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Summary

alooting method rechnique las been used o investizate
the propagation and dispersion characteristics of nonli-
near single-mode optical fibers for both step and gua-
dratic profilez. Reasonable approximations are made 10
match the fiber cylindrical geometry. An error function
is defined (o estimate the discrepancy between the
expected boundury conditions and that obtoined by
nureerical miegration of the wave equation through
Runge-Kule method. The secant methed is then used
to cblin the comrect eigen values of the propagation con-
stant and i3 normalized frequency derivatives through
a Iwo-path iterative manner. The effects of the injected
oplical power and the nonlincar Kerr coelficient on the
effecrive index and the dispersion parameters are con-
sidered. The performance of the oprical iber under non-
lincar conditions is found to be governed not only by
the averall value of the normalized frequency but also
by s constituent parameters, The obtained resulis aee
compared with the published ones giving a fair azree-
ment.

I Introduction

sevieral allempts are exerted 1o fully otilize the capabi-
lities of optical Abers. To increase system margins.
higher transminer powers or lower Gher losses are requoi-
red [1]. Monlinear interactions between the informari-
on-biearing wive and the fiber material are noticed upon
injecting high optical power. One of these interactons
15 Kerr nonlinsaricy that results frem the dependence of
the refractive index on the electric-field intensity [2].

The critical limitation in realizing the full bandwidih
cipability of eptical ransmission systems is pulse distor-
tien due 1o dispeesicen. Using Kerr nonlingarity has been
made ta overcome this problem. Pulse broadening due
to dizpersion is opposed by the sharpness due 10 Kerr
nonlinearity: the fact that may lead 1w a stable solitary
solution of the optical pulse [3],

Mumerous solution procedures have been proposed o
caleulate the chromaic dispersion parameters for line-
ar optical fibers [3-7]. However, for fibers operating in
the nonlinear regime. quite different propagalion beha-
vior does result dus 1o the strong inteeplay between the

chromatic dispersion and the material nonlinearity [4].
Several numerical methods have been developed for the
analvsis of one-dimenzional oprical wavesuide pro-
blems, All these methods can be classified into owo cate-
gories, namely; the shaoting method [6] and the mareis
eigensyslem methods [4]. Li-Pen Yuan [6] propesed
nuineTical dechnique, bazed on the shooting method for
delermining the propagation characteristics of nonline-
a7 planar oprical waveguides with 1 nonlinear core clad-
ded by two lingar films. The mamis eipensystem
metheds were wsed by H. Y. Lin [4] and K. Okamow
[7] to analyze the propagation characieristics and chro-
matic dispersion of eylindrical fibers with Eerr-tvpe
nenlinesrity.

In & previous work [8], we have used the shooting
method o investigate the modal field distribution and
the elfective index of the cylindrical fibers with care non-
linearily. This methed involves the numerical intsgrati-
on of the wave equation o vield the near field and =
first derivative with reapeet 10 the radial direction. A
comparizon 15 made belween the expected boundar,
conditien and the caleulated one at the core-cladding
imerface. With two corers being measured, the initial two
auesses of the propagalion conslant are iteratively cor-
recled Lill the error reduces 1o 2 specified order,

In the present paper. we rely on the same technique o
analyzing the effect of Kerr nonlinearity on the disper-
sion paramelers. The near-field distribution and the
effective ndex are fiest obtained from applying the
shooting method on the nonlinear wave equation. Then
the same method is uzed twice more 10 abin the (st
amd the second derivatives of the normalized propaga-
lion constant with respect o the normalized frequency.
The goveming equations for these two derivatives are
obnained froa dific:-::r:timing_ the criginal wave cauati-
on and the boundary condition once and twice, RS-
tvely, The effect of ponlinganity appearance. theough eit-
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her lzrge Kerr-coeflictent value or Birge injected opli-
cal power, on the dispersion parameters 15 wlso repre-
senred.

