,01(𝑧)(𝜎𝑎𝑝+𝜎𝑒𝑝)𝑖𝑝,01(𝑟,𝜑)ℎ𝑣𝑝  . 

On substituting the values of 𝑁1(𝑟, 𝜑, 𝑧) and 𝑁2(𝑟, 𝜑, 𝑧) from modified Eqs. (1) and (2) into the 

Eq. (3), we get 

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧 =   𝑃𝑠,𝑙𝑚(𝑧)𝑁(𝑟)̂ ∫ ∫ 1𝐹(𝑟, 𝜑, 𝑧) [𝑃𝑝,01(𝑧){(𝜎𝑒𝑠𝜎𝑎𝑝𝑎2𝑎1
2𝜋

0  − 𝜎𝑒𝑝𝜎𝑎𝑠)    
                                      𝑖𝑠,𝑙𝑚(𝑟, 𝜑)𝑖𝑝,01(𝑟, 𝜑)}/ℎ𝑣𝑠 − 𝜎𝑎𝑠𝑖𝑠,𝑙𝑚(𝑟, 𝜑)/𝜏]𝑟𝑑𝑟𝑑𝜑                          (12) 

𝑑𝑃𝑝,01(𝑧)𝑑𝑧 = 𝑢𝑘𝑃𝑝,01(𝑧)𝑁(𝑟)̂  ∫ ∫ 1𝐹(𝑟, 𝜑, 𝑧) [(𝑃𝑠,𝑙𝑚(𝑧) + 𝑃𝐴𝑆𝐸,𝑙𝑚± (𝑧)){(𝜎𝑒𝑝𝜎𝑎𝑠𝑎2𝑎1
2𝜋

0 − 𝜎𝑒𝑠𝜎𝑎𝑝) 

                                   𝑖𝑝,01(𝑟, 𝜑) ∑ 𝑖𝑠,𝑙𝑚(𝑟, 𝜑)𝑙𝑚 }/ℎ𝑣𝑝−𝜎𝑎𝑝𝑖𝑝,01(𝑟, 𝜑)/𝜏}]𝑟𝑑𝑟𝑑𝜑                   (13) 
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𝑑𝑃𝐴𝑆𝐸,𝑙𝑚± (𝑧)𝑑𝑧 = ±𝑢𝑘𝑃𝐴𝑆𝐸,𝑙𝑚± (𝑧) 𝑁(𝑟)̂ ∫ ∫ 1𝐹(𝑟, 𝜑, 𝑧) [𝑃𝑝,01(𝑧){(𝜎𝑒𝑠𝜎𝑎𝑝−𝜎𝑒𝑝𝜎𝑎𝑠)𝑎2𝑎1
2𝜋

0   
                               𝑖𝑠,𝑙𝑚(𝑟, 𝜑)𝑖𝑝,01(𝑟, 𝜑)}/ℎ𝑣𝑠−𝜎𝑎𝑠𝑖𝑠,𝑙𝑚(𝑟, 𝜑)/𝜏}]𝑟𝑑𝑟𝑑𝜑                                
                          ±𝑢𝑘2ℎ𝑣𝑠∆𝑣𝑁(𝑟)̂ ∫ ∫ ∑ 𝜎𝑎𝑠𝑃𝑠,𝑙𝑚𝑖𝑠,𝑙𝑚ℎ𝑣𝑠 +𝜎𝑎𝑝𝑃𝑝,01(𝑧)𝑖𝑝,01(𝑟,𝜑)ℎ𝑣𝑝𝑙𝑚 𝐹(𝑟,𝜑,𝑧)  𝑎2𝑎12𝜋0 𝑟𝑑𝑟𝑑𝜑                   (14) 

   Where 𝑁(𝑟)̂ is erbium ion concentration (m-3) along the core of FM-EDFA, expressed as  

𝑁(𝑟)̂ = 𝑁0 *𝑁(𝑟)                                                                                                                         (15) 

   Here, 𝑁0 is the erbium ion concentration (m-3) value. The possible values of 𝑁(𝑟) are bound 

between the close range of zero to one. 

    𝐹(𝑟, 𝜑, 𝑧)  is given by 

𝐹(𝑟, 𝜑, 𝑧) = 1𝜏 + ∑ (𝑃𝑠,𝑙𝑚(𝑧)+𝑃𝐴𝑆𝐸,𝑙𝑚(𝑧))(𝜎𝑎𝑠+𝜎𝑒𝑠)𝑖𝑠,𝑙𝑚(𝑟,𝜑)ℎ𝑣𝑠𝑙𝑚 + 
𝑃𝑝,01(𝑧)(𝜎𝑎𝑝+𝜎𝑒𝑝)𝑖𝑝,01(𝑟,𝜑)ℎ𝑣𝑝                   (16) 

   The necessary and sufficient condition for modal gain equalization and hence low DMG value 

is that the signal power variation should be equal between all the modes i.e., 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  must be the 

same for all signal modes at all points along the length [22]. This differential modal gain 

equalization criteria is described by Eq. (17) as 

 
𝑑𝑃𝑠,𝑖(𝑧)𝑑𝑧 = 𝑑𝑃𝑠,𝑗(𝑧)𝑑𝑧                                                                                                                            (17) 

   The absorption and emission cross-sectional areas are dependent only on wavelength in FM-

EDFA and are equal for all modes. Hence, from Eqs. (12) and (17) it is clear that for achieving 

modal gain equalization the transverse overlap factor (𝜂𝑠𝑝) of normalized signal intensity 𝑖𝑠,𝑙𝑚(𝑟, 𝜑), normalized pump intensity 𝑖𝑠,𝑙𝑚(𝑟, 𝜑) and erbium doped profile in case of various 

modes must approach same values. In this paper, a unique erbium doped profile is proposed, 

designated by 𝑁𝑜𝑝𝑡(𝑟)  that enables achieving high modal gain with low DMG between the modes. 

The 𝐸𝑟3+ ion inclusive transverse overlap integral is given by Eq. (18). 

𝜂𝑠𝑝 = ∫ ∫ 𝑁(𝑟)𝑖𝑠,𝑙𝑚(𝑟, 𝜑)𝑖𝑝,𝑙𝑚(𝑟, 𝜑)𝑎2𝑎12𝜋0 𝑟𝑑𝑟𝑑𝜑                                                                        (18)   

   The transverse dependence of the modal intensity is given by 
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𝑖𝑙𝑚(𝑟, 𝜑) =  [𝐴 𝐽𝑙(𝑢𝑙𝑚𝑟𝑎 )𝐽𝑙(𝑈𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)} ]2 ;                 𝑟 < 𝑎 
[𝐴 𝐾𝑙(𝑤𝑙𝑚𝑟𝑎 )𝐾𝑙(𝑤𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2 ;                  𝑟 > 𝑎                                                                    (19) 

    𝐽𝑙 (𝑢𝑙𝑚𝑟𝑎 )   is a Bessel function, 𝐾𝑙 (𝑤𝑙𝑚𝑟𝑎 ) is the modified Bessel function and ‘a’ is the core 
radius.  𝑈𝑙𝑚 𝑎𝑛𝑑 𝑊𝑙𝑚 are eigenvalues of lm mode in the core and cladding respectively.  

