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ABSTRACT

Some propagation characteristics (spectral losses and signal gain) as well as the bit-rate repeater-spacing
product are investigated for optical transmission in single mode germania doped fiber of impertection loss
utilizing Raman amplification. Two approaches for variable Raman gain are taken into account. Two
types of transmission line configurations are considered i.e., utiliziation of forward Raman amplification
configuration only or backward Raman amplification only. The problem is parametrically investigated
at fractional distances of the maximum theoretical limit of repeater spacing. The maximum repeater
spacing is found at the maximum Raman gain, not at the minimum fiber loss. The ultimate repeater span
and the ultimate bit rate-repeater span product are estimated it the maximum Raman gain and the

minimum fiber loss are at the same wavelength.

[. INTRODUCTION

Active features of single-mode germania-doped fiber,
due to nonlinear optical effects, are significant in three
respects namely transmission limitations, optical
frequency conversion, and special optical devices
finctions for signal processing and transmission [1,2].
The dominant nonlinear processes in single mode
optical fibers are:

i) four-photon mixing (FPM);

i) stimulated Brillouin scattering (SBS);

i) stimulated Raman scattering (SRS), and
i) carrier induced phase noise [3,4].

Stimulated Raman scattering is an interaction between
light and viberations of silica molecules. Stimulated
Brillouin scattering is an interaction between light and
sound waves in the fibers. Cross-phase modulation is
an interaction, via the nonlinear refractive index,
between the intensity of one light wave and the optical
phase of other light waves. Four-photon mixing is
analogous to third order intermodulation distortion
whereby two or more optical waves at ditferent
wavelengths mix to produce new optical waves at other
wavelengths. Although Raman amplification in optical
fibers was demonstrated for the first time two decades
ago [5], only very recently applications in lightwave
communications have been demonstrated [6]. Raman
amplification is attractive for optical communication

systems for several reasons. Firstly, the Raman process
amplities the optical signal, thereby opening the
possibility of replacing conventional repeaters by
straight optical amplification. Secondly the fiber is
considered as a gain medium and hence reduces the
extra components used in other optical amplitiers [7].
Thirdly the extension of repeater spacing is easily
done. Numerous papers have been published on the
subject of beneficial uses of nonlinear scattering
interactions with special emphasis on the subject of
SRS [8,9,10], and the theoretical expectation of the
repeater spacing have been reported [11-13]. Over the
last several years, much attention has been paid on the
study of the properties of fiber Raman amplifiers and
their applicability to digital optical communication
systems with special emphasis toward the
wave-division-multiplixing (WDM) systems [14-17],
because the spectral width of a Raman amplifier can be
large enough to handle two or more WDM channels.
This would eliminate the need for channel seperation
and recombination at each repeater. Also, Raman
amplification has the advantages of self- phase
matching between the pump and the signal, broad gain
bandwidth or high speed response and the elimination
of the need of optical/ electrical/optical conversion and
complicated electronics in conventional optical
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repeaters. Nowadays, a great deal of progress has been
made in the area of optical amplifiers and many
experiments using them have been conducted aiming at
practical applications to various transmission systems
[18,19].

Although numerous advances have been attained
towards expanding the repeater spacing of optical
transmission system, such that the development ot low
loss optical fibers, high power lasers, heterodyne
detection methods, and optical amplifiers. With the
best of our knowledges, no attempt is made either
theoretically or experimentally to investigate the etfect
of Raman amplification on the handling capacity of the
fiber. In the present paper an attempt is made to
parametrically investigate the bit-rate repeater-spacing
product in an optical transmission line utilizing Raman
amplification taking into account a suitable system
marginal loss.

