~ INTRODUCTION
ing needs of wide-band
amunication systems cause the
of large capacity optical
nication systems. To improve the
ssion performance, the increase of
rate-repeater spacing product is one
., There are two affecting parameters
it the mentioned product, namely;
atic dispersion and the spectral

- The cancellation, or at least the
ation, of the chromatic dispersion
racted attention of researchers two
s ago [1-2].With the increasing need
h bit rate systems, the prediction [3]
e measurment [4] of the chromatic
on has been handled. Deployment
e-mode optical fibers in
ication networks requires an
determination of the fibers zero-
sion wavelength (ZDW) for optimal
ce and upgrade capability [5].
n of telecommunication networks in
.55 um region is gaining favor as
S of adding capacity, providing longer
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ABSTRACT

A new method to compensate exactly and periodically both
chromatic dispersion and transmission losses in germania-doped
silica fibers is proposed. This method utilizes N cascaded sections of
optical fibers of alternating dispersions with different values of the
percentage of doping, to cancel the dispersion each two successive
sections. It utilizes N Erbium doped fiber amplifiers to compensate
the transmission losses at the end of each section. Both the
chromatic dispersion and the transmission losses are considered
temperature-dependent quantities. A 1000 km transmission fiber
with 40 km length each section. Length is processed (25 cascaded
sections) with 25 optical amplifiers each of a 30 dB gain. This is to
overcome the spectral, splices, intrinsic, connection, and marginal
losses. Useful design correlations are cast to express the two values
of germania concentrations that lead to dispersion cancellation.

Keywords: Chromatic dispersion compensation, Cascaded optical
Amplifiers, Germania Doped fibers

links and enhancing system economy. The

use of a dispersion-shifted fiber (DSF)
optimized for 1.55 pm performance allowed
designers to capitalize fully on new
developments in components on an ongoing
basis [6]. This DSF offered a greater
capacity and distance for band-based and
underwater long-haul links. An efficient
chromatic dispersion equalizer and novel
modulational instability = compensation
method were proposed [7], for a highly
dispersive coherent optical repeater
transmission system. A novel design for the
chromatic dispersion equalizer provided 44
times higher efficiency in the dispersion
compensation characteristics. That novel
design increases the substrate thickness for
the microstrip delay equalizer. Simultaneous
compensation of laser the chirp, Kerr effect,
and dispersion in 10-Gb/s long-haul

. transmission systems were investigated by

simulation, where a simple and flexible
technique for compensating these effects
was discussed [8]. A new design
arrangement of transmission  fiber
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dispersion for suppressing nonlinear
degradatmn in long-distance  optical
transmission systems with optical repeater

amplifiers was carried out [9].. Recent .

progress in 'erb1um-doped ‘optical fiber
amplifiers makes it possible to carry
multigigabit per second signals over
thousands of kilometers of 1.55 pm zero-
dispersion wavelength shifted fibers without
the need for Retiming, Reshaping, and
Regenerating repeaters, (no accumulated
dispersion), using a 1000 km fiber loop.

The experimental study of the effect of
fiber chromatic dispersion upon ultra-long
distance optical communication systems
with erbium-doped fiber amplifier has been
evaluated [10], where 31 fiber amplifiers
where used. The system ZDW was changed
by changing the length of the normal single-
mode fiber at the end of the fiber loop.
Performance evaluation of the different types
of fiber-chromatic dispersion equalization for
ultralong-distance optical communication
systems with erbium-doped fiber amplifiers
was carried out [11]. The experiment used a
1000 km fiber loop comnsisting of 30-DSFs
spans and 31 Er-doped fiber amplifiers. The
obtained results indicated that the best type
of the dispersion equalization for ultralong
distance communication systems is to
install DSFs with short sections of normal
single mode fibers to compensate. the
accumulated dispersion. Using a 1000 km
fiber loop, the experimental.study of the
effect of fiber chromatic dispersion at 10
Gb/s in standard fiber systems and the use
of dispersion compensation were assessed
[12], where a propagation for up to 200 km
was possible using 36-km amplifier spacing
and 30-ps solitons by introducing a section
of dispersion compensating fiber just before
each amplifier, the average dispersion is
reduced. Reduction of dispersion in that
manner to 6.0 ps/nm/km increased the
total transmission distance to in excess of
360 km. Calculation of dispersion and
nonlinear effect limited maximum time-
division-multiplexing (TDM) and frequency-
division-multiplexing (FDM) bit rates of
transform-limited pulses in single-mode
optical fibers have been calculated [13]. The
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maximum transmission capacities of op
fibers obtainable with combinations of T
and WDM or FDM Afor’Gaussian- he