   For normalization of intensity profile of any mode, the value of 𝐴2 (‘A’ is known as 
normalization constant) is calculated by [19]. 

𝐴2 ∫ ∫ [𝐽𝑙(𝑢𝑙𝑚𝑟𝑎 )𝐽𝑙(𝑈𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2𝑎02𝜋0 + 𝐴2 ∫ ∫ [𝐾𝑙(𝑤𝑙𝑚𝑟𝑎 )𝐾𝑙(𝑤𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2∞𝑎2𝜋0  =  1                                       (20) 

   Hence, the normalized intensity of any mode in the core of multi-mode optical fiber has been 

expressed as 

𝑖𝑙𝑚(𝑟, 𝜑) = 
[𝐽𝑙(𝑢𝑙𝑚𝑟𝑎 )𝐽𝑙(𝑈𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2

∫ ∫ [𝐽𝑙(𝑢𝑙𝑚𝑟𝑎 )𝐽𝑙(𝑈𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2𝑎02𝜋0 +∫ ∫ [𝐾𝑙(𝑤𝑙𝑚𝑟𝑎 )𝐾𝑙(𝑤𝑙𝑚) {sin(𝑙𝜑)cos(𝑙𝜑)}]2∞𝑎2𝜋0                                                          (21) 

 

   𝑈𝑙𝑚 𝑎𝑛𝑑 𝑊𝑙𝑚 are eigenvalues of lm mode in the core and cladding respectively, defined as 𝑈𝑙𝑚 = 𝑎(𝑛12𝑘2 − 𝛽𝑙𝑚2 )12                                                                                                                (22) 𝑊𝑙𝑚 = 𝑎(𝛽𝑙𝑚2 − 𝑛22𝑘2)12                                                                                                               (23) 

   Where  𝑘 is the propagation constant for light in vacuum. The propagation constants of the 

guided modes 𝛽𝑙𝑚 lie in the range. 𝑛2𝑘 < 𝛽𝑙𝑚 < 𝑛1𝑘                                                                                                                        (24) 

    The normalized frequency is given as  𝑉 = (𝑈2 + 𝑊2)2=𝐾𝑎(𝑛12 − 𝑛22)12                                                                                                (25) 

  The normalized propagation constant ‘b’ for a fiber in terms of Eq. (25) is  

b = 

𝛽2𝑘2−𝑛22𝑛12−𝑛22 = 
𝑊2𝑉2                                                                                                                                (26) 
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   Eqs. (22) to (26) will be used to calculate the eigenvalues, V number and the propagation 

constant for the four signal mode (𝐿𝑃01; 𝐿𝑃11; 𝐿𝑃21 𝑎𝑛𝑑 𝐿𝑃02) and the single pump mode (𝐿𝑃01) 

for both 980 nm and 1480 nm. These values enable us to investigate and compare the DMOF and 

DSOF performance of 4M-EDFA system using 980 nm pump power and 1480 nm pump power 

respectively. 

2.3.   DMOF and DSOF performance of 4M-𝐄𝐃𝐅𝐀𝟗𝟖𝟎 𝒏𝒎;𝟏𝟒𝟖𝟎 𝒏𝒎                                   

In this section, we calculate and compare the DMOF and DSOF performance of the 4M-EDFA 

with 980 nm and 1480 nm pump power respectively. Since the normalized intensity profile is 

wavelength dependent, hence DMOF and DSOF are different for 980 nm and 1480 nm pump 

powers. It will be observed that DMG and DSG are strongly correlated to DMOF and DSOF 

respectively. An erbium doped step-index profile fiber is chosen where the core and cladding 

refractive indices are 1.448 and 1.444 respectively. The resulting weak guidance fiber amplifier 

(
𝑛12−𝑛222𝑛12 ≪ 1) satisfies the field matching conditions at the core-cladding interface. This requires 

boundary continuity of the transverse and tangential field components at the core and cladding 

interface (at r = a) [23]. The eigenvalue equation for the 𝐿𝑃𝑙𝑚 modes may be written by Eq. (27) 

as  𝑈 𝐽𝑙±1(𝑈)𝐽𝑙(𝑈) = ±𝑊 𝐾𝑙±1(𝑊)𝐾𝑙(𝑊)                                                                                                                 (27) 

   Using Eqs. (19) to (26) and thereby solving Eq. (27) allows us to calculate the value of ‘b’ of the 
various modes and their dependence on the optical wavelength and fiber parameters. 

   Consider the seven operating signal wavelengths from 1530 nm to 1560 nm equispaced at 5 nm 

from each other. The erbium doped fiber which has 10 𝜇𝑚 core radius, guides four 𝐿𝑃𝑙𝑚 

modes (𝐿𝑃01; 𝐿𝑃11; 𝐿𝑃21 𝑎𝑛𝑑  𝐿𝑃02) over the frequency range 1530 nm to 1560 nm.  

   Since our system uses only one 𝐿𝑃01 pump power, Table 1 shows calculated eigenvalues of this 

pump mode at 980 nm and 1480 nm pump powers. Table 2 shows the calculated eigenvalues of 

various signal wavelengths for the four signal modes. 

Table 1 Eigenvalues of 𝐿𝑃01 pump mode for 4M-EDFA980 𝑛𝑚 and 4M-EDFA1480 𝑛𝑚 

Pump 

wavelength 

Pump 

mode 
V=ka(𝑛12 − 𝑛22)12 Propagation 

constant (b) 

Eigenvalue 

(U=𝑉√1 − 𝑏 ) 

Eigenvalue 

(W=𝑉√𝑏 ) 

980 nm 𝐿𝑃01 6.8958 0.9076 2.0958 3.8734 

1480 nm 𝐿𝑃01 4.5661 0.8157 1.9604 4.1239 

 



10 

 

Table 2 Eigenvalues of 𝐿𝑃𝑙𝑚 signal modes for 4M-EDFA at various wavelengths over range 1530 nm to 

1560 nm equispaced at 5 nm from each other 

Operating 

wavelength 

Signal 

mode 
V=ka(𝑛12 − 𝑛22)12 Propagation 

constant (b) 

Eigenvalue 

(U=𝑉√1 − 𝑏 ) 

Eigenvalue 

(W=𝑉√𝑏 ) 

1530 nm 

𝐿𝑃01 

 

4.4169 

 

0.8056 1.9475 3.9644 𝐿𝑃11 0.5173 3.0686 3.1769 𝐿𝑃21 0.1631 4.0407 4.2323 𝐿𝑃02 0.0818 1.7837 1.2635 

1535 nm 

𝐿𝑃01 

 

4.4025 

 

0.8046 1.9462 3.9490 𝐿𝑃11 0.5149 3.0662 3.1592 𝐿𝑃21 0.1593 4.0367 1.7571 𝐿𝑃02 0.0785 4.2261 1.2338 

1540 nm 

𝐿𝑃01 

 

4.3882 

 

0.8036 1.9449 3.9337 𝐿𝑃11 0.5125 3.0639 3.1415 𝐿𝑃21 0.1555 4.0326 1.7305 𝐿𝑃02 0.0753 4.2198 1.2041 

1545 nm 

𝐿𝑃01 

 