I1. BASCI MODEL AND ANALYSIS
11.1.The Raman Gain

In the process of Raman amplification the power, the
wavelength, and the gain are parameters of major
interest besides the fiber raduis, and relative refractive
index ditference. The Raman-gain constant g was
considered in [8,11,12,15,16]:

g=g.(1 + 804 ()\0/)\?) (1)

where g is the gain at A=0 and pumping wavelength
=X, (for A= 1.34 pm, g, =7.4x10""* m/watt)
and A is the relative refractive index of the

fiber. Thus the optical signal wavelength A, has no
effect on the amplification gain in such analysis.
However, the gain is a signal frequency-dependent
parameter [13,20,21] of the form:

1)
= =g (Lol sEadl) 2
g b0(440) (2)
and
i= go 6—0.005(5 -440)’ (5 2440 (3)
with
A.—-A
b= 2B cm b 4)
Aok,

where g is the peak value at d=440 cm’'. The
analysis of References [14,17,22] is based on the

B2

assumption that the Raman gain has a Lorentzian lis
shape and is given as:
£=8, (——w—q—,—) y
(6 =00+ w”

where 6, = 460 em’! and @ =240 cm’!.

1.2  The Optical Powerds and The Maximn
Repeater Span

11.2.1.Forward signal light amplification

The ditferential equations governing the forwai
Raman amplification for signal light amplification a
describing the optical powers (pump Pp. signal P, and(‘
Stockes wavelength) are casted as [11,12,16]. |

l
|

dp 1 dp A |

Rt e Ja =_£_s (i
e P

dpb 1 dps g x"y

JLAE & o Ui - = ]

dZ S S+ y dt A (pp xs pz)ps ()
and 1‘
dp'\ 1 dp‘w g |

= AP+ — == 5 . 8

@ A ™ Y

where o is the spectral loss, v is the propagation
velocity. A is the eftective core area and A is the
optical wavelength. The subscripts p, s, and 2 refers
the pump, signal, and the second Stockes [11].

At steady state and without optical interaction the sel
of Egns.(6-8) yields the solutions:

=0 _Z

Py (@) =P, e’r )

=d 2

Eaf@) =P 2"’ (10)
and

~Z

P21 (Z)=P20 C-a- : (11)

where Py, Py, and P, are the powers at the feeding
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point. P»q is calculated on the same bases as [11,12]
The use of Egns. (9) and (11) into Eqn.(6) yields:

P0)=P exp[-0z+A,(1-e " P)-Ay(1-¢ ° %)) (12)

where

A; = gP, /o, A (13)
and
A2 = gP20 )\2 /AU: )\s. (14)

Eqn.(12) indicates that to amplity the signal at the

feeding point, we must have A (l-e Pi- pZ)>a§z with
oz < 1 i.e. approximately the condition for Raman
amplification is,

Ppo > 0yAl (15)

Thus, the threshold pump power which the pump

power losses the capability for amplification, is given
by

\ Py = o, Alg Watts (16)

The spectral loss along a propagation distance z is
given by

o, = 10 Log (P, /P,,) dB (17

where o.; is @ function of z.
Without amplification the total spectral loss is given
by

o, = 0,2 dB (18)

Thus, the optical signal is amplified and possesses

eucess power [Py (2)-Pgg (z)]. Therefore, the signal due

i forward Raman amplification, can be written as

P, () Psl(Z)} (19)
P, ()

The span between repeaters in such a system is

wntrolled via the equation [11],

Gf= IOLOg{

Py (zy)

0Log~" = 4.343 [0+ A, (1-¢ 0 1)

80

-Ay (1-¢ 7770 (20)

where Z; is the maximum feeding distance for forward
Raman amplification.

P,(z;) depends on the detector and in the present
analysis we will consider the left hand side of Eqn.(20)
equals -30 dB on the same basis of Reference [11].

11.2.2. Backward signal light amplification

The differential equations governing the backward
Raman amplification and describing the optical powers
(the pump Pp, the signal P,, and the first Stockes P,)
are casted as [11,12,16]:

dp ap |
p pL s &
T A Y
dps 1 dps g
+as s+_ =_Ppps (22)
Ve dt A
and
dp, | dP, g
el — MRS D P P 23)
dz 11 Vil A P : (

At steady state and without optical interaction, Eqns.
(21-23) yield:

BR@= Pt (24)
Bo(z) = Plel’” (25)

and
Py (@) = Pge " (26)

where Z, is the maximum feeding distance for
backward Raman amplification.
The use of Eqn. (24) into Eqn. (2) yields:

0.z

P el A e (] " 7). (27)

The signal must be amplified before its level becomes
less than that of the amplified spontaneous emission
(ASP). Thus Eqn.(27) yields a minimum value P at
Z,.< 28

P, (2)=Py, exp [-02-A; e " F¥(1-¢"")] (28)

The use of Eqn. (28) into Eqn. (27) yields,
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-0 pr

g
P, = P, exp [-0, 2, - A (e —_;1 (29)

apl

with P, = ASP. The solution of Eqns. (28) and (29)
yields both Z, and Z , where Z, > Z as,

1 Oy
Zb‘z = = —l[l(

. 30
o Alap) (30)

The solution of Eqn. (30) gives Z,, while the solution
of Eqn. (29) (with P, ASP) gives Z  which must be
less than Z,.

As given by Eqns.(17) and (19), we have:

0., = 10 Log (P,/P,,) dB (31)
and
P2 (Z) - P82 (Z)

Gy, = 10 Log { )
82

} (32)

11.2.3. The bit rate

Based on the model of CSELT [23] El-Halafawy et.al
[24] have derived a transcendental equation for both
dispersion and loss limited bit rate By under the form,

(0 5Z +a )

B
1.25(_5)2 =10Log (% 33
(F[) 0g ( By ) (33)

where B, F,, and o, are the ultimate bit rate under no
limitations, the fiber bandwidth, and the system
marginal loss respectively. To compute B, taking into
consideration either forward or backward Raman
amplifications, o,z is replaced by either o or g,
respectively i.e.

(0 ef *0m)

125202 c10Log (22— ) @a)
F, B;
and
125(Bb)° 10 Log ( ue-we.,w.,,)) 35)
. Linasis QO e
F, ¢ B,

where B¢ and By are respectively the bit rates of cases
of forward and backward Raman amplification. In the
above analysis F, is calculated as in [23, 25], while the

spectral loss o is calculated as in [12, 26].
[II. RESULTS AND DISCUSSION

In the present paper,two approaches [Eqns.(2-3)
Eqn.(5)] are processed when dealing with Raman gai
The main features of the present analysis are:

i) variable Raman gain,

i) real fiber,

iii) system marginal loss,and

iv) limitations due to both the spectral loss and
dispersion.

The following topics are investigated parametricall
over wide ranges of variations of the affecti
parameters:

a- the effective spectral loss,
b- the signal gain due to Raman amplification, and
¢- the bit-rate at the maximum repeater spacing.

I1I-1 The numerical data

The ranges of the controlling parameters:
- Percentage doping of germania in germania-dopel
fiber 0.0 % < x < 20% r
- Raman pumping power 0.25 < P__ <
- Relative refractive index 0.5% < A < 1.0%;
- Optical signal wavelength 1.35 < A, <
handled through the computation stage.
The following variables are kept constants as:

R = fiber radius = 5 pum,;

A, = pumping wavelength = 1.34 um;

A, = first Stocke wavelength =1.4 um;

A, = second Stocke wavelength =1.46 um;

AN = spectral width of the optical source = 5 um;

0, = marginal loss of the system = 4 dB; and
g, = peak of the Raman gain for pure silica at A =
1.34 ym = 7.4 x 10'* m/Watt.

The present analysis employs a laser diode-avalanche
photodiode as source-detector combination of ultimate
bit rate under no limitation B, = 6.3 Tbit/sec.
Throughout the following discussion, the results
of the Lorentzian-Raman gain are displayed and
analyzed. Such case gives higher data if compared with
the straight line-exponential curve of Raman gain.

