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Summary

o this p{i por. & quantitative cstimation of zome mpor-
Lant reansmission characteristics of single-mode praded
index fibers iz repocted atche 1.3 povand 1,55 pm wave-
lengrh windaws, The wave equation 15 zolved 1o get the
neae-figld m the form of 2 Kemmer lunclion. Two spot
sizes, W and W are caloulated ot different fiber para-
meters by @ numerical integration For the near-field. The
woouracy of the method wsed is tested by 4 comparson
with the power series solution, where a for agresment
far both spar sizes is ohiined. Based on the caleulaied
spor sizes, the transmissien chacicrensiics are estima-
ted including zplice, beoding and miceobending losses
and the chromane dizpergion.

1 Imtroduction

[ the lasc few wears mozl of the research interesis in
aptical Nibers have shilted wosingle-mode fibers [1].
Single-mede  cprical Obers are most seitable for
Figh-data-rate transmission sysiems beeause af the
absence of intermodal dispersion. They can mainlain a
slate of pelarizatdon over long leagihs (2], Tor this rea-
son, they are desirable for wse i cobernent optical com-
munications. Fingle-mode Obers are also cupable of
lrapsmitting power in only one polarization siace and they
have alsoa great advantage innterconnecting fibers and
polanizanoe-sensinve devieas [5],

One of the most impoertant parameters charagierizing o
single-mode liber is its modal fizld from wihich one camn
determing various propazation chacactenstics such as
thzpersion. source we fiber cowpling, splhice loss, micro-
bending loss. exo [4] Al these charctienstios could be
dutermined in erms of the 8o called spot sice. The spot
sree 15 cssentially a representation of the spatial width
of the LE., mode Aeld. Tl recently, v appeared ihat o
untgue definition fos the spod stz (the distance bepween
e opposiee e Geld smmplivade points) would he suffi-
cient 1o charaeternse dimensionally o single-mode Gber
[3]. Now. twa types of spol sizes have been found; W,
the Perermann spol sive. which is propostional 1o the
imverse of the rims hall width of the far field aogular inten-
sity distribwcion of the LPy mode [4] and W, the rms

spol size of the near feld. Both spot sizes are mast come-

manly used o siady all the quantines of interest for a
simgle-mode filer,

The main reason of svaluating the spot sizes s 00 siudy
thee pulse dispersion and the fiber extrinaic losses as func-
tions of ‘fiben parameters, For single-mode step index
fibers, both spol sizes have been estimared from 1be
Far-Tield measurement by B, P Pab e al, [4] and have
wlso boon companed analvocally by B, B Pal et al. [&].

In the present iedy, the analytical solutions for a g
ded index (parabohic profile) fiber are wtilized o abtain
the modal figld in the form of Kummer function [7] and
consequently the two spol sizes are obtained. A
power-series solution is also sed to check the acewracy
of the analvtical one. Transmission characienstcs for
this fiker are then swdied ingleding ¢hromatic disper-
sion and exerinsic losses: namelv, splice loss [8]. ben-
ding loss [9] and migrobending boss [, TLL

2 Theory

The fiber under considerstion i characterized by o zra-
ded refrzcive e profile. ni® . of the Ferm:

2Ry =wi[I-2anr)) r= il a)

n(R)=ni[l-2a] Rzl {1 b

where & 15 a geading paramerer and BR1 =R for a para-
bolic profile, where Bi= of) is the nosmalized eadial
diztanee wd 500= the core radios.

Given the relractiye indes protile. it possible m nd
the ncar-ficll patem. F{R), by solving 1he wive cqua-
tiof. In the present study. we are Timaeed oo ging lemorle
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operaticn and the wave equation is wiitien in Lthe Torm
1121

r .

d- i Isr2 ] -|

kL L B i -5 F : =11, 2
|_de g bl {Rj}jr‘m} (2]

where % i the normalized fnequency and U is the corne
cigen value given by;

=} aa i
v =ka{n] -ni] . (3 )
U? =2 nik? - B7), (3 b

whers & (=2m) s the wave wamber, & s the free space
wavelenoti, ny. ny are respectively the axial and ilad-
ding refractive indices and B is the propagation constant.