4.3740 

 

0.8026 1.9436 3.9185 𝐿𝑃11 0.5101 3.0615 3.1240 𝐿𝑃21 0.1517 4.0285 1.7038 𝐿𝑃02 0.0721 4.2134 1.1744 

1550 nm 

𝐿𝑃01 

 

4.3599 

 

0.8015 1.9423 3.9034 𝐿𝑃11 0.5077 3.0591 3.1065 𝐿𝑃21 0.1480 4.0245 1.6770 𝐿𝑃02 0.0689 4.2070 1.1445 

1555 nm 

𝐿𝑃01 

 

4.3459 

 

0.8005 1.9410 3.8883 𝐿𝑃11 0.5053 3.0568 3.0892 𝐿𝑃21 0.1442 4.0204 1.6503 𝐿𝑃02 0.0658 4.2005 1.1146 

1560 nm 

𝐿𝑃01 

 

4.3320 

 

0.7995 1.9397 3.8734 𝐿𝑃11 0.5028 3.0544 3.0719 𝐿𝑃21 0.1404 4.0163 1.6234 𝐿𝑃02 0.0627 4.1940 1.0846 
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   The performance parameter DMOF introduced in this work and designated as ∆𝜂𝑠𝑝,𝜆 can be 

expressed as  ∆𝜂𝑠𝑝,𝜆 = Maximum|𝜂𝑠𝑝,𝜆(𝑖) − 𝜂𝑠𝑝,𝜆(𝑗)|,    𝑖 ≠ 𝑗                                                                         (28) 

   Where 𝜂𝑠𝑝,𝜆(𝑖) and 𝜂𝑠𝑝,𝜆(𝑗) are overlap factors of different signal modes (at the same frequency) 

with a pump mode of the FM-EDFA. 

   The performance parameter DSOF also introduced in this work and designated as ∆𝜂𝑠𝑝,𝑙𝑚 is 

expressed as ∆𝜂𝑠𝑝,𝑙𝑚= Maximum|𝜂𝑠𝑝,𝑖(𝜆𝑖) − 𝜂𝑠𝑝,𝑖(𝜆𝑗)|,        𝜆𝑖 ≠ 𝜆𝑗                                                              (29)    

   Where 𝜆𝑖 𝑎𝑛𝑑 𝜆𝑗  are different frequencies of a signal mode. 

   The calculated values of DMOF (∆𝜂𝑠𝑝,𝜆) and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) are given in Table 3 and Table 4 

for 4M-EDFA980𝑛𝑚 and 4M-EDFA1480𝑛𝑚 respectively. These values have been calculated for 

uniform erbium doping profile, N(r) = 1. From Table 3 and Table 4 calculated entries, it is observed 

that each value of the overlap factors at each operating wavelength and for each signal mode 𝐿𝑃01;980 𝑛𝑚 is greater than that for 𝐿𝑃01;1480 𝑛𝑚. The inspection of Tables 3 and 4 clearly shows 

that the overlap factors of 980 nm pump power are high as compared to corresponding entries 

of 1480 nm pump power. However, the DMOF and DSOF of 980 nm pump power are also 

undesirably high as compared to 1480 nm pump power.   

Table 3 Overlap factors of four signal modes with 𝐿𝑃01 pump mode in 4M-EDFA980 𝑛𝑚 system 

with uniform doping profile, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 

DMOF (∆𝜂𝑠𝑝,𝜆) (1/𝑟𝑎𝑑. 𝑚2) 

1530 nm 1.7884e+10 6.0312e+09 2.8656e+09 1.6549e+10 15.0184e+09 

1535 nm 1.7863e+10 6.0028e+09 2.8485e+09 1.6359e+10 15.0145e+09 

1540 nm 1.7843e+10 5.9741e+09 2.8313e+09 1.6163e+10 15.0117e+09 

1545 nm 1.7822e+10 5.9451e+09 2.8141e+09 1.5961e+10 15.0079e+09 

1550 nm 1.7802e+10 5.9158e+09 2.7967e+09 1.5754e+10 15.0053e+09 

1555 nm 1.7781e+10 5.8863e+09 2.7792e+09 1.5540e+10 15.0018e+09 

1560 nm 1.7761e+10 5.8564e+09 2.7616e+09 1.5320e+10 14.9994e+09 

DSOF (∆𝜂𝑠𝑝,𝑙𝑚) (1/𝑟𝑎𝑑. 𝑚2) 0.1230e+09 0.1748e+09 0.1040e+09 1.2290e+09 
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Table 4 Overlap factors of four signal modes with 𝐿𝑃01 pump mode in 4M-EDFA1480𝑛𝑚 system with 

uniform doping profile, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 

DMOF (∆𝜂𝑠𝑝,𝜆) (1/𝑟𝑎𝑑. 𝑚2) 

1530 nm 1.6059e+10 5.7315e+09 2.8893e+09 1.4611e+10 13.1697e+09 

1535 nm 1.6041e+10 5.7084e+09 2.8727e+09 1.4442e+10 13.1683e+09 

1540 nm 1.6023e+10 5.6850e+09 2.8559e+09 1.4269e+10 13.1671e+09 

1545 nm 1.6004e+10 5.6613e+09 2.8391e+09 1.4091e+10 13.1649e+09 

1550 nm 1.5986e+10 5.6373e+09 2.8221e+09 1.3908e+10 13.1639e+09 

1555 nm 1.5968e+10 5.6129e+09 2.8050e+09 1.3719e+10 13.1630e+09 

1560 nm 1.5950e+10 5.5882e+09 2.7877e+09 1.3524e+10 13.1623e+09 

DSOF (∆𝜂𝑠𝑝,𝑙𝑚) (1/𝑟𝑎𝑑. 𝑚2) 0.1090e+09 0.1433e+09 0.1016e+09 1.0870e+09 

 

   The values of ∆𝜂𝑠𝑝,𝜆 are plotted in Fig. 2 for uniform doping profile at the seven operating 

wavelengths for the two pump powers. From Fig. 2, it is observed that  ∆𝜂𝑠𝑝,𝜆 is undesirably higher 

for 𝐿𝑃01;980 𝑛𝑚 than 𝐿𝑃01;1480 𝑛𝑚 pump mode. The tabular values and Fig. 2 show that ∆𝜂𝑠𝑝,𝜆 does 

not change significantly with the operating wavelengths in the two systems. 

