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In the present paper, a net effective gain of multi-pumping Raman 
amplifier in  ultra-wavelength division multiplexing (UW-WDM) and  
ultra long-haul (ULH) optical communication systems has been modeled 
and parametrically investigated over wide ranges of affecting parameters, 
taking into account the polarization effect. NR pumps are processed with 
or without equal spectral spacing. The effective fiber core area, the gain 
coefficients and the amplified spontaneous emission power ASE (as a 
measure of the minimum detectable power) are calculated over the 
operating wavelength. The above three quantities are cast in simple 
polynomial forms. The average net Raman gain, the on-off Raman gain, 
the signal-to-noise ratio at the effective length has been investigated also. 
The obtained results are employed to find the average repeater spacing 
over the spectral range under the processing. It is concluded that for 
repeater spacing, the total injected Raman powers are the vital factor 
rather than the number of amplifiers, while for the gain spectral width, the 
number of amplifiers is the vital factor. The central wavelength of the 
subset of channels that propagates in a link indicates the order of link. 
The total number of links in the core determines the ultimate values of 
different effects. 
 
KEYWORDS: Multi-Pumping Raman Amplifiers, Ultra-Long Haul 
Optical Communication Systems, Ultra-Wide Wavelength Division 
Multiplexing 

 

I. INTRODUCTION 
Fiber Raman amplification using transmission line is a promising technology to 
increase the repeater distance as well as the capacity of the communication systems. 
Because of the growing importance of fiber Raman amplification, it is desired to 
predict the magnitude and shape of the Raman gain spectrum from the doping level and 
refractive index profiles of different fiber designs. 

Distributed Fiber Raman Amplifier (FRA) using the transmission line as a 
Raman gain medium is a promising technology available for the long haul 
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communication systems, especially for Wavelength Division Multiplexing (WDM), 
where simultaneous amplification of multi-channel lightwave signals is needed, ,as 
well as for repeaterless transmission, where optical gain is required for compensation 
of the fiber loss. FRA is to amplify optical signals in optical fibers, based on 
transferring the power from the pump beam to the signal via Raman interaction 
between the light and vibrational modes of the glass. Typically, the Raman gain 
coefficient in fused silica peaks at a Stokes shift of about 13.2 THz with a 3 dB 
bandwidth of about 6 THz. FRAs exhibit several attractive features for applications in 
transmission systems, as: i) Simplicity of amplifier architecture, ii) Low noise, iii) 
Broad gain spectrum, iv) Flexibility of transmission window, and v) Higher saturation 
power [1,2]. 

Recent progress in broad-band Raman amplifiers for WDM transmissions was 
reviewed. The fundamentals of Raman amplifier were discussed in contrast to erbium-
doped fiber amplifiers to show excellent applicability of both amplifiers to WDM 
transmissions in the opposite extremes. A new technique called "WDM pumping" was 
introduced to obtain sufficient, ultrabroad, and flat gain in Raman amplifiers only using 
WDM diode pumps. The maximum available Raman gain using this scheme will be 
increased in accordance with the increasing output power of pump lasers. Then, other 
limiting factors such as double-Rayleigh-scattering noise may become important. 
However, the detailed studies in case of WDM pumping based on diode lasers have yet 
to be conducted [3-5]. 

