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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 lisea promising technology to
increase the repeater distance as well as the iapdiche communication systems.
Because of the growing importance of fiber Ramarpldization, it is desired to
predict the magnitude and shape of the Raman geaitreim from the doping level and
refractive index profiles of different fiber desgn

Distributed Fiber Raman Amplifier (FRA) using thearismission line as a
Raman gain medium is a promising technology avkdlafor the long haul
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communication systems, especially for Wavelengthidiin Multiplexing (WDM),
where simultaneous amplification of multi-channightwave signals is needed, ,as
well as for repeaterless transmission, where dpgjaen is required for compensation
of the fiber loss. FRA is to amplify optical sigeain optical fibers, based on
transferring the power from the pump beam to thgnali via Raman interaction
between the light and vibrational modes of the glaBypically, the Raman gain
coefficient in fused silica peaks at a Stokes shiftabout 13.2 THz with a 3 dB
bandwidth of about 6 THz. FRAs exhibit severalattive features for applications in
transmission systems, as: i) Simplicity of ampfifeerchitecture, ii) Low noise, iii)
Broad gain spectrum, iv) Flexibility of transmissiwindow, and v) Higher saturation
power [1,2].

Recent progress in broad-band Raman amplifierSMDM transmissions was
reviewed. The fundamentals of Raman amplifier wiBseussed in contrast to erbium-
doped fiber amplifiers to show excellent applicépibf both amplifiers to WDM
transmissions in the opposite extremes. A new fgcdencalled "WDM pumping" was
introduced to obtain sufficient, ultrabroad, arat flain in Raman amplifiers only using
WDM diode pumps. The maximum available Raman gaingithis scheme will be
increased in accordance with the increasing oyiputer of pump lasers. Then, other
limiting factors such as double-Rayleigh-scatterimgjse may become important.
However, the detailed studies in case of WDM pumiased on diode lasers have yet
to be conducted [3-5].

A comprehensive analysis of the temperature depmedeof a Raman
amplifier and the scaling of the Raman gain cosdfit with wavelength, modal
overlap, and material composition was presented ko, the temperature
dependence was derived by applying a quantum ttiealrelescription, whereas the
scaling of the Raman gain coefficient was derivethgi a classical electromagnetic
model. Experimental verification of the theoretiiatlings was presented also.

A novel numerical method for the standard propaga¢quations of Raman
amplifiers with multiple pumps, was presented aedvéd based on four-step Adams-
Bashforth method [7].

A series of experiments for 128 x 10 GB/s ULH amdlons and 64 x 40 GB/s
ultra-high capacity (UHC) applications based orommon single-wideband platform
were discussed: To increase the applicability efrthesults, fiber dispersion and loss
were carried out and chosen to be in accordand¢easithmercially deployed spans. A
simple system margins and small transmission pesaltere demonstrated on two
fiber types true wave reduced slope (TWRS) anddstahsingle mode fiber (SSMF),
and validate the feasibility of this approach feptbyment in a commercial network.
Finally, a simple implementation of an OADM was d®strated, yielding no
observed degradation due to filter-narrowing and&uice dispersion for different sets
of multiplexing/de-multiplexing devices [8,9].

160 Gb/s single-channel transmission using a seh@msisting of two super
large effective area (SLA) fibers separated by rareise dispersion fiber (IDF) and
Raman amplification had been investigated numdyidaD,11]. Backward pumping,
bidirectional pumping, and second-order pumpingewmewvestigated. For the three
schemes, about the same systems the reach of 2b@@& obtained.

An efficient and stable algorithm based on thep##shooting method to
solve the fiber Raman-amplifier equations was pseplcand numerically demonstrated
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by Q. Han et. al.,[12]. In the algorithm, the contienal Newton-Raphson method was
substituted by a more efficient and stable modifiéglvton method to serve as the
correction mechanism in the shooting iterations.ifyoducing the Broyden's rank-
one method into the modified Newton method, theetoonsuming calculation of the
Jacobian matrix was dramatically relieved, and #féiciency of the proposed
algorithm was further remarkably improved. An effee initial-guess providing
technique for the shooting method had also beepgsed. Simulation results show
that the efficiency of the proposed algorithm wagprioved more than three times
compared with those of the previously reported wdsh This algorithm can be used in
the design of various kinds of FRAs to predict thgain and noise performance
accurately [12].

In the present paper, the characteristics of Apuilthping Raman amplifiers
employed in ultra-high capacity (UHC) and ultragamaul (ULH) applications will be
deeply and parametrically investigated over widees of affecting causes.

