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MODE PROFILING IN
MONOMODE FIBERS

Two parameters which are essertial for the
design of monomode fibers and their
associated systems are the normakaed art-
off frequency V, and the spot size w [or
their equivalents). V, determines the optical
frequency and wavelength ranges for
singie mode operation and is related 1o the
basic fiber properties a and A by

Vo= (Zra/idn, (20"
= koaN

where a = core radius
A = cut-off waveiength (see beiow)
A=[n,~n,)/n,

n,. n, = refractive indices in core, cladding
k, = 2n/%
N = numerical aperture =

‘n12 - nzzl'h =n, [ZA}V’

i

f the operating nomalized frequency
becomes greater than V, then additionat
modes appear and the dispersion increases
catastrophically. On the other hand when
Vis 100 low the guidance properties of the
fiber are impaired and the losses caused by
bends and microbends rise markedly. Fibers
are therefore gesigned to operate clase to
cut-off 50 that V, must be known with
reasonable accuracy.

The spot size w of the fundamental mode is
defined as the radius at which the light
mtensity in the core is |/e times that at the
center. Ithas a major influence on the losses
arising  at  splices, connectors  and
launching, as well as at bends and micro-
bends. In fibers where the radial intensity
distribution, or mode profile, is close to
Gaussian the Joss at a joint becomes small
event when V, and N are differerit, ¥ the
SpOt sizes are made equal,

Measurement of Cut-Off

Because v, depends on the shape of the
"refractive-index profile a more useful para-
meter is the wavelength A beiow which
the second-order, LP, ., mode begins topro-
pagate.
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Conceptually the simplest way to
determine the aut-off port of a fiber is to
observe the near-field distribution as the
wavelength is changed. The output end
face of the fiber is imaged by a high-quality
fens omo a screen and in the monomode
regime the image is a symmetrically ciraular
$pot with maximum intersity at the center
{Fig. 1a. The intensity distribution of the
second made has a zerc at the center of the
pattem [Fig. 1b). Thus if the wavelength is
decreased through cut-off, the peak at the
center of the single-mode pattem becomes
depressed as i Fig. 'c Tre oroet of this
depression is difficult to detect by eye, and
it is better to scan automatically across the
magnified near-field pattem with a small
detector. A further improvement i to
EMPIOy 3 Video CaMera i conjunction with
gyt processing.

In a fiber with a stepped refractive-index
profile V, = 7.4 ard, having measused A,
either the core radius of the numerical
aperture can be obtained from Equation (1}
it the other is known. In practice the index is

- rarely constark in the core and the cut-off

frequency may differ markedly from V.
With 2 parabolic profile, for instance, V, =
3s.

Spot Size snd Mode Profiie

The width of the near-field pattem of a fiber
to the I/e points can be obtained by scan-
ning & smali detector across the image, or
by processing the output from a video
Camera (as in the measurement of AL A
more accurate method, which also avoids
the problems of lens distortions, is to scan a
small spot across the input face of a short
length of fiber and collect the whole of the
Output on a fixed detector. The equipment
s simitar to that required for the deter-
mination of the refractive-index profile by
the refracted near field technique. As the
Spot is raversed across the input end-face,
the output from the far end of the fiber
{irstead of the refracted light intensity) is
recorded. The continuos piot of the out-
put gives a complete mode profile from
which the spot size k easily obtained, or a
measurament to only the I/e points may be
taken,

An altemative to launching a small spot of
light B to launch into a short piece of
identical fiber and scan its output end
across the face of the test fiber, The auxiliary
fiber is separated from the test fiber by a
small gap of approximatety 4 um filled with
a drop of index-matching liquid. The spot
size is obtained by noting the width cormes-
ponding 1o ife of the maximum power
coupied through the joint.
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The Equivalent Step indax
Profile

in the ideal step-index manomode fiber a
knowiedge of the cone radius and refractive
difference enabies V and w, and hence such
factors as splice. bend, microbend and
{aunching losses, to be caiculated at any
wavelength. In practice fabrication diffi-
culties often cause 2 rounding of the profile
between core and cladding and a2 pro-
nounced central dip. Fibers made by
vapour phase axial depasition [VAD] do not
have a dip but there may be a spike at the
edge of the core. Experiment shows that
provided the departure from a stepped
profile is not too large, the intensity dis-
tribution in the monomode region of
operation remains close to Gaussian in
shape, as in the ideal case. For any Gaussian
beam it is possible to derive an equivaient
step-index [ES!) profile which gives an
almost identical intensity distribution. Thus
the complex refractive-inder, profiie of areal
fiber can be replaced by an ideatized step-
index profile which closely describes the
fiber performance.

