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Geometrical and Optical Characteristics
Core and cladding geometry

For single-mode fibres it was decided not to standardize
the core geometrical characteristics but rather its traasmisgion
ones: this cholce was made in order to permir manufacturing and use
of different fibre designs which, neverthelesa, could present uni-
formity in the transmisslon parameters determining joint and micro-
bending losses. Instead of the core diameter, it 1is the mode field
diameter which has been etandardized. Concerning the cladding
diameter it was decided to confirm the value already sgelected for
myltimode fibres wmainly in consideration of a possible use of common
parts for connectors and mechanical jointa. As far as tolerances are
concerned, the values are given in Rec. G.652 and as for multimode
fibres they are assigned as a compromise between low jolnting losses
and high production ylelds.

Refractive index profile

It 1is not uaecessary to recommend a specific refractive
index profile, in order to permit the use of different single-mode
fibres (matched-cladding, depressed cladding, W-shaped and multiple
cladding), with compatible values of transmission parameters.
Although the use of different refractive fibres should be avoided in
the game lipk, specifications on the mode fleld geometry should
ensure an acceptable joint loss even In the presence of different
fibres.

In general {t 1s possible to say that the refractive index
profile ghape is not impertant from the transmission point of view,
while 1t plays a major role in the design of dispersion shifted and
dispersion flattened fibres.

Transmission characteristics
Modes ipn single-mode optical fibres

The simplest single-mode fibre refractive 1index profile
involves a step change {n index across the core to confine the opti-
cal power. A step-index fibre operates in the single-mode regime if
the V pumber, or "normalized frequency", satisfies the condition

V = ka [ngZ-n;211/2 ¢ 2.405 (1

where 2.405 correspondes to the first zero of the Oth order Bessel
function, a 1is the core radius, k=2n/A is the wavenumber (A-the
free—space wavelength), ng and n) are the refractive indexes of core
and cladding respectively. From Equation (1) the cut-off wavelength,
above which higher order modes cannot propagate, can be determined;
in thie case only the fundamental wmode HE)|; will propagate.

For the case of a graded-index profile fibre an approximate
wethod for determining the cut-off wavelength consists in defining
an "effective” number Vugp such that:

~
a
Veer = 12k2 [ [a2(r)-n12] r dr}1/2 ¢ 2.405 )
o
where n(r) represents the refractive 1index profile (r =~ radial

coordinate).

When the weakly-guiding condition applies (ng—n1<<ny), the
wmodes of the fibre degenerate in a way that it 1s possible to find
linearly-polarized (LP) modes which form useful approximation to the
true wodes. The Fundamental wode HE)) is however naturally linearly
polarized and it is also fndicated as LPp). The second order mode is
given by the two polarization states of the LP); mode which comes
from the degeneracy of the HEj}, TEy) and TMp; modea.

introducing a gystea of cartesian coordinmates (x,y,z) with
the z-axis coincident with the fibre axis, the field of the LPg
fundamental mode can be described In terms of two components: Ey of
the electric field and Hy of the magnetic field, assuming the
polarization direction of the mode along the =x-axis, The other
transverse components of the field wvanish, while the longitudinal
ones are negligible. For Ey, and Hy we have the following well
approximated expressions:

Ex = ¢(r}) exp (-1pz)
(3
Hy - (e/uo)1/2Ex

where €, ug are reapectively the electric and magnetic per-
meabflities of the med{um. The radial field discribution 1s usually
assumed Gaussian as follows ¢(r)~exp[—112(r/rg)2] with rp depending
upon Index-profile and normalized frequency. Gaussian approximation
althrough coovenient is however no longer valid when the refractlve
index profile is much more complex than the step profile or when the
fibre is operating at the highest wavelengths.

Attenuation

As an optical signal propagates along a fibre it is atte-
nuated and the power level at a distance of z kilometers from the
transmitter is

P(z} = Pp exp (~az) (4)

where Pp is the power launched by the transmitter into the fibre and
@ the attenuatfon constant. Tt is to be noted that Equatlon (4),
which applies for single-mode fibres, i3 also used for multimode
ones even 1f in such a case a 1s a welghted average over the propa-
gating modes so that ite value actually changes along the Ffibre.
Single-mode fibres have the remarkable advantage of not having such
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differential mode attenuation effects.

The sources of attenuwation {n sflica fibres can be divided
into three different categories: absorption, material scattering and
wavegulide effect.

The absorption can be intrinsic, due to UV electronlc tran-—
sition and IR motecular vibratfons, impurity induced, due to tran-—
sition metals, O and H; vibration overtones and eventually, defects
induced, due to oxygen vacancy, vadlation, drav and Hj.