A comprehensive analysis of the temperature dependence of a Raman 
amplifier and the scaling of the Raman gain coefficient with wavelength, modal 
overlap, and material composition was presented [6]. Also, the temperature 
dependence was derived by applying a quantum theoretical description, whereas the 
scaling of the Raman gain coefficient was derived using a classical electromagnetic 
model. Experimental verification of the theoretical findings was presented also.  
 A novel numerical method for the standard propagation equations of Raman 
amplifiers with multiple pumps, was presented and derived based on four-step Adams-
Bashforth method [7]. 
 A series of experiments for 128 x 10 GB/s ULH applications and 64 x 40 GB/s 
ultra-high capacity (UHC) applications based on a common single-wideband platform 
were discussed: To increase the applicability of their results, fiber dispersion and loss 
were carried out and chosen to be in accordance with commercially deployed spans. A 
simple system margins and small transmission penalties were demonstrated on two 
fiber types true wave reduced slope (TWRS) and standard single mode fiber (SSMF), 
and validate the feasibility of this approach for deployment in a commercial network. 
Finally, a simple implementation of an OADM was demonstrated, yielding no 
observed degradation due to filter-narrowing and/or device dispersion for different sets 
of multiplexing/de-multiplexing devices [8,9]. 
 160 Gb/s single-channel transmission using a scheme consisting of two super 
large effective area (SLA) fibers separated by an inverse dispersion fiber (IDF) and 
Raman amplification had been investigated numerically [10,11]. Backward pumping, 
bidirectional pumping, and second-order pumping were investigated. For the three 
schemes, about the same systems the reach of 2500 km was obtained. 
 An efficient and stable algorithm based on the simple-shooting method to 
solve the fiber Raman-amplifier equations was proposed and numerically demonstrated 
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by Q. Han et. al.,[12]. In the algorithm, the conventional Newton-Raphson method was 
substituted by a more efficient and stable modified Newton method to serve as the 
correction mechanism in the shooting iterations. By introducing the Broyden's rank-
one method into the modified Newton method, the time-consuming calculation of the 
Jacobian matrix was dramatically relieved, and the efficiency of the proposed 
algorithm was further remarkably improved. An effective initial-guess providing 
technique for the shooting method had also been proposed. Simulation results show 
that the efficiency of the proposed algorithm was improved more than three times 
compared with those of the previously reported methods. This algorithm can be used in 
the design of various kinds of FRAs to predict their gain and noise performance 
accurately [12]. 
 In the present paper, the characteristics of multi-pumping Raman amplifiers 
employed in ultra-high capacity (UHC) and ultra-long haul (ULH) applications will be 
deeply and parametrically investigated over wide ranges of affecting causes. 
 

II. BASIC MODE; GOVERNING EQUATIONS, AND ANALYSIS 
 

 In the present paper, Nt optical channels are transmitted through NL optical 
links for the sake of UHC. Multi-pumping Raman amplifiers are employed via the use 
of NR pumps of equal or unequal powers and equal spectral spacing for the sake of 
ULH. The following characteristics are processed at NR = {4,6,8,10}: i) The net 
effective gain constant, Gc, ii) The average effective area, Aeff., iii) The average on-off 
gain, Goo, iv) The average amplified spontaneous emission, ASE, v) The average 
signal-to-noise ratio, SNR, and finally vi) The average repeater spacing, Rs. 
 

II.1. Numerical data 

The following numerical data are employed to obtain the best performance which 
achieve both UHC and ULH: 75.1     ,  ,    4.1 ≤≤ mwavelengthsignalopticals µλ , 

55.1    m ,wavelength signal pumping ,    4.1 R ≤µλ≤ , PR: pumping power = 0.2 
Watt/pump, NR: number of pumps {4,6,8,10}, Nt: total number of channels up to 
14400 channels, NL: total number of links up to 480 links, and 

01.0    difference index fractivere  relativen      004.0 ≤∆≤  
 Thus, there is a number of channels per link Nch = Nt /NL, these Nch possess a 
central wavelength λcL given by: 
 choLicL N)5.0N( −δλ+λ=λ  ,     (1) 

 )1N/()( tif −λ−λ=δλ ,       (2) 
with λi = 1.4 µm , λf = 1.75 µm , and NoL is the order of link {1,2,3,….., NL}. 
 

II.2. Basic Model 

On the same spirit of [13], we have derived the following expression for the solution of 
the simplified two rates nonlinear-coupled differential equations that describe the 
propagation of both the signal power Psi and the pump power PRj given under the 
forms:  
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NRR is the number of amplifiers of wavelengths λRj less than λsi, where NRR ∈ 
{1,2,3,…….,NR}. The set of coefficients {Go, G1, G2, G3} are recast under the forms: 

cRRo GNG = , [ ] c1si1sachc1 GN/)iN()1i(GG =λλ−−−= ,

[ ] c2Rj2sachc2 GN/NGG =λλ= , and [ ] c3RJRaRc3 GN/)JN()1J(GG =λλ−−−= . with 

>Γ=< A/gGc  the average gain coefficient over a link, 2/)( 1iNch1sa +λ+λ=λ , 

Rjsisch1s2sa    ,2/)( λ≥λλ+λ=λ  

Then, on the same spirit of [13], we assume: 
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The use of Eqns. (11) and (12) in Eqns. (3) and (4) yields: 
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 For All wave fiber, the assumption σsi = σRj = σa is good. Thus, Eqns. (13) and 
(14) give (neglecting here only the interactions G1 and G3) 
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where: RR2o24 N/NG/GG == , thus we obtain: 
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The integration yields: 
 Tsio2RjoRRsi2RjRR PPNPNCUNWN =+==+ .    (19) 