The concept of the ESI profile is very useful
because it enables one to easily calculate a
wide range of fiber parameters with a
reasonable degree of accuracy. Even when
3 central index dip is presanit, the precicted
values of the lass factors referred to above,
as well as the cut-off frequency and spot
size, are in good agreement with those
measured experimentally. Greater caution
iS necessary with dispersion and band-
width calculations.

Determination of ESI Profiles
The far-field pattem of a monomode fiber
-corsists of a large central peak and weak
sidelobes. it has been shown that measure-
ment of both the 3dB angular width of the
main lobe and the width to the first mini-
mum enables V, a, and A of the ESI fiber to
be determined unambiguousty It is simpie to
obtain the 3dB width, but because the first
sideiobe is 30-40dB down on the cemtral
intensity, the position of the minimum 5
more difficult to measure. However the
technique is straightforward and requines
no computation since standard universal
curves' are available.

Another approach is based on the measure-
ment of spot size over a range of wave-
lengths embracing M. Any of the methods
described earlier are suitable. For example,
a small spot of light can be Taversed across
the input face and the otai output recor-
ded. Normally a series of fitters, or 2 mono-
chromator, is inserted between the light
source and the fiber, and the scanning at
different wavelengths is done sequentially.
But resufts can be obtained more rapidly
with a broad-band light source and a scan-
ning Micheison imerferometer at the
output, in a form of Fourier transform
spectroscopy. The type of result is shown in
Fig. 2.
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In the monomode region the spot size
degreases as the wavelength is reduced. At
cut-off the spot size rapidly increases owing
to the appearance of the second-order
mode, which is wider than the fundamental,
Thus A, is easily determined. The eguivalent
core radius a, is given by

w=_0662, {2}
from which the aquivalent step numerical
apenure is

N, = 0.383 A /a, 13
The result may be checked from the siope
dw/dh of the right-hand part of the curve
since

a; = 1.07 [2.18w, — A {ow/dMj]. {4)

An exampie of the measured profile and its
ESt equivalent is given in Fig. 3.

A simpler method requiring a measurement
of A and spot size at only a single wave-
length is as follows. The spot size
measured in the monomode region a a
convenient wavelength A, it is assumed
that the numerical aperture is independent
of waveiength so that the step equivalent
V is related to wavelength by V. = V.

The step equivalent at L is therefore given
by

Vi, = 2430/, {5
The cut-off wavelength is also determined
and the equivalent core radius a, is given by
a, = w\Z [0.65 + 162 V"% + 288
Vit {6
A and N can then be obtained from
Equation {1).

. WA Gambling, D.N. Payne, H. Matsu-
mura and R.B. Dyott; Determination of core
diameter and refractive index difference in
singie-mode fiber by observation of the far-
fieid pattem; Microwaves, Optics and
Acoustics 1 p.13; 1976