2.1 Bwmmer function solution

Thi analviical solutions of (2), comesponding to the fun-
damental mode. LPy,, in the core and cladding, respec-
tiviely, awe [13]:

I 1
FiR}= L-xp[_—c:u.ﬁ*m‘]. MLJE-— %.I.‘-’R!-l

|

Nzp=l (4 a)
e 1yt K, WE)

AR = exp(0) :m[———,w S

PRy apdo) 27 KW

= 4 b

where A [wbuz] is the Kummar funetion. Ka(x) 15 the
prodified Bessel Munction and ¥ is the cladding engen
villue, siven by:

W =¥ - azk?] = v - U5 (3

The propagacion constan, [, can be caleulated from the
chaructenstie cquation oblained by mutching the field
[irst derivarives ai the core-cladding invecle, Using (41 a)
and 02 by ong can get the charzcieristc CUEELION A%

2vlAM[A +1.2.V]-03M[ ALV =
L E‘f | I:I".'"I 1'

[ ALY (i
K W) :

wath A =1L = 1AW

2.3 Power series solution

Tir cheek the securacy of Kunaner [unctzon solution.
prwes serics solutien foe the persbolic profile s adop-
ted, Tn the core remion, (2) has a power-sanes solution
for the Pundamental mode of the form 191
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swhere o, are Lhe seres coctiicients.

In the cladding region, the solution is the zero order
rrodifisd Dessel function of the second kind, given by
[L4);

Bl W)

AT

[ZR === {7 k)

2.3 Spot size ealeulations

Onee the modal Tiald, FIR), for a particular index pro-
file is deternsined, one can obrain the two spal 2i20 Iypes
W, aid W which are directly defined from FiR)
through [4]:

]

2? | R (R)R
Wi === (&)
j REZ (R R
1
2l [ RF(R)aR
wis—t— (%
[ 4FR) g g
e R

24 Extrinsic losses
2.4.1 Splice less

Splice losses may occur due o three majos defects: lon-
situdinal separation. tansverse affset or angulir misa-
Hamment {14]. OF these defects, wansverse offser and
angular misalignment are more imposant since splices
are highly toleran for longitdinal separation (3], le
terms ol the twn spot sizes. both splice losses due 1o
icamesgrse offsel, o and due o angular offset, o, can
ke obuined as [6]:

o By = 4343 d 0w | {10
)

cay (4B} = £ 3430y W, 12787 (L1
where d is the transverse offser. 8 is the angelar offset.

242 Bend Ioss

Cptical fibers suffer radiation losses at bends or curves
o therre paths, Thiz i due o 1the energy in Lhe evencs-
cant Nield an the bend excesding the velocity of ligh in
the cladding, and hence 1he guidance mechanism is inbi-



56

Jbpmi of Ogilesl Commisnlestiony

bited, which causes hght energy 1o be radiated from the
fiber. Unlike splice and microbending losses, pure hend
loss 15 not expressible in terms of either of the spot sizes.
[t depends on the propagation constant through the eigen
[unctions U znd W (3}, {30 For an arhiteary andex pro-
file. the bend loss can be modeled as 19];

H
Y P{—cmw S

i, (B m) = A |m ey

where R, is the bend radius and A is a parameter depen-
ding on iil-& modal Geld. FiR), and the index profile, 61,
and 15 defined as [9]:

1}

i e
U[l = EfR]].RF{R}dR]
= :

E (13)
JRFE{R]dR

(12 iz based on an approxinele meds] consisting of a
current-carrying antennd of an infinitesimal thickness
which radiztes in an infinieg medivm of index equal to
the cladding index. The approximation assumes that the
cquivalent core ¢curnent of the bent fiber is superposed
oL 105 AX1%, 30, L ignores the effect due 1o the Ninie
core cross- gection. The correct form of the bend o, 15
obtained by muliolving (120 by an ares factor 1 oiven

by [9):