1530 1535 1540 1545 1550 1555 1560

1.20

1.24

1.28

1.32

1.36

1.40

1.44

1.48

1.52

1.56

1.60

 ∆
η s

p
,l

 x
1

0
1
0
(1

/r
a
d

.m
2
)

Wavelength (nm)

 4M-EDFA 980 nm

 4M-EDFA 1480 nm

LP01 LP11 LP21 LP02

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

∆
η s

p
,l

m
x

1
0

9
(1

/r
a
d

.m
2
)

Signal Modes

   4M-EDFA 980 nm

   4M-EDFA 1480 nm

 

Fig. 2 Values of DMOF for 4M-EDFA980 𝑛𝑚 and 

4M-EDFA1480 𝑛𝑚 operating at different signal 

wavelengths  

Fig. 3 Values of DSOF for different signal modes 

for 4M-EDFA980 𝑛𝑚 and 4M-EDFA1480 𝑛𝑚   
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   On the other hand, Fig. 3 is a bar diagram which gives the measure of ∆𝜂𝑠𝑝,𝑙𝑚 for uniform doping 

profile at the different modes for the two pump powers. The parameter value ∆𝜂𝑠𝑝,𝑙𝑚 is high for 

all signal modes with 𝐿𝑃01;980 𝑛𝑚 than 𝐿𝑃01;1480 𝑛𝑚 pump mode. Fig. 3 shows the signal mode 𝐿𝑃02 results in higher values of ∆𝜂𝑠𝑝,𝑙𝑚 than other three modes.     

   In the following section 4M-EDFA simulation setup has been used with three erbium ion profile 

variants: N(r)=1, 𝑁𝑖𝑛𝑣(𝑟) and 𝑁𝑜𝑝𝑡(𝑟). This system is used for the comparison of DMG, DSG, 

DMNF, and DSNF performance evaluation parameters of 4M-EDFA system. 

3.  Simulation based investigation: 4M-EDFA with 𝑳𝑷𝟎𝟏−𝟗𝟖𝟎 𝒏𝒎;𝟏𝟒𝟖𝟎 𝒏𝒎 pump power  

In the sub-section 2.3, mathematical analysis showed that DMOF ( ∆𝜂𝑠𝑝,𝜆) and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) 

are high for 𝐿𝑃01;980 𝑛𝑚 than 𝐿𝑃01;1480 𝑛𝑚 pump mode. Thereby, 4M-EDFA1480𝑛𝑚 is further 

explored for possibility of DMOF and DSOF reduction rather than aim at increasing  𝜂𝑠𝑝 values.  

In this section, we will study the effect of ∆𝜂𝑠𝑝,𝜆 on DMG and DMNF and ∆𝜂𝑠𝑝,𝑙𝑚 effect on DSG 

and DSNF. For that 4M-EDFA based simulation set-up is used with alternative arrangements of 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump modes. Initially the above mentioned performance parameters 

are evaluated for uniform erbium profile N(r) = 1, with the selected pump powers. Due to the 

resulting low values of DMG, DSG, DMNF and DSNF performance parameters, 𝐿𝑃01;1480 𝑛𝑚 

offers a better choice compared to 𝐿𝑃01;980 𝑛𝑚 pump power system. This is followed by 

investigation carried on 4M-EDFA with 𝐿𝑃01;1480 𝑛𝑚 system with the objective to identify unique 

erbium ion profile 𝑁𝑖𝑛𝑣(𝑟) that can further reduce these parameters. This section is finally 

concluded by successfully optimizing 𝑁𝑖𝑛𝑣(𝑟) profile and hence replacing it by a unique optimum 

erbium ion profile 𝑁𝑜𝑝𝑡(𝑟), which will ensure further reduction of DMG, DSG, DMNF and DSNF.  

3.1.     4M-𝐄𝐃𝐅𝐀𝟗𝟖𝟎 𝐧𝐦; 𝟏𝟒𝟖𝟎 𝐧𝐦  system performance with N(r) = 1 profile 

A 4M-EDFA simulation set-up shown in Fig. 4 is used to compare the performance parameters for 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump modes. The simulation is carried out in Optisystem-16 [24]. 

At the input, four mode specific wavelength tunable lasers are used as optical signal sources.  An 

arrangement of two pump lasers has been made, one at 980 nm wavelength and other at 1480 nm 

wavelength both having same modal field (i.e., 𝐿𝑃01). This arrangement supplies either 980 nm 

pump power through key K1 or 1480 nm pump power through key K2. The four signal modes are 

multiplexed with the 𝐿𝑃01;980 𝑛𝑚 pump power when K1 is on and similarly these signal modes will 

be mode multiplexed with LP01;1480 𝑛𝑚 pump power when K2 is on. The four-mode multiplexed 

output along with pump mode is fed to the 4M-EDFA and after amplification the modal 

demultiplexer is used to separate the amplified signal modes. 

The resulting modal gain observations made from dual port WDM analyzers utilize Eq. (7) to 

calculate values of DMG and similarly the resulting modal spatial observation made from spatial 

visualizers use Eq. (8) to calculate values of DSG. The simulation set-up of 4M-EDFA with the 

parameter values are specified in Table 5. 
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Fig. 4 Simulation setup for analysis of 4M-EDFA with alternative arrangements of 𝐿𝑃01,980 𝑛𝑚 and 𝐿𝑃01,1480 𝑛𝑚 pump modes 

   Table 5  Parameter values for comparing performance of 4M-EDFA set-up with 𝐿𝑃01−980 𝑛𝑚;1480 𝑛𝑚 

pump lasers 

Component name Parameter name Parameter value 

 -10 dBm/mode 1550 nm-1560 nm 

Input signal power Wavelength separation (∆𝜆) 5 nm 

 Signal power ( P𝑠) -10 dBm/mode 

Pump Laser 
Pump wavelength (𝜆𝑝) 1480 nm or 980 nm 

Pump power (𝑃𝑝) 26.99 dB/m 

 Core refractive index (n1) 1.448 

 Cladding refractive index (n2) 1.444 

 Length (L) 5 m 

EDFA parameters 

 

Metastable lifetime (𝜏) 10 ms 𝐸𝑟3+ ion density (𝑁0) 15x1024 ions/𝑚3 

 𝐸𝑟3+doping profile (0 ≤ 𝑟 ≤ 𝑎) N(r) uniform =1 

  𝑁𝑖𝑛𝑣(𝑟)  improved 

         𝑁𝑜𝑝𝑡(𝑟) proposed 
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These DMG and DSG values are calculated at all operating wavelengths with respect to 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump modes. These values are shown in Tables 6 and 7. 

Table 6 DMG and DSG of four signal modes with a LP01;980 𝑛𝑚 pump mode, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 DMG (dB) 

1530 nm 26.7573 19.2881 13.4623 19.4934 13.295 

1535 nm 27.1073 20.2086 14.8474 20.3558 12.2599 

1540 nm 25.7669 19.1583 13.9605 19.3862 11.8064 

1545 nm 26.8679 20.7284 15.9644 20.8734 10.9035 

1550 nm 27.1724 21.3739 16.8861 21.4858 10.2863 

1555 nm 27.219 21.7011 17.434 21.8008 9.785 

1560 nm 26.7308 21.4631 17.3718 21.5828 9.359 

DSG (dB) 1.4521 2.5428 3.9717 2.4146  

Table 7 DMG and DSG of four signal modes with LP01;1480 𝑛𝑚 pump mode, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 DMG (dB) 

1530 nm 29.4823 24.2834 20.4905 23.9422 8.9918 

1535 nm 29.7851 25.0499 21.6537 24.6715 8.1314 

1540 nm 28.7806 24.4619 21.2993 24.0623 7.4813 

1545 nm 29.7558 25.6811 22.7652 25.2347 6.9906 

1550 nm 30.0884 26.2211 23.4827 25.7416 6.6057 

1555 nm 30.2159 26.5241 23.922 26.0225 6.2939 

1560 nm 29.9628 26.4559 23.9707 25.9247 5.9921 

DSG (dB) 1.4353 2.2407 3.4802 2.0803  
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The respective values of  𝑃𝐴𝑆𝐸,𝑙𝑚+  obtained from 4M-EDFA unit is used to calculate the NF using 

Eq. (9). Thereby, DMNF and DSNF are calculated form Eqs. (10) and (11).  