111.2.The effective spectral loss

The effective spectral losses o and o, given by
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Eqns.(17) and (30) are investigated parametrically.
Comparisons of either o or o, and o, (spectral loss
without amplification) are made and displayed in
Figures (1a-5a). The criterion at which Z; is derived is
not on the same basis as the criterion at which Z, is
derived. At Z=Z,, o is frozen at -30 dB, while at
L=1,, g, possesses different values that depend

on the Raman pumped power.These figures clarify that
S, increases as A increases to a maximum value
corresponding to the maximum Raman gain
wavelength, then o, decreases as A increases as the
fiber possesses minimum loss at A = 1.55 pm. This
situation is found at different values of either x or P

AND TOTAL

ob’
LOSS WITHOUT AMPLIFICATION,c ., c, .. IN dB

, O

of

-40. 0

-80. 0

¥
o

EFFECTIVE SPECTRAL LOSS, o

SIGNAL WAVELENGTH, A\, um

Figure 1-a. Variations of o, 0, 0, and o, against
variations of A for different values of x and the other
assumed set of parameters.

At different values of x or A,, o, increases as P,
increases. As A increases, Raman gain increases also
and consequently g, increases. The increase of Raman
gain yields longer repeater spans which in turns yields
decreased spectral losses oy or gy,

IlI. 3 The signal gain due to Raman amplification

Signal gain due to either forward or backward Raman
amplification is defined by Eqns.(19) and (31)
respectively as a mathematical criterion to calculate the
gain. The signal gain is displayed in Figures (1b-5b).
At the wavelength of maximum Raman gain, the signal
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gain possesses a maximum value, which increases as
either'x or P__ or A increases due to the increase of
Raman gain. very slight differences in the value of the
signal gain are found when dealing with the two
schemes of Raman amplification.

120.
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8

SIGNAL GAIN, G
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SIGNAL WAVELENGTH, X, um
Figure 1-b. Variations of G against variations of A
for different values of x and the other assumed set of

parameters.

S.2

v

=1.0 Watt  FORWARD __

BACKWARD- - —

L 4

A=O. 005

P
-
-

-]
M A e A S P e (e = 2
,-’

AND B _ , Gbit/Sec.
rb
'
~

N x=0. Q

A .0-2
-
@ ile
w
3
. ....
r 0.8 B
@ >~
R S ——"
1.4 1.45 e S a.u 1.1

SIGNAL WAVELENGTH, ), 7

Figure 1-c. Variations of By, By against variations of
A for different values of x and the other assumed set of
parameters.

BS



ABOUL-ENEIN, EL-HALAFAWY, EL-HALAWANY and MOHAMED: Optical Transmission in Single-Mode Germania-Doped

8
>

| " FORWARD
BACKWARD ==
280.0

ANDZb, Km.

f

240.0
200.0
100.0

120.0
P

80.0 |

MAXIMUN REPEATER SPACING, Z

Figure 1-d. Variations of Z;, Z, against variations of
\ for different values of x and the other assumed set of
parameters.

9
& x
Lol 0.0
e e
p- -4 V-]
< -
>
D .
¢ - =20.0
) -
« 0
“z
b O
-
@< -40.0
(9}
-
"8
L]
3_;
SS -80.0
G
&5
:
nd —00.0
g
& g
a3
=100. 0

i.4 .48 5B 1.5 1.0
SIGNAL WAVELENGTH, A, um

Figure 2-a. Variations of o, 0, 0,;, and oy, against
variations of A for different values of Ppo and the other
assumed set of parameters.

G

‘0' °

SIGNAL GAIN,

20. o

°o°
1.4 1.45 1.5 1.85

SIGNAL WAVELENGTH, A, um

Figure 2-b. Variations of G against variations of A
different values of P, and the other assumed se
parameters.

r x=0,. 0 FORWARD
A=O. 008 BACKY, = e

Gbit/Sec.
®
®

» 0.8

AND B

o~ O-4
u
3
1
- 0.2
-
n o
i e -~ | A 1 - .
1.4 1.45 1.3 1.85 i

SIGNAL WAVELENGTH, XA, pum

Figure 2-c. Variations of By, By against variations
A for different values of P, and the other assumed:
of parameters.