2 Basic equations and numerical method

For ciccularly svmrnerrical ronlinear fibers, the overall
refractive index of a zilica core doped with Gedls may
be expressed as:

nt = nd(n )1 - 2afie )] £ o B (1

where my is the refractive amdes ar the core center given
as 3 Tunenion of the wavelength % and the doping rano
¥ oaceording 1w Sellmeter relotion (9], & 15 the relanve
index difference. (i) 15 the profile definition Tunsnian,
E 35 the modal fizld. and o is the nonlinear coslMcient
defined as [4]:

- 1
s “1':?=J“HL[F}N ()
N

wherz ny iz the wavelengih-dependent eladding refrac-
tve index, W, is the frec-space impedance, and ny 15
the nenbimear Ferr coefhicien mon ™ which 12 asgue
med 1 be congtant along the core radies. The poverning
differential equation for the elecinc lield rodial compo-
nent in both core and clodding rerions for single mode
fibers have the seneral forms, espectively [10]:

d*E 1dE V[ o F? ' :
ST EAEY ]_T‘* -b-fir|E=10, 3a
dr* 1 dr a‘[ IngA 7] %)

d1u+mﬁ e

T

bE = [, . {3k

where 2, band % ace the core rudivs. the normalized Ere-
quency. and 1he normalized propagation constang, res-
pectively.

Two restictiions govern the zoluton of the above dilfa-
rential equations. First, the eleciric field ot the core cen-
ter has o maximum value {initially assumed) and zero
radial derivative. This value depends on the injected opti-
cal power through the fiber cross secion acearding 1o
the proper integration [4]:

s
p= Im_EJ-E:II:"]rﬂT._ (4]
4 :

where B represents the extension of imnegration which,
in thiz paper, 15 taken w be @ Gmes the core ccliog,
second. a matching condition 15 necessary 1o achisve the
conuneity at the core-cladding mtertace, This owcurs
anly for certam b valoe which 1 given us a puess at the

beginning of the numerical procedure, For contineous
solution we musl have:

LdE[ W K,(W)
2 Ko(W)'

il (5)

where Ky and Ky are the modilied Bessel functions of
wera and first order, respectively, and W is the cladding
dipvay parimeler,

Before numerically imtegrating the wave cgualion,
Gavssian approximation bas been used 10 carimare the
elociric feld and iis first rodiol derivative o the DirsL s1ep.
The used Gavssian function has fhe form:

E=E, cx]:-[--r:_."-:uf,] ()

where o, 15 the spot size of 1he fundamental mode [10]
which is given for siep- and guadratic-index profiles. res-
poctively, by

Do o065+ 1619V15 52 8T0V"E, (Fa)
il

i I2

L2 ‘-.lﬁ' ik

Proceeding with the intearation il neaching the core
cladding interface, the deviaion of dL&r from the
crpecied valus 15 evaloared wsing on error funciion de-
fimed as ;

ERR = ———— — L, (8)
Wodr K (W)

The whele process deseribed above 15 performed twice
for owo initial gucsses of the effective index. . Being
the ercor funcion estimated twice, the secant method 15
wsed to decide a new sucss of B

_ ERR2(B, -8))

E'nn:w = B'l I:.ERR?_ERR.I-I L

()]

where fip and B are the initial puesses of e elfeciive
index while ERR] and EREEZ2 are the comesponding
errGr valwes,

The correct value of i 12 achieved by performing the
above procedurs in @ bwo-palh Beralive maongr (10 avoid
gucsses-dependence resulis) where each tune [ 15 con-
sedered 23 a new guess. After that, the modal fizld dis-
ribution along the core and cladding regions iz oblui-
ned by segranng {30 The toal power is then deiermi-
nead by peclomming the mggration of {67 and comparing
it with the known injested power, The preassemed value
of the clectric field ot the cors center is then replaced
by the correct anc accarding Lo its dependence on Lhe
srpuare 1001 of T The whole procedure is repeated o final-
Iv ohtain the coreect field diswibuion with the correc
b vl

Obaining the normalized propagation constant, b, and
the madal field distribulion, the chromatig dispersicn
parimelers e now o be estimated. Te oblain the frst
derivative of bowith respect o ¥, we repeat the same pro-
cedure used o pel boand the modal field disrribution
whilz using anuother sel of equatcens. Firse (3] is diffe-
rentiated with respoct 1o W o gen
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V. ' |:»'_, caw I g | d2 g 2 E 21
: | dw dw dw?
L =y
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The first step of miegration is obtained by differentia- W v =Ty T {23}

ting {6} with respect 10 ¥ and then with r, The marching
condition a1 the core-cladding inesface is got by diffe-
rentiating {31 with respect oo W2

gt o -HV[EF +EW f‘-] : (13
F FE . I-""'"‘l r=a
where
= Ko (W)
‘,:_ = ...".\- mme—— l: 14}
Ko (W]
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and
. W Wh
W e— e —, is
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Simnilarly, to obrain 1he second desivative of b {10 and
(13} are differentiated with respeer 1o W

d*E 1 dE N :
ELT+;F+ FT‘[L",'I]: "FJ{F.]E-+
+F(E)E” + Ry (E)E =1, {171
whre
2F, AVh+V3
L e e i L {151
""- [
[0 it 2 ey (19
W X
and
gyt
F;{LE)= T'EI—':- (20
a'njh