   In Table 8 and Table 9 respectively, we present the calculated DMNF and DSNF values for all 

four signal modes at all operating wavelengths with 𝐿𝑃01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump mode.  

 Table 8 DMNF and DSNF of four signal modes with LP01;980 𝑛𝑚, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 DMNF (dB) 

1530 nm 9.0149 12.5521 15.0145 12.0659 5.9996 

1535 nm 7.5121 10.3432 12.1924 9.8311 4.6803 

1540 nm 9.3790 10.9491 12.0194 10.3949 2.6404 

1545 nm 6.1777 7.7430 8.6076 7.1333 2.4299 

1550 nm 4.3478 5.6925 6.3329 5.0389 1.9851 

1555 nm 3.1052 4.1772 4.5939 3.4829 1.4887 

1560 nm 3.3426 3.8784 3.9451 3.1529 0.7922 

DSNF (dB) 5.9093 8.6737 11.0649 8.913  

Table 9 DMNF and DSNF of four signal modes with 𝐿𝑃01;1480 𝑛𝑚, 𝑁(𝑟) = 1 

Operating 

wavelength 
𝐿𝑃01 𝐿𝑃11 𝐿𝑃21 𝐿𝑃02 DMNF (dB) 

1530 nm 8.9137 10.9495 12.3874 11.8670 3.4737 

1535 nm 7.6051 9.0841 10.1130 10.1628 2.5577 

1540 nm 9.8889 10.4350 10.8681 11.5729 1.684 

1545 nm 6.6838 7.1812 7.5771 8.5222 1.8384 

1550 nm 4.9381 5.2551 5.5365 6.7285 1.7904 

1555 nm 3.8304 3.9359 4.0899 5.5122 1.6818 

1560 nm 4.4187 4.1289 4.0369 5.8014 1.7645 

DSNF (dB) 6.0585 7.0136 8.3505 6.3548  
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   Using Tables 6 and 7, DMG values are plotted for LP01;980 𝑛𝑚 and 𝐿𝑃01;1480 𝑛𝑚 pump modes in 

Fig. 5. The DMG values of 𝐿𝑃01;980 𝑛𝑚 are more than 𝐿𝑃01;1480 𝑛𝑚 pump mode at all wavelengths. 

This is because of low ∆𝜂𝑠𝑝,𝜆 at all operating wavelengths in a 4M-EDFA1480 nm system. Hence, 

the simulation results prove the direct correlation of DMG and ∆𝜂𝑠𝑝,𝜆 .  

   DSG values are measured for different signal modes in the bar diagram as shown in Fig. 6 for 

the given system. DSG values are higher at all signal modes for 4M-EDFA980 nm than 4M-EDFA1480 nm system barring 𝐿𝑃01 mode. This is expected because the signal 𝐿𝑃01 and pump 𝐿𝑃01 

have similar modal profile resulting in maximum overlap factors for all operating signal 

wavelengths, a minimum DSOF and hence minimum DSG. In terms of preferred low DMG and 

DSG values, the 4M-EDFA1480 nm is a better choice than 4M-EDFA980 nm when 𝑁(𝑟) = 1, i.e., 

uniform erbium doped profile. 
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Fig. 5 Comparison of DMG values for the 4M-EDFA980 𝑛𝑚;1480 𝑛𝑚 system which operates at 

different signal wavelengths with 𝑁(𝑟) = 1 profile 

Fig. 6 Comparison of DSG values of four signal 

modes for 4M-EDFA980 𝑛𝑚;1480 𝑛𝑚 system with     𝑁(𝑟) = 1 profile

 

   Fig. 7 gives the DMNF values at 4M-EDFA980 nm and 4M-EDFA1480 nm pump mode. It is 

observed that all signal modes have low DMNF for 4M-EDFA1480 nm than 4M-EDFA980 nm pump 

mode at all operating wavelengths except last two wavelengths. This is due to gain inverse 

logarithm dependence, as seen by the NF in Eq (9). A lower NF is produced by a larger gain, while 

a low DSOF produces a low DSNF. Also, Fig. 7 shows that highest value of DMNF occurs for 

4M-EDFA980 nm at 1530 nm wavelength. DMNF reduces for both these systems at higher 

wavelengths. Around 1550 nm wavelength both systems result in same value of DMNF. 

   DSNF for four signal modes is plotted in Fig. 8. All signal modes except 𝐿𝑃01 have higher values 

of DSNF for 4M-EDFA980 nm than 4M-EDFA1480 nm system. This is because of inverse logarithm 

dependence on gain, as indicated by the NF in Eq. (9). A higher gain yields a lower NF, and a low 

DSOF yields a low DSNF. In terms of DSNF performance as well, 4M-EDFA1480 nm outperforms 

the 4M-EDFA980 nm system. 
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Fig. 7 Comparison of DMNF values at different 

signal wavelengths for 4M-EDFA980 𝑛𝑚;1480 𝑛𝑚 

system with 𝑁(𝑟) = 1 profile 

Fig. 8 Comparison of DSNF values of four signal 

modes for 4M-EDFA980 𝑛𝑚;1480 𝑛𝑚 system with 𝑁(𝑟) = 1 profile

   These simulations were carried out for uniform erbium ion profile. Simulation results exhibit a 

strong correlation of DMG and DSG parameters to ∆𝜂𝑠𝑝,𝜆 and ∆𝜂𝑠𝑝,𝑙𝑚 respectively. Since 1480 

nm pump yields lesser values of  DMG, DSG, DMNF and DSNF, 4M-EDFA1480 nm is a better 

choice than 4M-EDFA980 nm system. All further investigations will be carried based on 4M-EDFA1480 nm simulation system. In the following section, a new unique erbium ion profile 𝑁𝑖𝑛𝑣(𝑟) 

function shall be identified that results in the reduction of all the differential performance 

evaluation parameters for the 4M-EDFA1480 nm system.  

3.2.    4M-𝐄𝐃𝐅𝐀𝟏𝟒𝟖𝟎 𝐧𝐦  system performance with 𝑵𝒊𝒏𝒗(𝒓) profile  

To ensure reduction in the differential performance evaluation parameters, the proposed 𝑁𝑖𝑛𝑣(𝑟) 

profile should be capable of linearising the non-uniform plot of the total signal intensity curve over 

the EDFA core. The total signal intensity plot designated by 𝑌(𝑟) is obtained by adding all the 

four normalized signal intensities and integrating the sum along the azimuthal direction over the 

limits 0 to 2 𝜋.  The 𝑌(𝑟) function is plotted in Fig. 9 and represented by Eq. (30) 𝑌(𝑟) = ∫ (2𝜋0 𝑖𝑠,01(𝑟, 𝜑) + 𝑖𝑠,11(𝑟, 𝜑) + 𝑖𝑠,21(𝑟, 𝜑) + 𝑖𝑠,02(𝑟, 𝜑))𝑑𝜑                                          (30) 

   For this figure, we see that the maximum value of 𝑌(𝑟) is observed at the core centre. This is 

expected because of the centered normalized signal intensities 𝑖𝑠,01(𝑟, 𝜑) and 𝑖𝑠,02(𝑟, 𝜑) have high 

effect as compared to non-centered normalized signal intensities 𝑖𝑠,11(𝑟, 𝜑) and 𝑖𝑠,21(𝑟, 𝜑). At the 

core and cladding interface, the value of 𝑌(𝑟) is minimum, because all the signal intensities have 

low value at this point.  