amplifiers were about 2.3 and 2.4 Th/s
new method to compensate exactly forb
chromatic dispersion and
modulation in a transmission fiber |
proposed [14], where the light inten
changes due to fiber loss and amplifier g
This method utilized optical ph
conjugation (OPC). Dispersion compensat
based on dual-mode optical fiber
inhomogeneous profile core was proces
[15] as it was well known that the f
higher order mode of optical fibers exhil
large negative waveguide dispersion
operating close to its cutoff waveleng
Using this method, the positive dispers
can be compensated. The first linear opti
dispersion-compensating technique capa
of more effectively compensating
dispersively chirped signal than dispersiv
chirp-free signal was proposed [16]. Opti
dispersion eigen compensators for .'
speed long-haul intensity-modulation din
detection (IM/DD) hghtwave systems W
processed via a computer simulati
Dispersion compensation techniques usj
a special dispersion-compensating fil
(DCF) for a fs pulse transmission has be
demonstrated [17]. They reported
transmission of 60 fs and 245 fs. puls
respectively, over 42 m and 2.5kmfi
links which consist of standard single-mg
fibers (SMF) concatenated with DCF’s.T
demonstration clarified the ability to achie
simultaneous dispersion and dispersi
slope compensation. Soliton transmissi
using periodic dispersion compensation w
examined [18], where the dispersion
alternated between the normal a
anomalous regimes. The periodic nature
the system strongly modifies the shape
the stable soliton pulses and increases th
energy when compared with solitons
equivalent uniform fibers. Automat
dispersion equalization for installing hig



peed optical transmission systems was
sroposed [19] for cost-effective installation.
hey have demonstrated a simplified
ystem; the dispersion of a 10 Gb/s-100 km,
ansmission line was successfully equalized
1 a fully automatic manner with a penalty-
ee or better performance. Compensation
T compos1te second-order (CSO) distortion
le to the interplay of fiber chromatic
spersion and self-phase modulation was

1 investigated  theoretically and
imentally [21]. The consideded system
ation was a 360 km standard 1300

repeater including DCF’s located
120 km, or every 2100 ps/nm
ersion. The transmitter was a DFB laser
ally modulated by a zero-chirp LiNbOg
ulator with NRZ, 223-1 PRBS data. The
I performance is evaluated in terms of
] eye margin in the
jer /regenerator. They presented a

description of the system
ce including the nomnlinear self-
modulation (SPM) effect in both

ard fiber and DCF's. The results of

westigation clearly demonstrate that
of DCF’s is an extremely effective
1 to overcome the chromatic
sion in high-speed transmission

results of this study are:
W “eye position method” which
nts the eye margin degradation from
” and “0” levels as a function of
sion values describes the system
ce more effectively than the
nal “eye opening penalty (EOP)

of thumb is that the total
n must be slightly under
sated to include the SPM effect,
wide range of dispersion
ion values offers acceptable
erformance, and ,

Exact Compensation for Both Chromatic Dispersion and Spectral Losses Using Cascaded Amplifiers
in Germania-Doped Silica Transmission Fibers

4) The “equal modulator compensation

which is desirable from a practical point
of view provides sufficiently large eye
margin 33.3 % for 10-'5 BER after 360

km. In the ’customized modular

compensation’, the dispersion

compensation is tailored to achieve the
maximum eye margin without
considering the performance at the
intermediate repeater locations provides
the largest eye margin 5% for 10-'5 BER.
In the present paper, the periodical
cancellation of dispersion in single mode
fibers is analyzed taking into account the
thermal effects. Germania doped silica
segments of length L are connected in such
a manner to periodically filter the chromatic
dispersion at 2L as a periodic distance. A
system of a 1000 km length with L=40 km
and 25 erbium-doped fiber amplifiers to
compensate the spectral losses is suggested
to be employed at the third optical
communication window (2.=1.55 pum).