Other Methods
Most of the techniques discussed above for
obtaining A, w and the ESI parameters
involve measurements on the mode profile
in some way. It is not possible to describe ait
alternative methods but two  exampies,
both based on fiber attenuation, will be
outlined.
in the first. the ransmission loss of a short
kength of fiber is determined for a range of
wavelengths around an-off. One set of
measurements is made in the straight fibey
and the second after a bend of a few centi-
meters radius is introduced. When the ratio
of the readings & piotted, the resutting
curve of relative attenuation versus wave-
length rises sharply near A, This simple
method of obtaining A relies on the fact
that just above cut-off the second {LP,,}
mode is launched but is only weakly guided.
The bend in the second measursment
causes it to be radiated, producing a high
loss compared with that in the straight
fiber. For A>A, the loss is unchanged by
bending because the fundamentat is far
from its cut-off point. Well above cut-off the
second mode is less affected by a bend
since it is more tightly bound, and the
attenuation ratic falls once more to unity.
The accuracy in the value of A, obtained
depends on the amount of microbending
present in the fiber. Microbends cause
strong radiation of the LP,, mode even in
the straight fiber and the observed A_is too
low. In fact the weak guidance of the LP,,
mode just above Cut-off causes problems
With most measurement techniques imol-
ving a wavelength scan through A,
The next method enabies the spot size to be
found using the equipment required for the
cut-back type of measurement. The only
modification is the insertion of a variabie
aperture lens between the light source and
the fiber. After the attenuation readings
have been taken, the output power from
the short fiber is recorded as the
laumch aperture s reduced gradually from
its maximum value. Provided the input
beam is Lambertian and A>4, the variation
of power with angie, Pig). enabies the spot
size w, 10 be determined from
In[1 ~ ({Pi6)/Fy) | + 2 sin%e/sin%g, = O
o]
where sing,, = A/mw, and P, is the asymp-
totic value of P{o) when sing>> Sing,,
In this calculation w,, is the spot size to the
i/e? intensity. By measuring w, over a
range of wavelengths the ESI core radius a,,
as well as 1., may be obtained by fitting the
results to the curve
W, = &, [0.65 + 0.434 (/A)"5 + 0.0149
AN {8l
ft is clear from the last method that care has
10 be taken in the use of the term “spot
size”". The simplest practical definition is the
radius to one half (—3dB) of the maximum
intensity. Some authors refer to the radius
where the field amplitude {> (intensity]')
is 3dB down while others, as in the above
method., choose the —&dB radius.

Loss
ratio

FigAs Rabo of locwes in curved Bno ragn; fber

Final Comment on the ES)
Proflie

The equivalent step-index profile is based
on the observation, confimed theoretically,
that the mode profile remains 2 close
approximation to a Gaussian shape up 1o
surprisingly large depanures from a
stepped  refractive-index profile. This is
extremely convenient, since it implies that
the actual index profile does not have to be
known accuratety.  Furthermore, small
variations along the length of a fiber are not
important provided the mode profile, and
hence the ESI profile, does not change.
Calkriations of the transTission parameters
are immersely  easier with the ESI profile

anQuIaT  than with a real index profile which may

comain a cerkral dip, ripples, rounding at
the edges, and varniations along the fiber,

Professor WA Gambiing
Southampton University




'END FACE INSPECTION

Inspection of the end face of an optical fiber
can provide very useful information about
some of the basic fiber properties. When
the far end of a short length is Hluminated
by a small light source the variows regiors
such as the core, cladding and substrate
glass can be clearly seen. Simple visual
inspection through a microscope, either
directly or via a video camera, can indicate
immediately whether the core and cladding
are appreciably non-circular or eccentric,
and whether the end surface is reasonably
flat. The core diameter and cladding thick-
ness can be measured in the same way. In
fact, for uniform mode excitation at the
input to the fiber, the light intensity at any
point on the output face is ameasure of the
local refractive index, which explains why
the vanous regions in the cross-section
show up so ciearly.

Why make end-face
measurements?

Production fibers have to be of fixed
dimensions and the above parameters are
nomaily measured as a matter of routine.
Standardization of the geometry is essential
in order to achieve low coupling losses,
particularly when jointing different fibers
from the same manufacturer or fibers from
different manufacturers.

Both the core diameter and the concen-
tricity of the core within the overall struc-
ture must be tightly controlled: to ensure
Joint, or connector, losses of less than 0.208
requires alateral offset betweenthe cores of
graded-index multimode fibers of kess than
2 um. in monomode fibers the precision
has to be improved corsiderably and a joint
loss of 0.2dB corresponds to a concentricity
error of less than about 0.5 um. In large-
core fibers and short-distance links the
requirements can be relaxed.

Ciadding thickness and uniformity must
also be carefully checked. Some of the
energy carried by the fiber lies outside the
core, and the cladding must be of purity
comparable to that of the core over a dis-
tance of at least a few micrometers in multi-
mode fibers and 20-30 pm in menomode

Fig.1: Cieaved end tate of musgmooe fier

fibers. Furthermore, substrate tbes contain
a small but significant quantity of water,
which can diffuse into the cladding and
core at the high temperatures used in fiber
fabrication. OH ions cause an increase in
attenuation and must be prevented from
diffusing into the active part of the cladding;
to achieve this, the thickness of deposited
clagding is increased beyond the values
given above. Tokeep Costs dowr, however,
the number of layers needs to be kept to a
minimum. Thus, the cladding thickness is
routinely monitored. In the MCVD process
it s typically made 15-20 pm in muftimode
fibers and 15-25 um in monomode fibers,
though the precise values vary quite widety
in practice since they depend strongly on
the numerical aperture.