[I. BASIC MODE; GOVERNING EQUATIONS, AND ANALYSIS

In the present paper,; Mptical channels are transmitted through dytical
links for the sake of UHC. Multi-pumping Raman aifipis are employed via the use
of Nr pumps of equal or unequal powers and equal spesgeing for the sake of
ULH. The following characteristics are processedNat= {4,6,8,10}: i) The net
effective gain constant, (i) The average effective areagsfiii) The average on-off
gain, G,, iv) The average amplified spontaneous emissioBEAv) The average
signal-to-noise ratio, SNR, and finally vi) The eage repeater spacings. R

[1.1. Numerical data

The following numerical data are employed to obtdia best performance which
achieve both UHC and ULH:14 < A, optical signal wavelength, ym < 175,

14 < A, pumpingsignalwavelengthy m< 155, PB:: pumping power = 0.2
Watt/pump, M: number of pumps {4,6,8,10}, (Ntotal number of channels up to
14400 channels, N total number of links up to 480 links, and
0004 < An relative refractive index difference < 001
Thus, there is a number of channels per link=N; /N., these N, possess a

central wavelength., given by:

}\cL :}\i +6)\(N0L_0'5)Nch ’ (1)

OA = (A —A)/(N 1), 2)
with A; = 1.4um , As = 1.75um , and N, is the order of link {1,2,3,....., N.

[1.2. Basic Model

On the same spirit of [13], we have derived the feilgy expression for the solution of
the simplified two rates nonlinear-coupled diffefahtequations that describe the
propagation of both the signal powey 8&nd the pump powergPgiven under the
forms:
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dP.
dil +GS|PS| [G PRJ + Gl FS)I] SI’ )\si > )\Rj ’ (3)
aL +0gFg = [_GZPSi + GSPRj] R Asi >Agj, 4)
where:
Ngr g g
—_ ] — =1 -1
o_j_lr_A__ﬁNRR! km=W™, Ag >Ag, (5)
21 g'l Z glm )\ km—lW 1 (6)
=1 rA m=i+l rA )\
Nch g )\
G,=) —/— =, km™w™, Ag > Mg, and (7)
i=1 FA, rj
A P
G, 2R kmTtwt. (8)
Z /;l rA }\RJ
Ngr is the number of amplifiers of wavelengthg less tharkg, where Ng L
{1,2,3,....... ,Nk}. The set of coefficients {G G,, G,, G3} are recast under the forms:

G0 = NRRGc1Gl = Gc[(l -1 _(Nch _i))\sal./)\si] = Nch'

G, =GN gheo/Ag|= NG, andG; =G [(-1) ~ (Ng —DAga/ Mgy = NG, . with

G, =<g/TA> the average gain coefficient over a linkg; = (Ayen T Aix )2
@2 ()‘ﬂ +)\sch)/2’ )\si 2 )\Rj

Then, on the same spirit of [13], we assume:

Psi(l-) = Usi(L)e_GSiL! and (9)
Pei(L) = Wey(L)e ™" (10)
Differentiating with respect to L, one gets:
dP, U\
=-0 P+ R., and 11
dL si' si [USIJ SI ( )
dRy _ Wi;
= —0g P +| — |Px;- (12)
dL RITHI (WRJ. R
The use of Eqgns. (11) and (12) in Egns. (3) angiglls:
\
(3 jP = (G,py +G,R) R, and (13)
Si
ng
WR PR] - ( GZPsi + G3PRj)PRj : (14)
J

For All wave fiber, the assumptia®n; = og; = 6, Is good. Thus, Eqns. (13) and
(14) give (neglecting here only the interactionsa@d G)
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U\

si = GOWRje“’aL , (15)
si
\.
—N =-G,U.,e %", and finally (16)
Rj
(QJ Wy | W 17)
Usi WRj UsiG4
where:G, =G, /G, = N,/Ngg, thus we obtain:
N,Uy; + NggWg, = 00. (18)
The integration yields:
NgrWg; + N U = C = NggPrjo + N Pyo = Pr. (19)

C is a constant and is determined from the ingoalditions.

The right hand side of Eqn.(19) presents the tofjgicted power at the link
entrance (L=0.0). From Eqgn.(19), we have:

Wg = (Pr —N,Ug)/ Ngg (20)
The use of Eqn.(20) into Egn.(13) yields:
\
BSi = [Gc (Pr = NUg)/ Ngg +Glusi]e_GaL1 or
Si
\ \
Yo Us  _geo (21)
Usi Usi + GS /GG
Then, the integration yields:
E +1= (& +1j(e‘Gs(l—e-caL)/0a), (22)
Ug Uso

where:G; =GR, Gg = (G, -GN, ),and G, = G5 /Gg.
Finally, we obtain:
G7e_csiL

(5‘7 ' 1} (e_ S e e )_ Psio

SO

Ps(L) = (23)

In Egn.(23), we haveG G, =P, G,, km™ ,and L = (1—e‘°aL)/ca, km, thus
P. G,g %"

P- L - sio~,7 N

s(L) G +G7)(e—PTGcLeff )_1

where: G(L) = G7((P

= GT (L)Psioe_GSiL ' (24)

)+ G, Je ek — Psio)_l is a dimensionless variable.