C is a constant and is determined from the initial conditions. 
 The right hand side of Eqn.(19) presents the total injected power at the link 
entrance (L=0.0). From Eqn.(19), we have: 
 RRsi2TRj N/)UNP(W −=       (20) 

The use of Eqn.(20) into Eqn.(13) yields: 
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In Eqn.(23), we have: ( ) km  ,/e1L   and  ,km  ,GPGG a
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where: ( )( ) 1

sio
LGP

7sio7T PeGPG)L(G effcT
−− −+=  is a dimensionless variable. 

 In the above equations Psi(L), Gc, PRjo, Psio, Leff, σsi are respectively signal power 
at a distance L, effective total Raman gain coefficient, Raman pump power at L=0.0, 
signal power at L=0.0, effective length, and the spectral losses in km-1. Gc is given by: 
 ( ) ( ) ( )[ ]RAcLeRAcLoRAcLc ,A/,gg,,G λλΓλλ=λλ     (25) 

where ( )RAcL ,g λλ  and ( )RAcLe ,A λλ  are functions of both the central wavelength and 

the average Raman pumps wavelengths, and Γ = 2 for the polarization effect. 
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 In the first part of the present paper, Gc, Ae, and ASE are computed and cast in 
simple polynomial forms, with very small truncation errors and very small relative 
RMS errors as: 
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with: λcL > λRA to obtain amplification. 
 The above quantities are handled at NR ∈ {4,6,8,10} with relative small RMS 
errors, where, 
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where 75.1    m ,    4.1 cL ≤µλ≤ , 55.1    m ,    4.1 R ≤µλ≤ , and 01.0       004.0 ≤∆≤ . 

The net effective gain ( )RAcLc ,G λλ , and both ( )RAsi,g λλ  and ( )RAsie ,A λλ  are 

computed based on the data of each link NoL where L2si1L       λ≤λ≤λ  and  

 ( ) choLiL1 N1N −δλ+λ=λ ,      (32) 

 choLichL1L2 NNN +λ=δλ+λ=λ ,     (33) 

 ( ) chL1si N1I −δλ+λ=λ ,      (34) 
        with i = {1,2,3,….., Nch}. 
Then, both ( )RAsi,g λλ  and ( )RAsie ,A λλ  are averaged to give: 
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 In such a manner, we obtain both ( )RAcLe ,A λλ  and ( )RAcL ,g λλ  and 

consequently we cast ( )RAcLc ,G λλ . Based on the model of [13], ( )RAcL ,ASE λλ , as a 
criterion of the minimum detectable power, is computed. The signal light must be 
amplified again before its level becomes less than that of the ASE. In order to obtain 
the ASE power at the output end of the fiber for signal power amplification, the idea of 
effective input Stokes power Ps-eff as the ASE is employed: 
 

 effeffs BhP ν=−  , where       (37) 

 ( ) ( )( )5.0
RjcRjFWHMeff /GP/2/B σν∆π= ,     (38) 

 

where h is Planck's constant and ∆νFWHM is assumed as the full width at half-maximum 
of gain profile. The actual Raman gain profile is very wide, and Ps-eff is large, ∆νFWHM 
of 300 GHz is used in the following study. Finally from Eqns.(37) and (38), ASE 
power in Watt is given by: 
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The average repeater spacing in link of order NoL., RSA(NoL) is given by: 
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In the present study, we have considered sieff /5.1LL σ== , km, in Eqns. (42) 
and (43). A special algorithm is designed to process the present paper parametrically 
over the numerical data given in part II.2. Based on the data published [3,6,7,14-18], 
listed in Table I, we processed our model, taking the theoretical limit of the repeater 
spacing which was given by [19]. 
 