The acatteriog 18 caused by natural Rayleigh scattering
which 18 intrinsically due to minute density and concentration fluc-
tuations, by bulk {mperfections such as bubbles, inhomogeneities and
cracks or by waveguide Imperfectfons which are due to core and
cladding Interfacial irregularities.

The waveguide related losses are due to macrobending
(curvature induced), microbending (perturbation induced) and design.

The technology for fibre fabricatlion has advanced to 2
level that the intrinsic losses are limited by the basical causes of
the Rayleigh scattering and of the infrared absorption. The OH con-—
tent can be kept low and high quality fibres now in production show
excess OH attenuatlion at 1380 nm absorption peak in the range of
0.1-2 dB/kam.

Cut-off wavelength

The knowledge of refractive Index profile allows the deter-
mination of the theoretical cut-off normalized frequency, V.. For
each V<V, the singlemode operation is assured. As real fibres are
intended to be used in long length links the definition of an
“effective” cut-off wavelength 18 usually assumed for design pur-
poses. To this end the cut-off wavelength is the wavelength greater
than which the ratfoc between the toral power, including launched
higher order modes and the fundamental mode power has decreased to
less than a specified value, the modes being substantially uniformly
excited., As effective cut-off wavelength depends upon the fibre
length and curvature radius, these parameters are to be consldered
both in the definition and in the measurement; C€or the time heing
the length Is fixed equal to 2 m and the curvature radius to 14 em
(1n a single turn). In addition a cable cut—off wavelength could be
defined in a similar way. In general the cable cut-off is lower than
the flbre cut-off which {s lower than the theoretlcal one (see Rec.
G.652, Annex A, Paragraph A.2).

The importance of ensuring single-mode transmission at the
operating wavelength 13 paramount. This may be approached in dif-
ferent ways depending on the cable and system design ilncluding the
expected length, construction and curvature of repalr cables and
jumper cables. The dependence of the cut-off wavelength A. on the
fibre length bas been empirically determined and can be evaluated by
the“following expression:

Re(z) = Ae(zp) — A log (2/245), z2g=21 (5)

which shows the logarithmic decreasing of the cut-off wavelength

versus the fibre length z. In Fquation (5) A 1s usually assumed in
the range from 20 to 70 nm/decade, depending on matched or depressed
cladding profile.

Finally it is worth noting that the second order mode atte-
nuation coefficient ajj(X) is related to the cut-off wavelength in
the sense that X, can equivalently be defined as that wavelength at
which the radiation attenuation of the LPj; mode has increased up to
a certain prefixed value, that depends on the value, specified in
the cut-off definition, of the ratio between the total and the fun-
damental mode power.

Mode Field Diameter

The radial electric field distribution 1s a fundamental
property of saingle-mode fibres afnce it 1s related to splice-loss,
bend senaitivity and dispersion. In fact it is important for single-
mode fibres to have a reasonable spot-size for the fundamental wmode
in order to slmplify connecting and splicing. Attempts have been
made to characterize this distribution with a aingle parameter
called the mode field diameter, which 1s a measure of the radfal
extent of the fundamental mode. Being the mode fleld diameter a
single parameter derived from the electrical field which 1s to b%e
used to evaluate fibre performance (bending and jointing losses,
dispersion, etc.) the definition must be chosen in order to obtain
meantngful values. There are two definitions of the mode fleld
diameter with an important practical meaning. The first 1s glven by
the t.m.s. width of the near-fleld distribution of the fibre,
according to:

dp = 2 [Zf ¢2(r):3dr/‘{ ¢2(r)rdr]lf2 (6)

o 4}

and it {s 1important for the determinatfion of the possible micro-
bending loss and for jolnt losses In presence of small tilts.

The second mode fleld diameter definition df 1s given by
the inverse of the r.m.s. width of the far-field distribution of the
fibre and it 1s 1wportant for the evaluation of possible joint
losses in the presence of small transverse offsets and of the wave-
guide dispersion. This last def{nition of the mode field dlameter
has been vecently accepted also If appreciable differences among the
various definitions actually occur when the field distribution is
far from the Gaussian shape. One of the advantage of this chosen
definition 18 thar it can be given stacting from the near-field, the
far-fleld and from the autocorrelation function of the near-fleld,
all quantities susceptible of direct measurement.