In the above equationsiR), G, Prjo, Psior Lett, Osi @re respectively signal power
at a distance L, effective total Raman gain coffit Raman pump power at L=0.0,
signal power at L=0.0, effective length, and thecsgal losses in kih G is given by:

Gc()\cL')\RA vgo) = g()\cL1)\RA)/[rAe()\cL')\RA)] (25)
where g(A, . Ara) and A (A, ,Ags) are functions of both the central wavelength and
the average Raman pumps wavelengths[an@ for the polarization effect.
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In the first part of the present papek, &, and ASE are computed and cast in
simple polynomial forms, with very small truncatienrors and very small relative
RMS errors as:

3 ) 3 )
G, =D ANy (with A, =Y aN), (26)
i=0 j=0
3 ) 3 :
A, =Y BNy (with B, =) byal), (@7)
i=0 i=0
3 ) 3 )
ASE=>'CN, (with C =) c;A), (28)
i=0 j=0

with: A¢. > Ara to Obtain amplification.
The above quantities are handled at N {4,6,8,10} with relative small RMS

errors, where,

A, By By 8y ag| 1]
Ay _| 8 @ 8n 8y A (29)
A, B, Ay By Ay | A

As Qyz Q3 Ayz gz | N
Bo Poo Do by by | 1
B, _ Doy by by by | A (30)
B, by, by, by by | A%

B3| |bos bz byy bgg _As_
Co Coo Cio Cp Cypf 1
C _|Co1 Cu Ca G A (31)
C, Coo Ci Cp Cyp ||
Cs Coz Gz Cy3 GCg3 N

where 14 < A ,ums< 175, 14< A;,p m< 155, and 0004 < A< 001.
The net effective gaiB.(A, ,Ars), and both g(A;,Ags) and A (A, Ags) are
computed based on the data of each lipkwhereA;, < A< A, and

A=A+ 6)\(N0L _1)Nch' (32)
Ayl =AMy #OANg = A + Ny Ny, (33)
)\si = )\1L +6)\(| _1)Nch' (34)

with i = {1,2,3,...... Ni.
Then, bothg(A;, A rs) and A (A, Ara) are averaged to give:

1 Nch
IAcAga) =N_zg()\siv)\RA) ,and (35)
ch i=1
1 Nch
Ac(Nc Aga) :N_er()\si')\RA)' (36)

ch i=1
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In such a manner, we obtain botA (A, Ars) and g\, .Ag.) and

consequently we ca6t (A, ,\g,). Based on the model of [1FSE(\, ,Az,). as a
criterion of the minimum detectable power, is comggutThe signal light must be
amplified again before its level becomes less tiam of the ASE. In order to obtain
the ASE power at the output end of the fiber for aigrower amplification, the idea of
effective input Stokes powek B as the ASE is employed:

Pt =hvB, , where (37)

Ber = (V11722 e (P Ge/ 0 )*). (38)
where h is Planck’s constant afhyqv is assumed as the full width at half-maximum
of gain profile. The actual Raman gain profile &wwide, and P is large Aviewnu

of 300 GHz is used in the following study. Finaflpm Eqns.(37) and (38), ASE
power in Watt is given by:

ASE = (298132640 /A ), [(ro, 14343 1Ry, G, (39)
The average repeater spacing in link of ordgr,NRsa(Noy) is given by:
1 Nch
Rsa(NoL) =2 Ry, (40)
ch i=1

where R; satisfies:
Psi (Rsi) = GT (Rsi )Psioe_(ISiRSi = ASEO\si')\RA) (41)
with L = (1—e“’aRsi )/ o,, km.

The average Raman on-off gaig,@er link and the average SNR per link are
given are defined as:

Nch
Goo =2 10L0g, [ B (LR )/R,(LO)], and (42)
ch i=1
1 Nch
SNR=——>"10L0gy,(R; (L.P:)/ ASE) . (43)
ch i=1

In the present study, we have considéredL ; = 15/0, km, in Eqns. (42)

and (43). A special algorithm is designed to predbe present paper parametrically
over the numerical data given in part I.2. Basadiee data published [3,6,7,14-18],
listed in Table I, we processed our model, takimg theoretical limit of the repeater
spacing which was given by [19].