   For reduction in all the differential performance parameters in 4M-EDFA, the proposed 

linearising erbium ion profile 𝑁𝑖𝑛𝑣(𝑟) should be related to the inverse of 𝑌(𝑟) function. 

Corresponding to each value of 𝑌(𝑟) over the core radius, we calculate 𝑌−1(𝑟), shown in Fig. 9. 

The maximum value of 𝑌−1(𝑟) is 3.199×10-11 m2 and occurs at r =10 μm. In order to determine 
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the most appropriate erbium ion concentration over each core segment that can ensure reduction 

of differential performance parameters, a normalized function is determined, given by 

𝑍(𝑟) = 
𝑌−1(𝑟)𝑀𝑎𝑥[𝑌−1(𝑟)]                                                                                                                        (31) 

   This normalized function is plotted in Fig. 10 as a function of core radius with minimum value 

of 0.2672 at r = 0 μm and 1.0000 at r = 10 μm. This plotted function shows 0.7801 at r = 9.5 μm 

as the maximum value that can occur for any mid-point position out of the ten core segments. The 

next step is to divide each value of the normalized function by 0.7801 in order to ensure the 

maximum use of erbium ions in the given profile and yet to maintain the permissible bound 

between zero and one. Resulting traced out function is also shown in Fig. 10 with minimum value 

equal to 0.3426 at r = 0 μm and maximum value equal to 1.2819 at r = 10 μm. This step has shifted 

the value to 1.0000 at 9.5 μm core radius segment position. The resulting linearising erbium ion 

profile represented by 𝑁𝑖𝑛𝑣(𝑟) is the rounded off step function approximation of the normalized 

function. As observed in Fig. 10, the minimum value of 𝑁𝑖𝑛𝑣(𝑟)  is equal to 0.35 in the first core 

segment and the step function builds up to maximum value of 1.00 over the last core segment. 

Since 𝑁𝑜 is a constant and has a value of 15× 1024 ions/m3   as already mentioned in table 5, the 

actual erbium ion concentration over each core segment is given by  

𝑁𝑖𝑛𝑣(𝑟)̂ = 𝑁𝑜 × 𝑁𝑖𝑛𝑣(𝑟)                                                                                                                (32) 

              = 15 × 1024 𝑖𝑜𝑛𝑠/𝑚3× 𝑁𝑖𝑛𝑣(𝑟) 

   The lowest value of 𝑁𝑖𝑛𝑣(𝑟)̂  occurs for the segment 0 to 1 μm and is 5.25× 1024 ions/m3 . On 

the other hand, 𝑁𝑖𝑛𝑣(𝑟)̂   has the highest value for the segment 9 μm to 10 μm and is 15× 1024 

ions/m3.  
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   A comparison of DMG between uniform erbium doped profile, 𝑁(𝑟) = 1 and inverse erbium 

doped profile, 𝑁𝑖𝑛𝑣(𝑟) can be seen in Fig. 11. For the 4M-EDFA1480 nm with 𝑁𝑖𝑛𝑣(𝑟) profile, DMG 

is lower for all operating wavelengths than with uniform doped profile. Fig. 12 compares DSG for 

four signal modes over a given band of wavelength. It is observed that DSG for all four signal 

modes is lower with 𝑁𝑖𝑛𝑣(𝑟)  profile than with 𝑁(𝑟) = 1 profile. 
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Fig. 11 Comparison of DMG values operating at 

different signal wavelengths for 4M-EDFA1480 nm 

with uniform Profile, 𝑁(𝑟) = 1 and with 𝑁𝑖𝑛𝑣(𝑟) 

profile 

Fig. 12 Comparison of DSG values of four signal 

modes for 4M-EDFA1480 nm with uniform profile, 𝑁(𝑟) = 1 and with 𝑁𝑖𝑛𝑣(𝑟)  profile 

 

   Similarly, DMNF and DSNF values have been obtained for uniform erbium profile and 

compared with 𝑁𝑖𝑛𝑣(𝑟) profile of 4M-EDFA1480 nm system. The resulting values have been 

calculated using Eqs. (9) to (11). DMNF plot diagram and DSNF bar diagram are shown in Fig. 

13 and Fig. 14 respectively. Here the observation shows that DMNF is lower at all operating 

wavelengths of 𝑁𝑖𝑛𝑣(𝑟) profile than uniform erbium profile of 4M-EDFA1480 nm system. Similarly, 

DSNF is low for all signal modes of 𝑁𝑖𝑛𝑣(𝑟)  profile than uniform profile of 4M-EDFA1480 nm 

system. 
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Fig. 13 Comparison of DMNF values operating at 

different signal wavelengths for 4M-EDFA1480 nm 

with uniform profile, 𝑁(𝑟) = 1 and with 𝑁𝑖𝑛𝑣(𝑟) 

profile 

Fig. 14 Comparison of DSNF values of four 

modes for 4M-EDFA1480 nm with uniform profile, 𝑁(𝑟) = 1 and with 𝑁𝑖𝑛𝑣(𝑟) profile
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   Although linearising 𝑁𝑖𝑛𝑣(𝑟)  profile of Fig. 10 has resulted in improvement of differential 

performance evaluation parameters, yet there is a scope of identifying its linearising optimum 

variant designated as 𝑁𝑜𝑝𝑡(𝑟). The next objective is to identify an optimum 𝑁𝑜𝑝𝑡(𝑟) profile that 

causes further reduction of differential performance evaluation parameters as well as improves the 

individual gain values at each operating wavelength. 

3.3.   Unique 𝑵𝒐𝒑𝒕(𝒓) profile identification for 4M-𝐄𝐃𝐅𝐀𝟏𝟒𝟖𝟎 𝐧𝐦  system  

In case of the earlier determined 𝑁𝑖𝑛𝑣(𝑟)  profile DMG at 1550 nm wavelength is 2.5541 dB as shown 

in Fig.12. Further reduction of DMG and DMNF is mainly aimed in this section by proposing 𝑁𝑜𝑝𝑡(𝑟) 

profile which is the linearising optimum variant of  𝑁𝑖𝑛𝑣(𝑟). For this the modal gain equalization 

procedure required is described in section 3.3.1. Thereby in section 3.3.2, the identified 𝑁𝑜𝑝𝑡(𝑟) 

profile will be used to compare the system performance with respect to 𝑁𝑖𝑛𝑣(𝑟)  profile for 4M-EDFA1480 nm  system.   