= j'[u — F{R)[RF(R )T, (WR)dR /
ul

_1'5_1 — (R RF(R R {14y

where [ &5 the zero osder medified Bessel function of
the first kindg,

243 Alicrobending foss

When the fiber has a lurge number of random bends of

wrbitrary curvatores and lengths, the rdiation is uncor-
related [ M. B0, one can add the power lozses from ran-
sitiens and fram bends. Thus the teal microbending loss
along the length of the fiker 15 the sum of the power radia-
ted from each Bend and from each transition. Provided
that the ratio of bend 1o core radii is larse, one can ose
the expression derived for bend loss. Microbending
loss, e, can also be caloulated as o function of the

spel sizes, Pelermann has approximagd on in the Torm
[1%]:

L [ABm ) = (4 43R K n,wys )
¢|:|{2,l'll r;;~|||"|"1"-:::‘|| J 1151
where wy, znd wy, are twe auxiliary spot gsizes which

cin be approximated from the following fornmakae, with
A worst ereor bess than 2% [L5]:

19 Ny &
w2142 A, —1)—0.83T, - 1. (16
vy [ W, = 099+ 0538, < 1)-0.32(5, - 1) (i)

where & = W W, and @, is the curvilure power spec-
wum, given by [15]:

B, (6) = 0 maL exp(-0.5L20°%). {18}

where 0 §s the rms deformation amplitude and [, s the
correlation leagth,

2.5 Chromatic dispersion

Intramcedal or chromatic dispersion occurs in all lher
types and resulls from the finite speciml width of the
oplical source wich cavses broadening of cach trans-
mitted pulse. Intramodal dispersion may be caused hy
two dispersive effects, The licst is the material disper-
sion which depends anly on the fiber marerial and how
the refractive index vary with the operating wivelength
The seeond is the'waveruide dispersion which depends
an the propazation constant and resulis from the varia-
tion of the group velocity for a particolar mode. The
waveguide dispersion can be neslected in mulimode
[thers bue it is sigrficant in single-made anes [14],

In the present study. it is eonsidered that the manerial of
the cladding is pure silica and that of the cone is 1 cer-
tin composition of Ged, and SiCr. olasses. The refrac-

lives index of such sysermn is TL-FITI:HI:!I'lt-E*d by Bcllmeicr az

[La]:

14 —El', [58,+ (G, - 54, )12 (1)

A —[SL; + (6L - 5L j]

where % is the mole [raction of GeCh in the silica sl
and A; are constants related o the number of particles
in (e material that can oscillate o wavelenaths L, - A;
and L are called Sellmeer coetlicients. S denowes Silica
and G denotes Germania glasses.

The weal Indranmdal (chromace ) |.||,':|"'x.:|-1|-;_'|r| al pulses
bounded i a single-mode flker is giveen as follows [17]:

L; = {ih;]d P i, 12
where
Mp={1n]

-I[:nz.‘hll+|H].5'-fclhfq5"-.-'+:~]|;n,.‘-',—|13N:}}. (20

where o, is the elfective reltactive index of the Ther, M,
it N aife Lthe groug indives of the core and e ladding,
respectively. -

The quantiny (% dbfdV is expressed in terms of W, Tor
any eeleactive index profile as [a6]:
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Fig. L: The nooraliced propapigien eonseang, b, of the Rindamental mede
ity & praded index fiker as 2 fanstion af e aeonalized frequency ¥

4
v » . % (221
dv o VW
Solving the shove equations, one can get lofal disper-
sion cosfficient Dy based on W,