Alexandria Engineering Journal, Vol. 32, No. 1, January 1993

B6



ABOUL-ENEIN, EL-HALAFAWY, EL-HALAWANY and MOHAMED: Optical Transmission in Single-Mode Germania-Doped

1 3 FORWARD —

: - ) 300. 0 BACKWARD ——

N‘ N

g g x =0.2

180.0 240.0- =0.0

Nh

N 180.0 g

d U 200.0

z <

{:, 140.0 B

b = 100.0

¥ 120.0 P

™

: :

§

4 100.0 E 120.0 | ik ]
- s I

é 3 el o . 1 4 1 w K

i 80.0 0.8 o.8 0.7 ©O0.8 o0.g 1.9

1.4 1.48 1.5 1.3 3. BEHAN BURERENG, P, . Watt.

L]
SIGNAL WAYVELENGTH, A, um
Figure 3-b. Variations of G¢ against variations of Py,
for different values of x and the other assumed set of

parameters.

Figure 2-d. Variations of Z;, Z,, against variations of
\ for different values of P, and the other assumed set
of parameters.

AND TOTAL

@
v
E 4
Ll
.&
0
&
[
} -
. b
iE
¥ O
i e
< -40.0 - = &
g ': 40.0 /_ x=0, 0 .h .18 -: :
™ Y - I =0.
3 E S — of
F‘S .0 k i - -
a x=0.0 a| R
P The.de— wo,z 0%0-003 P Tt T LT A, W
-120.0 [ P00 < H A=1.43, um  A=0.003
g’- ot = 1 . T a1 -
E : 5 s Y _l__ 0.5 0.0 0.7 0.8 0.0 1.8
-’ ° I\ A i 1 . T LR
Y L
t @ 0.5 0.8 0.7 0.8 0.8 1.0 RAMAN PUMPING, P’ , Watt
W oo i

RAMAN PUMPING, P.bp Vatt
Figure 3-c. Variations of By, B,,, against variations of
for different values of x and the other assumed set
arameters.

Figure 3-a. Variations of 0¢f, Tcp, O and oy, against
variations of P_. for different values of x and the other P¥o’
assumed set of parameters. orp

Alexandria Engineering Journal, Vol. 32, No. 1, January 1993 B



ABOUL-ENEIN, EL-HALAFAWY, EL-HALAWANY and MOHAMED: Optical Transmission in Single-Mode Germania-Doped

3 FORWARD _— __

300. 0| BACKXWARD ——-—
.A

N -

% x =0.2
240.01 =0.0 A®l.43 um

&m0, 005

200.0

160.0

120.0

MAX1MUM REPEATER SPACING, Z,

RAMAN PUMPING, P' , Watt.
©

Figure 3-d. Variations of Zg, Zy, against variations of
P for different values of x and the other assumed set

OI par ameters.

g 0.0
8 ]
- 2
- >
g % FORWARD ——
o ~20-0 BACKWARD ——
b‘; - FIXED LOSS AT =30 dB
Lo -,
'3 -40.0
s 005
g &
18]
gl
<o CFORWARD)
3 = -60.0
wd b g S
r & | ¢ BACKWARD)
Aol.d um S
E E -80.0 . \‘l\N
™
E g 05 i s
By 0.6 0.7 0.8 9.0 1.0
s 9 RAMAN PUMPING, ph, watt

Figure 4-a. Variations of 0cf, Oep, Oy and oy, against
variations of P for different values of A and the other
assumed set of parameters.

60.0
Asi. &, um S 008 \
.1.5 g-0.0
{, 1.0
Ly -
40.0
z
<
U]
:
m 20. 0
0.°==f 1 ar A I t= A
0.5 0.8 0.7 0.8 0.8 1.0
RAMAN PUMPING, Pn.. » Vatt

Figure 4-b. Variations of G against variations P, f
different values of A and the other assumed set ¢
parameters.

AND ’rb' Gbit/Sec.
\J
o b
ot

0.8 [
x=0. 0
¢
AwO, 005
an 0.‘-
=
(]
-] e S S s r— T T TS
5 .2
! —
- l
2 [ R E s |
0.8 0.8 0.7 0.8 0.8

RAMAN PUMPING, Pl'b' Vatt.

Figure 4-c. Variations of By, By, against variations 0
P_ for different values of A and the other assumed s
of parameters.