3.3.1.   Modal gain equalization routine 

There are four steps in using the modal gain equation routine, which are as follows. 

   (i) Calculation of 𝜼𝒔𝒑(𝒍𝒎)values for 𝑵(𝒓) = 1: For reduction of DMG and DMNF, we refer back to 

Eqs. (12) to (14). From these equations, the gain and noise are dependent on the overlap factor and 

different fiber parameters. Hence, it is necessary to involve the coupled mode equations for further 

improvement of DMG. Over ten equal segments of core radius, a total of forty combinations of 

overlap factors are calculated between the pump mode 𝐿𝑃01 with each of the signal mode 𝐿𝑃01;  𝐿𝑃11; 𝐿𝑃21 and 𝐿𝑃02 using Eq. (18) for N(r) = 1 and Eq. (21). The values are calculated for 𝜂𝑠𝑝(𝑙𝑚) (𝜂𝑠𝑝(01); 𝜂𝑠𝑝(11); 𝜂𝑠𝑝(21) and 𝜂𝑠𝑝(02)) which are shown in Fig. 15 over the ten core 

segments.  

   (ii) Calculating 
𝒅𝑷𝒔,𝒍𝒎(𝒛)𝒅𝒛  values for all signal modes: Since  

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  value is proportional to the 

overlap factor according to Eq. (12), the magnitude of each value of 𝜂𝑠,𝑝(𝑙𝑚) over the ten core 

segments is a strong indicator of the required change in erbium ion profile that should be brought 

about so that  
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  is favourably modified. Reverting back to Eq. (12), 

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  (
𝑑𝑃𝑠,01(𝑧)𝑑𝑧 ; 𝑑𝑃𝑠,11(𝑧)𝑑𝑧 ; 𝑑𝑃𝑠,21(𝑧)𝑑𝑧  and 

𝑑𝑃𝑠,02(𝑧)𝑑𝑧 ) are initially calculated for 𝑁𝑖𝑛𝑣(𝑟)  profile over each core segment. 

The sufficient condition for modal gain equalization is that the value of  
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  for all modes 

must be equal at all points along the length of EDFA.  

   (iii) Shortlisting the extremes of  
𝒅𝑷𝒔,𝒍𝒎(𝒛)𝒅𝒛  values: Out of all these calculated values of  

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  , two 

extreme values are selected designated by Max[
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧 ] and Min[

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧 ]. These shortlisted 

extremes have to be modified till they approach the nearest common value so that the modal gain 

equalization criteria as given by Eq. (17) is satisfied. According to modal gain equalization criteria 
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the value of 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  for all modes must be equal at all points along the length of EDFA. This 

criterion therefore demands the modification of the shortlisted extremes till they approach the 

nearest common value, so that DMG is reduced.  

   (iv) Neutralizing the extreme 
𝒅𝑷𝒔,𝒍𝒎(𝒛)𝒅𝒛  values: The overlap factor dependence of  

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧   as given 

in Eq. (12) is exploited for neutralizing these extreme values to the nearest common value. Locate 

the core segment with maximum value of the overlap factor given in Fig. 15 for both these 

extremes respectively. Thereby, change the 𝑁𝑖𝑛𝑣(𝑟) erbium ion profile already plotted and 

determined in Fig. 10 in that segment accordingly. This procedure is continued till Eq. (17) is 

reasonably satisfied.  

   As per explained procedure out of these calculated 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  values,  

𝑑𝑃𝑠,21(𝑧)𝑑𝑧  has the highest value 

whereas 
𝑑𝑃𝑠,02(𝑧)𝑑𝑧  has the lowest value. Corresponding to 

𝑑𝑃𝑠,21(𝑧)𝑑𝑧  we locate Max[ 𝜂𝑠,𝑝(21)] equal to 

5.9536× 108 1/rad.𝑚2 in the core segment 6 𝜇𝑚 to 7 𝜇𝑚. The value of 𝑁𝑖𝑛𝑣(𝑟) in this core 

segment is 0.61. Similarly, corresponding to 
𝑑𝑃𝑠,02(𝑧)𝑑𝑧 , we locate Max[ 𝜂𝑠,𝑝(21)] equal to 

5.1787× 109 1/rad.𝑚2 in the core segment 0 𝜇𝑚 to 1 𝜇𝑚 and the value of 𝑁𝑖𝑛𝑣(𝑟) in this core 

segment is 0.35. It would be most appropriate to change these respective 𝑁𝑖𝑛𝑣(𝑟)  erbium ion 

profile to the median value of 0.61 and 0.35, which is 0.5. The resulting modified profile 

designated as 𝑁′𝑖𝑛𝑣(𝑟)  is plotted in Fig. 16.  
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Fig. 15 Calculated 𝜂𝑠𝑝(𝑙𝑚) values due to pump 

power mode 𝐿𝑃01 overlap with respective signal 

power modes 𝐿𝑃01, 𝐿𝑃11, 𝐿𝑃21 and 𝐿𝑃02 over 

each 1 𝜇𝑚 core segment with uniform profile, 𝑁(𝑟) = 1 

Fig. 16 Different doping profile namely 𝑁𝑖𝑛𝑣(𝑟), 𝑁′𝑖𝑛𝑣(𝑟) and 𝑁𝑜𝑝𝑡(𝑟) identified towards 

fulfilment of modal gain equalization criteria 

   This modified profile  𝑁′𝑖𝑛𝑣(𝑟), 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  is again calculated and the resulting two extremes 

Max[
𝑑𝑃𝑠,21(𝑧)𝑑𝑧 ] and Min[

𝑑𝑃𝑠,02(𝑧)𝑑𝑧 ]  are again checked for fulfilment of modal gain equalization 

criteria. In this ensuing step 𝑁′𝑖𝑛𝑣(𝑟)(6𝜇𝑚−7𝜇𝑚) is maintained at 0.5 whereas the adjacent segment 
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𝑁′𝑖𝑛𝑣(𝑟)(5𝜇𝑚−6𝜇𝑚) is also modified from 0.61 to 0.5. Similarly, corresponding to 
𝑑𝑃𝑠,02(𝑧)𝑑𝑧  𝑁′𝑖𝑛𝑣(𝑟)(0𝜇𝑚−1𝜇𝑚) is changed from 0.5 to 0.65 in order to ensure a significant change of low value  𝑑𝑃𝑠,02(𝑧)𝑑𝑧  . The resulting erbium ion profile is now designated by 𝑁𝑜𝑝𝑡(𝑟) which is also shown in 

Fig. 16. Modal gain equalization criteria were rechecked for   𝑁𝑜𝑝𝑡(𝑟) profile and was observed 

that two extremes 
𝑑𝑃𝑠,21(𝑧)𝑑𝑧  and 

𝑑𝑃𝑠,02(𝑧)𝑑𝑧  have decreased and increased respectively to reach a 

reasonable common value. 