3 Results and discussion

The nocmalized propagation constant, b, is obtamed by
salving the characiensie equation, {G), using an itera-
ticn technique with 2 worst ercos less than 2% Figere 1
represents the dependence of b an the ¥ awmber, This
dependence is fitted to an approsimate relaion as

b= 0,571 — 0860V + 0641V
=015 +001E (23

The procedury of determening the two spol stoes. W,
and W, starts with Gnding 1he elecrrie field diswibuti-
on in both core and cladding depending on the obiai-
ned propagation constant, Figere X represents (<had. {9b)
which are she solutions of The wive eqaation fora para-
belic profile. The elestric Deld 15 displaved ac velues of
Y oeorresponding 1o single-mode operation, As axpoc-
tel, w bigher values of ¥ (near cutodD. it is nedgd that
Ihe fragticn of the power laonched in the core 1= high
comprred with that ar lower values of V.

Tie 1w spol siEes W, and W are then calewboed
suneerieally for differcnt fiber paramelers, Trom (31, {0
wsing o conpuier code. Figure 3 shows o sample of
resizlis Tur Botl spon sizes an o= L5 pin Ttis noded that,
at  eertmn value of core radivs the W, spol sieg 1
weperally heghoar lower viloes of & or egquivaleutly al
lower wiluas of 1he ¥ rumber.

The acecuracy of the Kummer ftunction solution i resed
by comparing with the power series solution, (7h, (8}

o - i
s V15 .
0.2 b= -
i 24 20 |
o 1 B . | i
' 2.0 10 20 10 T
£fa

T T T

e =

FiR}, wiatrary urits

B |0 eal af Cotical Commrnications

Tig. : Ficld distribution in che core (v 1) 2od cladding (ot 2 B
for ik fundamencal made

g T T - T T
! W,
a E——— T
b 1] & = 00052
ToH m':UJ {Z) & =003 4
%_ B , A
= e
= |
| (B o
[
4o - . b L p——
10 a7 50 50
a, pm

@Jnmlnfﬂp&ﬂlmﬂmm

F'.r' 3 "_'-',.r\'u Sl "Hr and W, as fanclions af the cee radius 2w A
= Lium

A Fuir sgreement is noticed in Tables §and 2 whach show
this comparison for e pormalized propagalion CoRSLRL.
b, and the two spat sizes at different values of ¥,

Depending on the caleulated values of both spol sizes,
and the provedure explained in See, 2, 1he ransmissi-
on characteristics ane oblained amd digplaved in Figs.
4=Fin the 1.3 pmcand 133 @m wavelength windaows,

Figare o displayy the splice loss due tw transverse ofl
s, 0y, a3 Toneion of core nwdios, o, The transwerse
ol Tsel o, s taken egual w0 L0 pm [ 841 The depen-
dence of gon both wowmd % b mterpreced inothe same
maAnme T ws done for W, sinee oy is inversely proporiio-
mal g N L0,

The splice loss due w angular offsel g, 15 ploaed
aginst 1he core radios at the sume operining wivelengths
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Table I: Compari=an o rns and Petormann Apd saxgs Tor different
praced sndiy ibors with & = UAKIYS uperating 24 & = |3 pm

Table 3: Comparison of ress and Petermann A siaes for differesgr
graded index fibers with A = U035 apersting 21 & = 155 pen
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e ; T ¥ ;
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L=1.3 pm
020 - L=1fEum -
N {1) 4= 0.033Z
oaf M {2) 4 = DO -
LY g =087
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b=
5 g
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004 E
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Imrmh:lf'ﬂ'pﬁ:ﬂh:l:mnu'amﬂmﬁ a, pm
Fig. d: Tronswerss offsel loss oy, 25 a faneon of the core radius 2 Emmfﬂpﬁmﬁmm _

in Fig. 3. The angular offset, 8, is assumed to be 0.5%
a5 typical offset at a fiber joint [6]. The splice [oss, o,
shows the same dependence on both the core radios and
the ¥ number 35 W, becouse of the direct PrOpOTio-
nality between them, (L1). It is noted that, operating a
higher values of V increases the fraction of power reans-
mitted in the core and deereases the splice logs dus to
angilar offsel 10 a minimem vilue, However, I canses
the splice loss dee to ransverss offset 1o be very farge.