Thus the mode field diameter df 1s glven from the near-
fiald ¢{r) as follows:

df = 2 {2 [ ¢2(r)rde/f (da{r)/dr)lrar)t/2 e
Q a



From the far-field ¢(p) (p=ksind, 8 being the ocutput angle
with respect to the fibre axis), dg can be expreased as:

4 = 2 [2 [ o2(p)pdp/[ ¢2(prpdp]t/? (8)
[+] [+]

obtained from Equation (7), taking Into account that ¢{p) can be
represented by the Hankel traneform of ¢(r) as follows:

¢(p) = H [&{r)] = [ 4(r)Io(pr)rdr %)
o

where J, {s the Oth order Bessel function.
The mode field diameter df can be also expressed from the
following near-field autoconvolution function:

Y(s) = [foC] F| )g(| T-5] 242 T (10)
as:
df = 2 {~2y(0)/[d2y(s)/ds?]gxp)1/2 (1)

This Equation 1s derived from the preceding ones exploiring
the fact that y(s) can be expressed as the Rankel transform of $2(p)
as follows:

v(s) = $(r)*(r) = # [9$2(p)] (12)

This autocorelatlon function can be experimentally deter-
mined from transverse of fset measurements.

Dispersion

The bandwidth of & single-mode Fibre is determined by {its
structural and physical parameters as well ag its material proper-—
ties, mainly through chromatic dispersion. Chromaric dispersion,
which for normal fibres 1s zero near 1300 nm, 1s caused by propaga-
tion delay differences among different spectral components of the
signal, so that the pulse broadening can be expressed by:

5t = z'(d-r/dh);\s-ck (13)

where z 18 the fibre length, 1 the group delay per unlt length, kg
the central wavelength and o) the r.m.5. width of the source
spectrud. The chromatfc dispersion (coefficient) D=dt/di can be eva-
luated knowing the composition of the fibre wmaterial and the
geometrical parameters. It can be shown that D can be compeosed
substantially by three contributions: namely the material, the wave-
guide and the profile dispersion. In particular the material disper-
slon is due to the dispersive properties of the medium that consti-
tutes the fibre; it {s generally the dominant contribution to the

total dispersion, except 1in that wavelength region fn which ir
vanishes, that for 510 based materials is around 1300 nm. The wave-
gulde dispersion takes into account the dispersive properties of the
waveguide itself and can be expressed as function of the derivarive,
with respect te the wavelength, of the mode fleld diameter dg. From
the practical point of view, a significant property is that the
waveguide dispersion can have opposite sign with respect the other
ones 1in the wavelength range above 1300 nm. This property can be
used to develop diaspersion shifted and dispersion flattened fibres.
For the former class the wavelength of zero dispersion is moved from
the reglon of 1300 nm versus the 1550 om window to colncide with the
minimum loss reglon. For the latter, low diaperaion 1s made to occur
over an extended wavelength range, with poasibly zero dispersionm
close to 1300 and 1550 nm, that would be very useful, for exaample,
in wavelength multiplexed systems operating at high dsta rates,
vhere a uniform performance over & wide range of wavelength is desi-
derable. As mentioned before the dispersion terms depend on materlal
composition, geometrical -parameters and refractive index profile so
that the minimum dispersion is obtained by opportune cholice of the
previous parameters.

The bandwidth of a single-mode filbre at the wavelength of
minfmum dispersion, depends strongly on the spectral width of the
source as can be seen from Table 1. An approximated relation for the
fibre bandwidth BW can be derived from the assumption of a Gaussian
impulse response for the optical fibre:

6t BW = 0.187 (14)

where 5t is the r.m.s. width of the Gaussian pulse.

Another cause of dispersion in single-mode fibres 1s due to
the difference of the group velocity of the two polarization com-
penents of the HE]) mode which propagate along the fibre. As low
birefringence {s 1induced by geometrical perturbation due to drawing
and cabling processes, the two orthogonal polarizations can have
different propagation constants. This effect 1s usually neglected,
as the polarization dispersion coefficient 18 well below 1 ps/km,
however {t could be a limitatfion in future coherent systems.

Coupling loss

The problem of optical power coupling is very important in
the design of optical fibre communication systems. In practice
direct coupling condition can.rarely be achleved and a lot of opti-
cal power can be lost In the coupling reglon between source and
fibre and in particular in the jolnt region between two different
fibres. Consequently the quality of launching and coupling of opti-
cal power is of vital importance Ffor the definition of tolerance
standards of sources and fibre parameters. Besides the analysis and
the meagsurement of jolnt losses can lead to an adequate design of
splices and connectors which can be used in an optical system.