BASIC MODEL AND ANALYSIS

Cascaded erbium doped fiber amplifiers
EDFA’s are employed to compensate the
transmission losses. The maximum gain at
7=1.55 pm varies from =2 dB up to 50 dB at
pump powers from 1ImW up to 10 mW,
respectively. In this situation, the length of
EDFA’s varies from 7 m up to 50 m [22].
Along the path of transmission with
cascaded amplifiers the optical signal power
undergoes zigzag variation [23]. It decreases
on the transmission fiber and increases at
the location of the optical amplifier. All the
path amplifiers exhibit the same gain and
this gain is assumed to compensate exactly
for the loss of the transmission fibers
between the path amplifiers. ‘

Based on the work of Flemlng [24]
material dispersion (the first and the
second-order dispersion effects
simultaneously of binary glass) may be
evaluated following the three terms
Sellmeier equation:
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where :
n(7.,T) : refractive index
7. : optical wavelength

T : ambient temperature
Ai : oscillator strength
71 : oscillator wavelength

For GeO:-SiO> fibers of X% GeO., , the two '~

sets of Ai and 7 are given as follows:

=(0.6981663+0.1107x)(T) (2-a)

Az =(0.4079426+0.310215x)x(T) (2-b)
As =(0.897479+0.0433109x)x(T) (2-c)
7.1=(0.0684043+0.00056306x) B(T) (2-d)
7.2=(0.1162414+0.03772465x)B(T) (2-e)

7.2=(9.8616+1.94577x)B(T), (2-9)

_ W]ﬁé:& «(T). is added  after the report of [25]
as the average thermal refractive index was:

<—d£>=l.5x10_5 o, (3)
dT/

~ Therefore, x(T) is cast as :
=(T) = 0.9372142.0857 x10-T, (@)

The term B(T) is designed on the basis
that the oscillator frequency varies linearly
with the temperature and consequently the
oscillator wavelength is inversely
proportional to the temperature, thus:

B=To/T, (5)

Where To is the initial ambient temperature.
F‘ollowmg the same spirit of References 26,
27, in _separ_ajtmg the various contributions
to the total chromatic dispersion in single
mode fibers of core radius R, the following is
~ processed: :

At=D:A .= ~(Mana*MuatMpe) A 7, (6)
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“where D:;, Mg, Mwd,Mpa,and  Ax

~ Senior [27], ‘the system bit rate is relate

respectively total chromatic dispe
coefficient, material dispersion coeffic
wavieguide - dispersion coefficient, pr
dispersion coefficient, and optical s
spectral width.

Based on the work CSELT [26].

transmitter, receiver,  and g
characteristics  through the folloy
transcedental equation, '

2 ~(oL-0g)
Bl = 8log—————~—Bue )
F, B, B

r

e

Bu is the limitations-free bit rate, oisf
spectral loss [28]. L is the section length
is the marginal loss, F: is the guide3
cutoff frequency given as [26]: :

F, = 044 : o (8)
Ten (ZL)
where ten is the chromatic dispersion of
guide. The spectral loss, o, is designed
account for the doping percentage, X, a
the thermal dependence as well as th
optical wavelength.
In Equations 7 and 8, the section leng

L is related to the total length L:andft
number of amplifiers N via the relation:

L=£L. | 9)
N .

The factor 2 in Equation 8 is cast fi
account for the 3-dB cutoff bandwidth at
distance 2L, where the positive dispersio;
and the mnegative one are cancelled. Th
optical amplifier cancels the losse
periodically including the splice loss at the
end of each section thus the dispersion is
cancelled at the end of each two sections.