3.3.2.   4M-𝐄𝐃𝐅𝐀𝟏𝟒𝟖𝟎 𝐧𝐦 system performance with proposed 𝑵𝒐𝒑𝒕 profile 

For further observations, 𝑁𝑜𝑝𝑡(𝑟) profile is now adopted to confirm the overall improvement of 

all the differential parameters i.e., DMG, DSG, DMNF and DSNF. Using the same simulation 

parameters of Table 5 with EDFA profile changed to 𝑁𝑜𝑝𝑡(𝑟) and pump power of 1480 nm 

wavelength. We observe the effect of wavelength on the respective gains of 𝐿𝑃𝑙𝑚 signal modes as 

shown in Fig. 17.  The result shows that each modal signal has more than 22 dB amplification over 

the input signal power of -10 dBm.  
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Fig. 17 Gain of four signal modes operating at different signal wavelengths 

   Fig. 18 shows that the 𝑁𝑜𝑝𝑡(r) profile has low values of DMG for all operating wavelengths than 𝑁𝑖𝑛𝑣(r)   profile. This offers better results at all operating wavelengths in terms of DMG parameter. 

DSG is also compared for 𝑁𝑜𝑝𝑡(r)  profile with 𝑁𝑖𝑛𝑣(r)  profile and is shown in Fig. 19. The values 

of DSG for the signal modes 𝐿𝑃21 and 𝐿𝑃02 is high for 𝑁𝑜𝑝𝑡(r)  profile than 𝑁𝑖𝑛𝑣(r)  profile. Also 

the DSG for the signal modes 𝐿𝑃01 and 𝐿𝑃11 is high for 𝑁𝑖𝑛𝑣(r)  profile than 𝑁𝑜𝑝𝑡(r)  profile. The 

maximum value of DSG occurs at 𝐿𝑃11 signal mode for 𝑁𝑖𝑛𝑣 profile. Because the 4M-EDFA 

system operates in all modes and system performance is determined by the highest value of DSG, 

the 𝑁𝑜𝑝𝑡(r)  profile outperforms the 𝑁𝑖𝑛𝑣(r)  profile in terms of DSG performance. As a result, the 

erbium profile with the highest DSG value is not a preferred one.  
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Fig. 18 Comparison of DMG values operating at 

different signal wavelengths for 4M-EDFA1480 nm 

with 𝑁𝑖𝑛𝑣(r)  and 𝑁𝑜𝑝𝑡(r)  erbium profile  

Fig. 19 Comparison of DSG values of four signal 

modes for 4M-EDFA1480 nm system with 𝑁𝑖𝑛𝑣(r)  
and 𝑁𝑜𝑝𝑡(r)  erbium profile 

   As shown in Fig. 20, the DMNF of the 𝑁𝑖𝑛𝑣(r)  profile is significantly higher than the DMNF of 

the 𝑁𝑜𝑝𝑡(r)  profile at all operating points. DSNF values are shown in Fig. 21 for four various 

signal modes, with 𝑁𝑖𝑛𝑣(r)  profile having higher DSNF values than 𝑁𝑜𝑝𝑡(r)  profile at 𝐿𝑃11 signal 

mode. The 4M-EDFA system operates in all four signal modes and system performance is 

determined by the highest value of DSNF. As a result, the preferred profile is one that does not 

have the highest DSNF value.  
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Fig. 20 Comparison of DMNF values at 

different operating signal wavelengths for 

4M-EDFA1480 nm with 𝑁𝑖𝑛𝑣(r)  and 𝑁𝑜𝑝𝑡(r)  
profile 

Fig. 21 Comparison of DSNF values of four 

signal modes for 4M-EDFA1480 nm with 𝑁𝑖𝑛𝑣(r)  and 𝑁𝑜𝑝𝑡(r)  profile 
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4.   Conclusion and future scope 

The MEDP 4M-EDFA system is used in this paper to reduce all differential performance metrics. 

MEDP in 4M-EDFA with 1480 nm pump power is more useful than the system with 980 nm pump 

power, according to our work. To quantify and ascertain the influence of erbium ion profile used 

in EDFA, a modified erbium ion profile inclusive overlap factor 𝜂𝑠𝑝 was introduced. This 𝜂𝑠𝑝 is 

identified in order to achieve higher gain per mode with the minimal possible of DMG between 

them. The parameters extracted in this work related to 𝜂𝑠𝑝 are the DMOF (∆𝜂𝑠𝑝,𝜆) and DSOF 

(∆𝜂𝑠𝑝,𝑙𝑚). The study shows that both DMOF (∆𝜂𝑠𝑝,𝜆) and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) are decisive 

parameters. It has been shown that these two parameters are always high for 980 nm pump power 

than 1480 nm pump power. The simulation results show that 4M-EDFA1480 𝑛𝑚 system with 

uniform doping profile gives low differential performance parameters than the 4M-EDFA980 𝑛𝑚 

system. Hence, the simulation results support the strong correlation of DMG and DSG with DMOF 

(∆𝜂𝑠𝑝,𝜆) and DSOF (∆𝜂𝑠𝑝,𝑙𝑚) respectively. In addition, development on 4M-EDFA1480 𝑛𝑚was 

concentrated with the goal of reducing differential performance parameters by creating and 

optimizing the N(r) profile. 

    𝑁𝑖𝑛𝑣(𝑟) is developed from the normalized inverse of sum signal intensities. In terms of all 

differential performance characteristics, 𝑁𝑖𝑛𝑣(𝑟) excels the uniform profile for the 4M-EDFA1480 𝑛𝑚. Even though the 𝑁𝑖𝑛𝑣(𝑟) profile has improved differential performance evaluation 

parameters, there still is a scope to discover its optimum variant, 𝑁𝑜𝑝𝑡 (𝑟) profile. The 𝑁𝑜𝑝𝑡 (𝑟) 

profile is obtained by the following steps: Calculation of 𝜂𝑠𝑝(𝑙𝑚)values for 𝑁(𝑟) = 1; calculating 

the 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  values for all signal modes; shortlisting the extremes of 

𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧  values and 

neutralizing the extreme 
𝑑𝑃𝑠,𝑙𝑚(𝑧)𝑑𝑧   values. So obtained 𝑁𝑜𝑝𝑡 (𝑟) profile provides highly improved 

results than the 𝑁𝑖𝑛𝑣(𝑟)  profile in terms of differential performance parameters. With 𝑁𝑖𝑛𝑣(𝑟) 

profile for 4M-EDFA1480 𝑛𝑚 system at 1550 nm wavelength average modal gain is 24.05, DMG is 

2.4388 dB, DMNF is 2.6862 dB, highest DSG is 2.7293 dB and highest DSNF is 4.6415 dB. 

Similarly, for  𝑁𝑜𝑝𝑡 (𝑟) profile improved average modal gain is 24.17, DMG is 0.3624 dB, DMNF 

is 0.3278 dB, highest DSG is 2.4997 dB and highest DSNF is 3.879 dB. Therefore, this 𝑁𝑜𝑝𝑡 (𝑟) 

profile for 4M-EDFA1480 𝑛𝑚 system with significantly low DMG, DMNF having higher gain per 

mode could be an appropriate choice for the SDM application. 

The future scope of this work is to identify the MEDP that reduces differential performance 

parameters for a system having more than 4 modes. MEDP and MSPC can be simultaneously 

employed in higher order modes to increase the overall system capacity. 
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