Table | :Data processed for {4,6,8} as samples oftippumping Raman Amplifier

Pr, W[14] | Az, pum (Nz=4) R, W [6] A, pm (Ng = 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

D P =107 D P: = 1061




964

Abd El-Naser A. Mohammed

Pr, W [16] AR, um (NR = 6) P, W [17] AR, um (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

D P =121397 D P: =1.12687

Pr, W [17] ARs um (NR = 6) Pr, W [18] AR, um (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
D P: =0.7466 > P; =0.6608
Pr, W[7] Ar, pm (Nr = 8) Pz, W [3] Ar, pm (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
> P; = 0409 D P = 0861
The present investigation
P, W AR, um (NR = 4) P, W AR, um (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
D Pz =096 W D P: = 096W
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Pr, W AR, um (NR = 8) PR, W AR, um (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
D P: = 096W D P: = 096W

[ll. RESULTS AND DISCUSSION

[11.1. Introduction

Multi-Pumping Raman Effects

Causes

| Amplifier (MPRA) \

Fig.1. Causes and Effects in MPRA

In the present paper both the causes and réiselted effects are as follows: i)
Causes are NNi, Noi(Ac), Nen, AN, Ng, Psio, Prio, @and Ry, where the set of major
interest is {N, N.,Ng,Pr7}, and ii) Effects are @ A, Goo, ASE, SNR, R (maximum
theoretical limit) [19]. The given effects are istigated at the propagation distances:
Rs which equals to 1.64 which is considered asd Based on the reported data [20],
we employed AllWave fiber of spectral lossg6.), where we have cast:

Og4(Ay) = 0.19319+ 6234\, + 27902\%, — 9.1542\%, - 34185\°, —-52581\°, dB/km,

whereA,,, = A, - 155 and og(A,) = 0,4\ )/4343 km™
Variations of the set of effects {{&¢,G..,ASE,SNR,R} against variations of the

subset of cause®\{Ng,No (A1)} are depicted in Figs. 2-17 and will be discussethe
following subsections.

[1l.2. Variations of Average Repeater Spacing, R s

These variations againsi s a major cause are clarified in Figs.2-7 at levels of
the total channels N= {7200, 14400}, at three levels of amplificatidiy = {4,6,8},
and at three different refractive index differendes= {0.005,0.0075,0.01}. The above
figures indicate the following: i) fand any subset of the set of causes PN, An} are
in positive correlations, ii) Rand N are in negative correlations, and iii) The total
injected Raman powers are the vital factor rathanthe number of amplifier, where it
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is clear that: Py;(Ng =4) =106 - 107W, Pi;(Ng =6) =074 - 1214W, and

PRT(NR :8) = 0409 -~ 0861W .

Nt = 7200 channels, Fig.2

| | Nt = 14400 channels, Fig.3

Nr=4,6,8

1.45 X, um < 1.65,
PRT(NR = 4) =1.07 Watt ,

£0.2 MW
B (N = 6) = 1.3965 Watt,

R(Ng = 8) = 0.409 Wat

An=0.0075

350

330
310 -
290 4

270 4

AVERAGE REPEATER SPACING

250

A S
PR
¢

=NR=4

L
A

=6
=8

30

120

210

300

390

480

NUMBER OF LINKS IN THE CABLE CORE

Fig.2. Variations of average repeater
spacing, B km with number of
links in the cable core, Nat the
assumed set of parameters.

AVERAGE REPEATER SPACING

330

290

250

310 ~

270 1

k2

60 120 180 240 300 360 420 480

NUMBER OF LINKS IN THE CABLE CORE

Fig.3. Variations of average repeater

spacing, R km with number of links
in the cable core, N at the assumed

set of parameters.

Nt =7200 channels, Fig.4

| Nt = 14400 channels, Fig.5

Ng= 4 Rt(Ngr = 4) = 1.07 Watt 1.45) um < 1.65, £0.2 mW
330
0] t 'y 3 4 $ 1 [}
g 3301 Ae®”°%] z AA
3} do- = 3] 459
b $-- & $8_ -]
2 $2-- ¥ 310 Al s
i $-" & A®T ——
E 310 4 T As -
< - < A L =
x ‘ - u A® ="
& $- w 5 ¥
w - ] e-
© 290 % a2
= & —Dn=0.005 g ®= =Dn=0.005
5 ! @ =0.0075 g 1. @ =0.0075
% : A =001 e A =001
270 ¥ , . s ; 7 I S S S
30 120 210 300 390 480 60 120 180 240 300 360 420 480