The use of Equation 8 and 9 into
Equation 7 yields:

R 5 —-(oL-0g4)
(B.1L) = 0.3872 1ogiiB_—, (10)

or



2 -igL, /N+64 )
| = 0.3872 log ?—“—e—B——

r

(11)

v"f_D source and an APD detector, the
 bit rate By =6.3 Tb/sec, while for an
urce and an APD detector, Bu =0.396
26].

RESULTS AND DISCUSSION

a system of a 1000 km of single
ber of core radius R=3 um, both the
and the losses are periodically

e is designed to evaluate both x1%
yields either positive dispersion or
e dispersion and x2% which yields
negative dispersion or positive
on. Both x1 and x2 are

s are the optical wavelength, the
| temperature, and the numbers of
amplifiers. The designed model is
both LED’s and LDs scurces. The
EDFA’s has unfortunately two
ks, namely; the reduction of the flat
dth from 20 nm one stage to less
) nm as well as the reduction of the
noise ratio from approximately 25
e to less than 20 dB [29].

al system of intrinsic loss of
km and marginal loss 3dB to account
ces, connection, and other losses
: ed.

- variations of x: against the
1s of x2 at different values of the
~ wavelength 7. and the ambient
ture T are displayed in Figures 1-4.

, spectral width of the optical
is a parameter. These figures clarify
ving points:

he Point of View of A

the optical wavelength increases,
values of x; and x: are required to
te for the dispersion. The relation
ind x> is cast under the form:

(12)

k=14 ym R=3 um,
| AA=2 pn, By=6.3 Thit/aes
or
o8 }
g
g os |
: T=320 °K
!
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Figure 1 Variations of x2 against variations of x1 at the
assumed set of parameters
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Figure 2 Variations of x» against variations of x; at the

assumed set of parameters
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Figure 3 Variations of x2 against variations of x1 at the
assumed set of parameters
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Figure 4 Variations of x2 against variations of x1 at the
assumed set of parameters
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with X; <X, where ais function

the forms:

i- At A=1.4 pm

a=- 6.28711+ 0.021795T

b=-1.0

ii- At 1=1.45 pm

a=- 6.31309+ 0.022495T
=- 1.0

iii- At A=1.5 pm

a=- 6.35509+ 0.023453T

b=- 1.0

iv- At A=1.55 um

a=- 6.40383+ 0.0240302T
=-1.0

The coefficient a, in general, is casta
a=ac.taiT
where both a, and a: are functionso
the forms:

ao=- 5.18289 - 0.784327%.
a;=8.84633x104+1.49207x10-27.

From the Point of View of T

As the ambient temperature increas
the ranges of the relation x2=f(x:1), Equati
12, increases, and in general, subsection
X1 requires another of a higher value of X3
eliminate the dispersion. As X, increases,
decreases and the minimum bit rate By als
decreases.

The variations of B against
variations of x; at different values of % and
are displayed in Figures 5-8, where it i
clear that as . increases the spectral losse
decrease and the dispersion increase
yielding less bit rates.

The variations of B against
variations of the number of the cascaded
amplifiers, N, are expected by induction to
be of a positive correlation as the increase of
N decreases the amplifier spacing, and
consequently B:m increases.
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Figure 7 Variations of B against variations of xi at the
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CONCLUSICN
The improvement of performance of high
speed optical communication  system after
long-transmission distance is processed
parametrically employing a 1000 km fiber
loop in the form of N cascaded sections and
(N) optical amplifiers. Both the two
limitations of high speed transmission are
exactly and periodically compensated. From
the point of view of losses, the propagation
distanice seems to be one subsection, while
from the point of view of dispersion, the
propagation distance seems to be two
subsections. The pairs (xi1,%2) have usually
different values (xi1<x2), where both are
linearly and negatively correlated. The bit
rate and the number of amplifiers are
positively correlated whatever  the

controlling set of parameters.
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