The matching condition at the core-clodding imerface
Is obtained by differentiating (14) again with respeet 10
Yoo gen

Qbaaining the comect values of the normalized propa-
zation constant and its ficst and second derivatives, ang
can eagily estimare the dispersion paramerces; the made
delay factor, d and the normalized waveguide dispersi-
on coefficient, § represented, respectively, by [4]:

Wy oo
i . (24)
dv
2
a=vd ':1_‘?1 = Vb + 2V,

av {25)

The chromatic dispersion parameter of o single mode
fiber can be calculated from 1he formula [10]:

dt, A d*p
s Sk SRR 3
TS el 26)

The second derivative of the effeetive index with res-
pect 1o the wavelength has o complex farm and repre-
senls the various dispersion mechanizms ingluding the
profile dispersion,

3 Numerical results and discussion

According to the elgorithm represented above, & com-
puler program is implemented w investigate the choo-
matic dispersion charzcieristics of the eylindrical opti-
cul fibers that exhibit nenlinear behaviour, Both step and
quadratic profiles are considered. The number of seo-
ments, inle which the core is divided. i3 chosen as one
hundred which is found to give convergent resulis,

From {13 and (2) the nonlinear behaviour appears when
either the injected oplical power, the nonlinear coeff.
cieal, of hoth is large enough for affecting the nonline.
ar 1erm of the core refractive-index. The cffeer of this
1% [ increase the power conlined in the fiber az shown
m Fig. 1 by zhout 3.7 %, The nonlinearity effect. how-
ever. loses its sigmificance while approaching the core-
cladding, interfawe while E decreases gradually.

The power normalized electric field B, repressnted by
the vertical axis of Fig. 1 reflects the power-confinement
efficiency of the oplical fiker. I i3 defined as [4]:
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The :::E.D]Ll'li'lﬂﬂ.l' wrr eocflicienlt is chosen 1o he
3100 1:|"-"'-_‘-' [4]. The 200 kW inpul power may appe-
er wmpragtical value. Howewver, Eerr nonlincariy
depends on both values of FFand Tz, 20 much less powser

could be effective when @ material of larae nyy value is
e, o

The effect of the input power on the averall core refrac-
tve index is illustrated in Figs. 2 and 3 for slep and qua-
dratic index fibers. respectively, The normalized core
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Fiz_4: The rormalizsd propeestion constant b a2s 2 funsien of pg, T
product 21 differsn Vevalucs

refeactive index which lahels the vertical axis is defi-
ned as [T]:

r 2
ity E

i3

q{r)=1-F(r}+

For beth profiles, injecting 200 kW optical power
mereases the normalized refractive index 20 the core ceg-
ter above the boesr valve of unity when only 1 m% s
injected. Alzo for slep index fiber, it is noted that Kerr
nonlineanity has the same effcer as self grading the core
refractive index. This cffect appears also in guadratic
index fibers but its own grading wehnique has a stran-
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Fig. 3z The dispersion peramecess b, d, and g a8 fueetices of W for (2 step and (b) guadralic index fisess the linear and eantinear; the dashed cur-
ves are for F o= 1 mW abrainsd wing the present maethed while the crosses represenc the szme case akeained By the metheds in [4] asd [70; the
#lul the plus-sign. amd the sgoare corves are for Po= 200 &% ahczined using the present meshed, e iesthed in (45, and the meisad in [9], ses.

pctively

ger effect thus Ferr nonliveariyy has somewhat weak
effect on the quadeanc index Nbers except at large V-
values when power confinement increnses enough.

Since, a3 meationed befere, (e nonlinear behaviar of
the optical Ober depends on both the input power and
the Kerr nonlinear coefficient, one could uwnify this
dependence by considenng the effect of the praduect of
both terms. Le.. Py, oo the normalized propagation con-
slant boas lusirated in Fim A for four Vo walues, Thers
iz alwayvs a threshold value for this produst al which the
nonlinearicy effecis are seriously prezent, This threshold
viluz iz found 1o increase slowly with the normalized
frequency.