Table I :Data processed for {4,6,8} as samples of multi-pumping Raman Amplifier 

PR , W [14] λR, µm (NR = 4) PR , W [6] λR, µm (NR = 4) 
0.4 1.42 0.265 1.4236 
0.35 1.4355 0.265 1.4438 
0.15 1.4515 0.265 1.47103 
0.17 1.480 0.265 1.496 

∑ = 07.1PR   ∑ = 061.1PR   
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PR , W [16] λR, µm (NR = 6)  PR , W [17] λR, µm (NR = 6) 
0.28892 1.44127  0.2942 1.4152 
0.30696 1.44823  0.2816 1.4274 
0.12264 1.47056  0.1335 1.444 
0.150 1.4720  0.1523 1.4585 

0.18255 1.47602  0.1242 1.473 
0.1629 1.48994  0.14107 1.5092 

∑ = 21397.1PR    ∑ = 12687.1PR   

 
 

PR , W [17] λR, µm (NR = 6)  PR , W [18] λR, µm (NR = 8) 
0.2999 1.4152  0.0826 1.4504 
0.1715 1.4274  0.0826 1.4579 
0.0633 1.444  0.0826 1.465 
0.0783 1.4585  0.0826 1.4731 
0.0717 1.473  0.0826 1.4808 
0.0619 1.5092  0.0826 1.4886 

   0.0826 1.4958 
   0.0826 1.5028 

∑ = 7466.0PR    ∑ = 6608.0PR   

 
 

PR , W [7] λR, µm (NR = 8)  PR , W [3] λR, µm (NR = 8) 
0.063 1.415  0.09 1.426 
0.056 1.420  0.095 1.428 
0.050 1.424  0.070 1.444 
0.043 1.429  0.09 1.454 
0.043 1.440  0.07 1.462 
0.043 1.457  0.080 1.465 
0.048 1.4748  0.190 1.492 
0.063 1.502  0.176 1.493 

∑ = 409.0PR    ∑ = 861.0PR   

 

The present investigation 

PR , W λR, µm (NR = 4)  PR , W  λR, µm (NR = 6) 
0.24 1.4  0.16 1.4 
0.24 1.4333333  0.16 1.42 
0.24 1.4666666  0.16 1.44 
0.24 1.5  0.16 1.46 

   0.16 1.48 
   0.16 1.5 

∑ = 96.0PR  W   ∑ = 96.0PR W  
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PR , W  λR, µm (NR = 8)  PR , W  λR, µm (NR = 10) 
0.12 1.4  00.96 1.4 
0.12 1.4142857  0.096 1.4111111 
0.12 1.4285714  0.096 1.4222222 
0.12 1.4428571  0.096 1.4333333 
0.12 1.4571428  0.096 1.4444444 
0.12 1.4714285  0.096 1.4555555 
0.12 1.4857142  0.096 1.4666666 
0.12 1.5  0.096 1.4777777 

   0.096 1.4888888 
   0.096 1.5 

∑ = 96.0PR W   ∑ = 96.0PR W  

 

III. RESULTS AND DISCUSSION 
 

III.1. Introduction  

 
  Causes                        Effects 
 
 

 
Fig.1. Causes and Effects in MPRA 

 
In  the  present  paper  both the  causes and  the  resulted effects are as follows: i) 
Causes are Nt, NL, NoL(λcL), Nch, ∆n, NR, Psio, PRjo, and PRT, where the set of major 
interest is {Nt, NL,NR,PRT}, and ii) Effects are Gc, Ae, Goo, ASE, SNR, Rs (maximum 
theoretical limit) [19]. The given effects are investigated at the propagation distances: 
Rs which equals to 1.5/σsi which is considered as Leff. Based on the reported data [20], 
we employed AllWave fiber of spectral losses σs(λs), where we have cast: 

4
m

3
m

2
mssd 1542.9902.27234.619319.0)( λ−λ+λ+=λσ ,km/dB  81.52585.341 6

m
5
m λ−λ−  

where and   ,55.1sm −λ=λ  1
ssdssk km   343.4/)()( −λσ=λσ  

Variations of the set of effects {Gc,Ae,Goo,ASE,SNR,Rs} against variations of the 
subset of causes {∆,NR,NoL(λcL)} are depicted in Figs. 2-17 and will be discussed in the 
following subsections. 
 