Using (123 and (13, the bend loss, o, is evaluated and
e resulls are ploteed agangl the core radivs a1 the same
wipvelength windows m Fig, 6.

Eend loss is caleulared 1aking o bend radivs of 1.25 cm
and using the previgusly obtained modal Teld disteibu-
tion. Bend loss ts, generally, hizh at lower vilues of core
radiuz, a, and then decreases with increasing o. This is
because ar lower values of 2. the bend radies is near o
the critical bend radius at which all transmited power
i5 last through radiation. In consizlence with resulls of
step andex fibers [6], the Band loss is of the same order
of magnitude, and fhers exhibiling hisher values of A
have decreased sensitivily 1o macrobend loss a5 shown
in Fig, 6.

Microbending loss is ealeulated from (151-01%) and its
vartation with the ecre radivg is shown in Fig, 7 for dif-
Ferent values of A, For the curvature power spectrum
givem by (1E) in estimating these microbend losses, o
correlation leagith L of 300 wm and 5 value of 0.002
pm for the rms deformation amplinads, & were assu.
med on the basas of laboratory cable test as quoted by
[4f. From Fig. 7. il is clear ihat microbending loss

Fig. 5: Anpular ofTsct bass e, a5 o lunstian af the core radius o

increases with core rading and becomes maxemum &t cer-
tain poant, then it decreases, The maximem valoe of o,
is sensilive to the value of the grading parameter A As
an example, the maximum value of &, increases from
0.035 10 1.33 dB/km when A inceeases from 00032 o
0.0038. Figure T assures thar opeeation Gar from cutaff
will decreage the microbending lesses. This eperation
can be achigved either by decreasing the core radius,
decreasing the grading parameler, or by operating a1 a
higher wyvelenzth window,

In studying dispersion, a core having 1 germania male
fraction of 3% and a pure silica cladding arc wrilized,
wiich represent an actual fiber [16]. Fioun: # shows 1he
wariation of the chromatic dispersion coefficient, [,
(20}, with the operating wavelength, X, For theee ibers
with different core radii. The obtained values of the
zero-dispersion wavelength, A, arc respectively 1.34,
123, and 1.155 um.

The dependence of the ehromatic dispersion on both core
radius and the operating wavelength shows nearly fiue
same slopes lor diferen values of core radius, bur with
different magnitudes. Since chromatic dispersion, Dy,
is the algebraic sum of the material dispersion and the
wavepuide dispersion, so. the obained resulis can be
cxpluined a5 follows:

The material dispersion determines the shape of the cus-
wes which i nearly the same for different cone radii,
while the waveguide dispersion affects the values of hoth
Dy and Ay, depending on the value of the core radius, o,
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Fig. & Herding loss €, os o lanciwan of ike core mdive a

Sirnilar behavios is also obtained for other compositions
with different wvarlees of £

4 Conclusion

& detatled suedy for the transmussion characteristics ol
single-mode graded index fibers, based on spot size cal-
culations, 15 presented. Results at 1.3 pm afd 155 pm
wavelength windows have been shown in a series of
araphs. At a certain value of the core radhus, both values
of spot sizes W, and W, are generally “high m lower
values of & or cguivalently a1 lower values of the » nem-
ber, The dependence af the wansvesse splice loss, .
and the angular splice loss, @y, on both core radius and
the % number could be interpreted in the samc manner
a5 done. respectively, for W, and W, T lias becn
found that both beading loss, o, und microbending loss.
;. increase with the eore radius. The resulis also
show that o decreases and both o and O, increase
with the operating wavelength while om, is nesliziblv
effected, The stdy of the chromatie dispersion assures
that the waveguide dispersion compongn affects the
value of the dispersion eocflicient and shifts 1he zero
material dispersion wavelength wo lowsr values a0 area-
ter cose radii.

This stody is wseful as o general guideline for system
desimners conperned with best designs of single-mods
fiher sysiems. '
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