B8 Alexandria Engineering Journal, Vol. 32, No. 1, January 1993




ABOUL-ENEIN, EL-HALAFAWY, EL-HALAWANY and MOHAMED: Optical Transmission in Single-Mode Germania-Doped

K

240.0 -

—0 FORYARD
———- BACKWARD

b

AND Z ,

200. 0
-
N
?. 180.0
3]
:
®
W 320.0
<
w
:
§ m.
1 - 1 i NESN 2
o] 0.5
3 ot sl 0.8 0.8 4 .
RAMAN PUMPI NG, ?'s' Watt.

anure 4-d. Variations of Z;, Z, against variations of
for different values of A and the other assumed set
oFO parameters.

1g
6 ° :
Lol
o -
Z . 100.0
2 =0.2 |
P x=0. O

. . r
oz —‘/‘L’/“
. [}
oy OO [ FXED ToSTT -doas
N -

Lo} f ———————
g S \-x-o. Awi. e
42 -100.0F =m0 _ = = nea
3 ; g ™™ ==~

- P =0.8
ey =0. .
g i ~[:\ - »
B g -200.0 o D de bl
g s 1. e
: <] o 1 R
‘é 0. 003 0. 008 0. 007 0. 008
A g REFRACTIVE INDEX DIFFERENCE, &
Figure 5-a. Variations of o, 0, 0y, and o, against

variations of A for different values of x and the other
assumed set of parameters.

2 P wi.0 Watt |
220.90 o

A=l.43 um
180.0

0-
2 S
3 140.0
i X =0.2
6 r =0.0
a 100.0

b

80. 0 1.3 A
0. 00S 0. 008 0. 007 0. 008

REFRACTIYE INDEX DIFFERENCE, &

Figure 5-b. Variations of Gy against variations of A,
for different values of x and the other assumed set of
parameters.

Gbit/Sec.
»
[~]

re’
o

v,

©

AND B
r!

BIT-RATE,

0. 007 ©. 008

REFRACTIVE INDEX DIFFERENCE, 4

©. 008

Figure 5-c. Variations of By, By against variations of
A for different values of x and the other assumed set of
parameters.

Alexandria Engineering Journal, Vol. 32, No. 1, January 1993 B9



ABOUL-ENEIN, EL-HALAFAWY, EL-HALAWANY and MOHAMED: Optical Transmission in Single-Mode Germania-Doped

II1. 4 The bit rate and the maximum repeater spacing

The variations of B, are depicted in Figures (1c-5¢)
and the corresponding repeater span Z; and Z, are
shown in Figures (1d-5d). The following conclusions
are extracted from these figures:

i- the maximum repeater span is at the wavelength
of maximum Raman gain, not at the wavelength
of minimum fiber loss as given by Reference [12];

ii- the Raman gain is an effective parameter;

iii- while the repeater span is larger, in general, in the
case of forward amplification, the bit-rate is larger
in the case of backward amplification;

iv- both the repeater span and the bit-rate increases as
either P, or x or A or both increase due to the
increase of Raman gain.

v-  both the repeater span and the bit- rate (in

general) decreases with the increase of A due to
the decrease of Raman gain.

s
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Figure 5-d. Variations of Z;, Z, against variations of
A\, for different values of x and the other assumed set
of parameters.

The bit-rate repeater span product is displayed in

Figures (6a-6d). The studding of these curves shows
that the same feathers of Z; and Z, are obtained.
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IV. CONCLUSIONS

In the present analysis with either forward or
backward Raman amplification, three relevant topics
for long haul optical communication systems are
successfully and easily processed, taking into
consideration the variations of Raman gain against the
variations of the signal frequency,the pumping power,
the percentage of doping in the fiber,and the relative
refractive index difference. Two approaches are
investigated when dealing with the signal frequency
namely straight line-exponential curve line shape and
Lorentzian line shape. The maximum repeater-span and
bit-rate repeater-span product are at the wavelength, of
maximum Raman gain, not at the wavelength of
minimum fiber loss. The ultimate values are obtained
when both the maximum Raman gain and the minimum
fiber loss are at the same wavelength namely 1.55 um
with the maximum available Raman pumping through
fibers and with maximum available x and A, namely x
=0.2and A =1 %.
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