III.2. Variations of Average Repeater Spacing, R s 

These variations against NL as a major cause are clarified in Figs.2-7 at two levels of 
the total channels NT = {7200, 14400}, at three levels of amplification NR = {4,6,8}, 
and at three different refractive index differences ∆n = {0.005,0.0075,0.01}. The above 
figures indicate the following: i) Rs and any subset of the set of causes {NL,PRT,∆n} are 
in positive correlations, ii) Rs and NT are in negative correlations, and iii) The total 
injected Raman powers are the vital factor rather than the number of amplifier, where it 

Multi-Pumping Raman 

Amplifier (MPRA) 
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is clear that: W 07.106.1)4N(P RRT →== , W 214.174.0)6N(P RRT →== , and 

W 861.0409.0)8N(P RRT →== . 
 

NT = 7200 channels, Fig.2  NT = 14400 channels, Fig.3 
NR= 4,6,8          1.45 < λ, µm < 1.65,             PS=0.2 mW               ∆n=0.0075,  
PRT(NR = 4) = 1.07 Watt ,    PRT(NR = 6) = 1.3965 Watt,     PRT(NR = 8) = 0.409 Watt 

 
Fig.2. Variations of average repeater 

spacing, Rs, km with number of 
links in the cable core, NL, at the 
assumed set of parameters. 

Fig.3. Variations of average repeater 
spacing, Rs, km with number of links 
in the cable core, NL, at the assumed 
set of parameters. 

 

NT =7200 channels, Fig.4  NT = 14400 channels, Fig.5 
NR= 4        PRT(NR = 4) = 1.07 Watt          1.45 < λ, µm < 1.65,           PS=0.2 mW 

 

Fig.4. Variations of average repeater 
spacing, Rs, km with number of links 
in the cable core, NL , at the assumed 
set of parameters. 

Fig.5. Variations of average repeater 
spacing, Rs, km with number of 
links in the cable core, NL, at the 
assumed set of parameters. 
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NT =7200 channels, Fig.6  NT = 14400 channels, Fig.7 
NR= 8           PRT(NR = 8) = 0.409 Watt        1.45 < λ, µm < 1.65,         PS=0.2 mW 

 
Fig.6. Variations of average repeater 

spacing, Rs, km with number of links 
in the cable core, NL , at the assumed 
set of parameters. 

Fig.7. Variations of average repeater 
spacing, Rs, km with number of 
links in the cable core, NL , at the 
assumed set of parameters. 

 

III.2. Variations of G c, and G oo 

Variation of Raman gain constant, Gc and variations of the on-off Raman gain, Goo 
against NL as a major cause are portrayed in Figs.8-13 at the effective length. These 
figures assure the sort of variations of Rs whatever the controlling sets of causes. 

 

NT =7200 channels, Fig.8  NT = 14400 channels, Fig.9 
NR= 4,6,8            1.45 < λ, µm < 1.65,                 PS=0.2 mW                 ∆n=0.0075,  
PRT(NR = 4) = 1.07 Watt ,   PRT(NR = 6) = 1.3965 Watt,       PRT(NR = 8) = 0.409 Watt 

 
Fig.8. Variations of Raman gain at the 

effective length, dB with number 
of links in the cable core, NL, at 
the assumed set of parameters. 

Fig.9. Variations  of Raman gain at the 
effective length, dB with  number of 
links in the cable core, NL , at the 
assumed set of parameters 
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NT =7200 channels, Fig.10  NT = 14400 channels, Fig.11 
NR= 4,6,8    1.45 < λ, µm < 1.65,          PS=0.2 mW                                ∆n=0.0075,  
PRT(NR = 4) = 1.07 Watt ,      PRT(NR = 6) = 1.3965 Watt,  PRT(NR = 8) = 0.409 Watt 

 
Fig.10. Variations of On-Off Raman gain 

at the effective length, GOn-Off, dB 
with number of links in the cable 
core, NL , at the assumed set of 
parameters. 