NUMBER OF LINKS IN THE CABLE CCRE

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

Fig.5. Variations of average repeater
spacing, R km with number of
links in the cable core, Nat the

NUMBER OF LINKS IN THE CABLE CORE

assumed set of parameters.
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Nt =7200 channels, Fig.6

| Nt = 14400 channels, Fig.7

Ng= 8 Rr(Ng = 8) = 0.409 Watt 1.45X% pm < 1.65, £0.2 mW
320 290
N 24389
© 310 o 2851 T e
= = o ad @ .
2 300 . “050& I o -
[ " ® = i L 275 .-
» dod— - o 3 -
& 290 s - & 270 A_-
< -~ < &
w 280 A &~ w 265 4 -
i é- m 4 -
%970 4= © 260
& - =«Dn=0.005 e A- = Dn=0.005
& 260 2 ¢  =0.0075 3 5 @ =0.0075
g A =0.01 I.I>J 250 1: A =0.01
e, 250¥ < oa5
240 % + + t 240 t t + + + +
30 120 210 300 390 480 60 120 180 240 300 360 420 480
NUMBER OF LINKS IN THE CABLE CORE NUMBER OF LINKS IN THE CABLE CORE
Fig.6. Variations of average repeater Fig.7. Variations of average repeater

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

[11.2. Variations of G ¢, and G,

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

Variation of Raman gain constant, @nd variations of the on-off Raman gain,, G
against N as a major cause are portrayed in Figs.8-13 aeffleetive length. These
figures assure the sort of variations gfiwhatever the controlling sets of causes.

Nt =7200 channels, Fig.8

| Nt = 14400 channels, Fig.9

Nr= 4,6

%]
o

RAMAN GAIN AT THE EFFECTIVE LENGTH

(5]

Fig.8.

»n
o
A

-
(3]

-
=
¥

NUMBER OF LINKS IN THE CABLE CORE

Variations of Raman gain at the
effective length, dB with number

of links in the cable core, Nat

the assumed set of parameters.

Fig.9.

,8 1.45 X, pm < 1.65, £0.2 mW An=0.0075
Prr(Nr =4) =1.07 Watt, Eg(Ng=6)=1.3965 Watt, #(Ngr = 8) = 0.409 Watt
I 20
& § L ¢ e i b
i o Rl e
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> _ w ey &8
& o sAAS Tl ¢ A A A
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¢ =6 3 L ¢ =5
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<
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NUMBER OF LINKS IN THE CABLE CORE

Variations of Raman gain at the
effective length, dB with number of
links in the cable core, N at the
assumed set of parameters
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Ny =7200 channels, Fig.10 | | Nt = 14400 channels, Fig.11
Nr=4,6,8 1.45<, um < 1.65, £0.2 mW An=0.0075
Per(Ng = 4) = 1.07 Watt, (N = 6) = 1.3965 Watt, {R(Ng = 8) = 0.409 Watt
30 30
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Fig.10. Variations of On-Off Raman gain Fig.11 Variations of On-Off Raman gain at

at the effective length, & .o, dB the effective length, &.of, dB with
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[11.3. Variations of SNR

Variations of signal-to-noise S/N, also at thesefive length are displayed in Figs.14-
17 where the following are clarified: i) S/N incees as Nincreases, oin increases,
or N, decreases or both, and ii) The total Raman injegtewer B possesses
remarkable effect also on the ratio S/N.
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P

At the effective length, variations of average @pe spacing Raverage Raman gain,
and average on-off Raman gain against number &§ lare clarified in Figs.18-20,
where number of pumps are variable, while the tptainping power is constant.
Again, these results assure that the total pumpimger is a vital factor, not the
number of pumps.
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IV. CONCLUSIONS

In the present paper, the net effective gain oftinpuimping Raman amplifier in ultra-
wavelength division multiplexing (WDM) and ultrang-haul optical communication
systems has been modeled and parametrically igedsti over wide ranges of
affecting parameters, taking into account the fddion effect.

Repeater spacing,;/Riet Raman gain, G on-off Raman gain, & and signal-
to-noise ratio, SNR, effects are as major paragadlyiinvestigated under variations of
major sets of causes employing multi-pumping Raamraplifier (MPRA) at different
pumping conditions. The investigation indicates fibllowing integrated conclusions:
i) Both the total number of links in the core Ahd the total Raman injected power of
pumps (not the number of pumpsrRre causes of vital effects, ii},R5;, Gy, SNR,
and ASE (not displayed), as a criterion to acceli@tminimum detectable power, and
any subset of the following set {\Pr1,An,N.} are in positive correlations, iii) SNR
and either N or N, or both are in negative correlations.
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