The dizpersice claractensics for olh step and quadracc
index fibers of core nonlinearity have been investiga.
teel, Tres well known Ut the refractive index of any masla-
rial fras some ki of wavelenoth dependence, However,
we will temporarily neglece this dependence 1o make a
camparison with the works of both [4] and [T who used
n: = 147 a inf - "™ = 022 pm. and
NP = 6.4 100 m?,

Figures 3z and b represeal this comparison for bath
step and quadratic index fhers, respectively. The cesulis
corresponding w the logar cose agres wich thae 1 hoh
[4] ard [7]. For neelinear operation, the resulis of b for
boch step and quadianic index fibers agree with thal of
[4] while differ fram that corresponding o quadmtic
e omes e [T The relation between boand boin [7)
15 actually ineorrect, The resolis for d and £in [ 7] wee
alzo incorrects the fermula for d i wrong as poanied out
in|1L].

The performance of optical fibers under nonlinear ope-
ration is strongly alfected by the wavelength dependence

1
L

BV}, d(V), a(V)

Mormalized Frequency, ¥ |
|

=2 Lo vnal of Cptkal Domimuniootios

Fig. é: Toe vagiation af the daspecsica parameters b<, amd & wich e
nuerniali ped '!'n:qu::m::.- lar sz imde g Nbees weich oo & values and wilh
1hat 2000 My P poilsed wiluc

ol the relactive indices, The nonlinear teem in the over-
all corne relmactive index depends on Kerr coctficient,
opticsl power, and also the cladding refrzctive index
which iy wavelength dependent, This mesns that twe
compleiely differcot performaness conld be ohiained o
the same ¥ value and at the same n.g P product oo, Thizs
iz ilustrared in Figo & which shows (hat two difterent
dizpersion parameners cives are ablained when opera-
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Fig. T: The varizion of the dispersicn parzmerers b, &, g as functions
ot prosdust rag PP [ar tad ponlinear sep andex fibers

ting at A = 0.8 and 1.7 um (the performance range of
aprical fikers).

i'hen nonlinearity manifeses iself, the characieristic cor-
ves of the dispersion parameters are not dependant alone
on the sormalized frequency (as in the caze of hnear
operation}, In addition, however, they depand an 1l non-
linear Ker cosflicient, injected optical power, and e
cladding refractive index, which 15 inherently wavelsngih
dependent,

The dependense of the dispersion parameters on e pro-
dugt mp B e lustrated 1n Fig, 7 for bwo W values where

nz is fixed at 444, The positive and negarive regions
of the horizontal axis eorrespond o fibers with self-focu-
sing and self-defocusing effects, respectively. It is nored
that the higher the normalized frequency, the stronger
the nonlinearity effect

The Tast poiot (o be congidered now is the effect of non-
linearity on the tal dispersion Tor bodh 2iep and qua-
dratic index fibers. The total first order dispersion [or
both profiles is illustrated in Figs. #a and b, respec-
tively. The dotted curves represent the simple sum of
the wavepuide dispersion and the material dispersion
while the solid curves correspond o (20) which inclu-
dez the contobution of the profile dispersion, Posinve
nonlinesarity shifts the zero dispersion point, ZDF w2
longer wavelength while the reverse occurs for negati-
vi nonlinearity. Also, i is noced thar ZDF for the qua-
dratic profile cocurs at a longer wavelength than for the
step index one. AL long wavelengihs, the dispersion cue-
ves for both profiles wad 1 approach each other, Tn this
region Lthe material dispersion will be the dominant
source of dispersion. Also the cladding refractive indsx
becomes smaller and the nonlinear cocfficient o, does

also; the fact thar weakens the nonlincarity phenome-
na.

4 Conelusion

In thiz wotk, the second-order nonlinsar wave squalion
ind 18 normalized frequency derivatives has been sol-
ved for nenlinear aptical fibers by Runge-Euiia nume-
rical integration wsing the concepr of the shooting
methed. The effect of Fere nonlinearity on the modal
ficld disteibwition, the propagatoe constant, and the
dispersion parsmeaters have baen investigated for both
step and quadratic index profiles. Kerr nonlinearity
increases the optical power confinement. It is conclu-
ded that the nonlinear performance of the cpiical fiber
dacs not only depend on the rocmalized frequency but
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alao om ats constituent parameters. Complewe dispersion
behavior resulls as the step index profile becomes a gra-
ded index one according e the ficld-imensity profile.
The efficiency of the used technigoe Lies in the short com-
puter Gene and Lthe simplicity of the numerical manipe-
lation in either linear or nonlinear cegime,
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