In the analysis of the problem of source—fibre coupling the
launching efficiency A, which evaluates the quality of coupling is
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defined as:
A=W /WY {15)

where W, 1s the optical power collected and guided by the fibre and

W' the power emitted by the source. In single-mode fibres the

quality of the coupling depends on the matching between the field

distribution of the radiatfon emitted by the 'source and the distri-
bution of the field that the receiving fibre can propagate. A quan-
titative evaluation of such a matching 1s givens by the so-called
overlap integral that represents ‘the degree of correlation of the
two fields. The launching efficiency A 1s just given from the square
modulus of this overlap Integral. It can be also convenlent to
introduce in the following the coupling losa L=l1-A. 1t 18 of

Interest to consider, among the other causes of coupling loss, those

due to the varlous coupling errors. In the source—fibre coupling

three fundamental kinds of coupling errors are usually considered:

-  axial separatlon, If source and fibre input surfaces have the
same axis but are separated by a gap 8;

- lateral displacement: If the axes of the two surfaces are
parallel but separated by a distance d;

- angular misalignement: {f these two axes form a certaln angle n.

These three error configurations may be simultaneously pre-
sent; In such a case two posslble displacements are taken Into
account: u along the axis around which the source surface is rotated
by « and v along the axis perpendicular both to the u-axis and to
the fibre axis; it follows that uw24v2=32, 4 being the distsnce bet-
ween the two axes.

Coupling losses due to the Joint between two fibres may be
divided into two groups: intrinsic and extrinsic losses. The former
are due to mismatch in the characteristics of both optical fibres at
the jointing point while the latter originate from fnaccuracles in
the executlon of a Joint. The most significant parsmeters con=
tibuting to fntrinsic losses include the difference between core
diameters, the difference between the refractive index profile of
the two flbres: posstble joint losses are in this case propoertional
to the squared relative difference in mode field diameters, between
the fibres to be coupled, and therefore it is very modest In prac-
tice. Extrinsic losses mainly arise from:

- lateral displacement and angular misalignement between the ends
of the coupled optical fibres;

-  quality of the two surfaces with reference to smoothness, flat-
ness, orthogonality to longitudinal axes, roughness, concavity
and coovexity.

As far as small lateral displacements are concerned, the
coupling loss can be written in terms of the transverse offset d and
the m\ode field diameter df as follows:

L = (2d/dg)2 (16)
Concernlng small angular misalignments, the coupling loss

1s given through the angular tilt a and the mode fleld diameter dn
according to:

L = (k-q-dg/4)? (17)
Macrobending

Practical use of the optical fibres makes bdendlng wuna-
voldable so that an additional form of loss is present when the
fibre axis is cutved. The phenomenon way be interpreted observing
that in a curved fibre the external part of the wavefronts should he
constrained to travel at velocitles greater then the light speed in
that medium: thias ceuses a rearrangement of the wavefronts with an
unavoidable radiation of optical power. Thecretically it has been
demonstrated that the attenuation coefficlent depends exponentially
on the radius of curvature. This means that an increase of a factor
of two of the radius around a critical value can change the loss
from negligible to prohibitive wvalues.

However the bending loss coefficient {s dependent on the
particulatr refractive—index profile design of the single-mode fibre;
and the depressed cladding fibres appear to suffer lower macro-
bending losses.

Microbending

Another important feature of single-mode fibres concerns
thelr sensitivity to microbending. This phenomenon could arise par-
ticularly when the fibre Is cabled and could lead to serious excess
losses. Microbending can be caused by strains induced by plastic
jacket surrounding the fibre or by the process of Incorporating
individual fibres In s fibre cable. 5mall lmperfectlons In the
mechanical structure can result in contact forces between the fibres
and the supporting surface: random lateral deviations of the fibre
axls will arise which may produce significant losses. The micro-
bending loss can be approximately assumed to depend on the mode
field diameter d, as: dn!'P"'z; when p ls an exponent characterizing
the spatial spectrum of the perturbation assuming values typically
around 2.



Table 1 - Bandwidth results for silica based fibres

single-mude fibres sultimode fibres
wave- source T T T T T e e e e ———
length ——=~-ec——nua_ Theoretical Meas, {max} Theoretical Meas. {max)
6, bandwidth  bandwidth bandwidth  bandwidth
(nm) type (nm) (GHZ km} (GHz km) {GHz km) (GHz km)
850 laser 0.6 3.2 3.3 3.1 3.1
1300 laser 1.5 120(*) §2 13 6.7

(*) Bandwidth greater than 1000 GHz km are poskible if the laser
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