Fig.11 Variations of On-Off Raman gain at 
the effective length,  GOn-Off, dB with  
number  of links  in the cable core, 
NL,  at the assumed set of parameters 

 
NT =7200 channels, Fig.12  NT = 14400 channels, Fig.13 
NR= 4,6,8         1.45 < λ, µm < 1.65,          PS=0.2 mW                   ∆n=0.0075,  
PRT(NR = 4) = 1.07 Watt ,  PRT(NR = 6) = 1.3965 Watt,    PRT(NR = 8) = 0.409 Watt 

 
Fig.12. Variations of signal-to-noise ratio at 

the effective length with number of 
links in the cable core, NL, at the 
assumed set of parameters. 

Fig.13 Variations of signal-to-noise ratio 
at the effective length with  
number of links in the cable core, 
NL , at the assumed set of 
parameters 
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III.3. Variations of SNR 

Variations of signal-to-noise  S/N, also at the effective length are displayed in Figs.14-
17 where the following are clarified: i) S/N increases as NL increases, or ∆n increases, 
or Nch decreases or both, and ii) The total Raman injected power PRT possesses 
remarkable effect also on the ratio S/N. 

 

NT =7200 channels, Fig.14  NT = 14400 channels, Fig15 
NR= 4           1.45 < λ, µm < 1.65,       PS=0.2 Mw     PRT(NR = 4) = 1.07 Watt 

 
Fig.14. Variations of signal-to-noise ratio at 

the effective length with number of 
links in the cable core, NL, at the 
assumed set of parameters. 

Fig.15 Variations of signal-to-noise ratio at 
the effective length with  number of 
links in the cable core, NL, at the 
assumed set of parameters 

 
NT =7200 channels, Fig.16  NT = 14400 channels, Fig.17 
NR= 8        1.45 < λ, µm < 1.65,         PS=0.2 mW         PRT(NR = 8) = 0.409 Watt 

 
Fig.16. Variations of signal-to-noise ratio at 

the effective length with number of 
links in the cable core, NL, at the 
assumed set of parameters. 

Fig.17 Variations of signal-to-noise ratio 
at the effective length with number 
of links in the cable core, NL, at 
the assumed set of parameters 
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III.4. Case of Constant Pumping Power and Multi-Pum p 

At the effective length, variations of average repeater spacing Rs, average Raman gain, 
and average on-off Raman gain against number of links are clarified in Figs.18-20, 
where number of pumps are variable, while the total pumping power is constant. 
Again, these results assure that the total pumping power is a vital factor, not the 
number of pumps. 

 

NT =14400 channels    NR= 4,6,8, 10                 1.45 < λ, µm < 1.65 
PS=0.2 mW     ∆n=0.0075,           PRT = 0.96 Watt               1.4 < λR µm < 1.5 

 
Fig.18. Variations of average repeater 

spacing, Rs, km with number of links 
in the cable core, NL, at the assumed 
set of parameters. 

Fig.19. Variations of average Raman gain, 
dB with number of links in the 
cable core, NL , at the assumed set 
of parameters. 

 
NT =14400 channels            NR= 4,6,8, 10                        1.45 < λ, µm < 1.65 
PS=0.2 mW         ∆n=0.0075,            PRT = 0.96 Watt                 1.4 < λR µm < 1.5 

 

 
Fig.20. Variations of On-Off Raman gain at the effective length, GOn-Off, dB with number 

of links in the cable core, NL, at the assumed set of parameters. 
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IV. CONCLUSIONS 
In the present paper, the net effective gain of multi-pumping Raman amplifier in ultra-
wavelength division multiplexing (WDM) and ultra long-haul optical communication 
systems has been modeled and parametrically investigated over wide ranges of 
affecting parameters, taking into account the polarization effect. 

Repeater spacing, Rs, net Raman gain, Gc , on-off Raman gain, Goo, and signal-
to-noise ratio, SNR, effects are as major parametrically investigated under variations of 
major sets of causes employing multi-pumping Raman amplifier (MPRA) at different 
pumping conditions. The investigation indicates the following integrated conclusions: 
i) Both the total number of links in the core NL and the total Raman injected power  of 
pumps (not the number of pumps) PRT are causes of vital effects, ii) Rs, Gc, Goo, SNR, 
and ASE (not displayed), as a criterion to account the minimum detectable power, and 
any subset of the following set {NL,PRT,∆n,Nch} are in positive correlations, iii) SNR 
and either NR or Nch or both are in negative correlations. 
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