Internationat discussions on the standards
to be adopted are still continuing, but it
may be useful to refer 1o the proposais of
the CCITT {imemational Consultative
Cormemittee for Telegraph and Telephone).
As an example, the recommendation for
graded-index multimode fibers is that the
core diameter should be 50 um + 6%, the
overall diameter 125 um 4+ 2 4% owside
non-circularity < 2%, core eccentricity <
6% and non-Circularity < 6%.

in order to obtain both high launching
efficiency and low joint losses, it is impor-
tant to ensure that the fiber end face is flat
and cleaved accurately perpendicular to
the axis. This is particularty crucia! in mono-
mode fibers.

End-face Inspection

A photograph, taken through a micro-
scope, of a short fiber illuminated from the
far end is shown in Fig. 1. The core has the
highest refractive index and appears
brightest, while the cladding is dark. The
refractive index of the substrate fies
between those of the core and cladding
and it is of medium brightness. By traversing
the MICroscope, or by making measure-
ments on the photograph and applying the
necessary scaling factors, the diameters of
the core, the cladding, the fiber, and the
silicone coating (if present) can be obtained,
and the various eccentricities and depar-
tures from circuiarity deduced,

Such a simple visual technique is very
convenient for casual inspection  and

assessment of 2 fiber, bt it i siow and
tediows i quantitative results are required.
ft is atso prone 1o subjective emors on the
part of the operator since the different
boundaries are not always clearly defined.
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Automatic end-face
measurements

A comsiderabie improvement in  speed,
fexibility and accuracy is obtamed by
coupling 2 video camera and associated
analyzing system to the microscope, as
illustrated in Fig. 2. The optical data can
now be acquired, digitired, processed,
analyzed, then displayed. f the signal
voltage is made proportonal to the light
intensity of the optical image seen by the
video camera, and ing is performed
along a series of paraliel lines, then the
intersity information of each kne scan can
be digitized and recorded. By programeming
2 computer to analyze the data. the dia-
meters of core, cladding and outer coating
are readity obtained. Further processing of
the information can yield the degree of
non-circularity and the core eccentricity.
A distinct advantage of conducting end-
face measurements automatically is the
speed, repeatability, and relative ease with
which the results are presented. This is par-
ticularly relevant in an industrial environ-
ment, where quick feedback of information
Can produce 3 considerable saving of
money and materials. Automated end-face
measurements aiso increase the precision
of the resufts obtained. Subjective errors in
Judgement are eliminated, and a larger
rumber of data points can be used to calcu-
late ellipticity than &5 generally possible
with a marwal method, The automatic
equipment is able to detect ellipticities that
are not noticeable by visual inspection.
With multimode fibers the method can aksc
provide a rapid qualitative indication of the
refractive index profile. The piot of the
intensity distribution along 2 partictar ine
5Can gives an indication of the refractive-
index distribution across the fiber. As
shown in Fig. 2. all the principal featres —
such as the central dip and rippies in the
proﬁle-cmbeobtaimduﬁlhgoodresob-
tion. The accuracy of this plot as a measure
of index profile will, however, depend on
the launching conditions and on whether
afy COmections for leaky mode propagation
are necessary.

For monomode fibers the same measure-
ment procedures may be followed but a
higher degree of spatiai resolution is re-
quired at the core boundary, since the core
diameter is 10 pm or jess. Furthermore,
when the number of modes propagating is
small, the near-field intensity is no longer
closely related to the refractive index.

#ely wrocuced during  manufachure,
Boundary scanning and plotting are essen-
tial to check whether the required eMipticity
has been attained.
Fiatness and angle of the
end-face
Examination by microscope can give an
indication of the end face flatness, depend-
ing onthe depth of the fieid of view. indeed,
by scanning the microscope across the fiber
and noting the adjustment necessary to
bring the surface back into focus, one can,
in principle, plot the topography of the
entire end face. However, such a procedure
is tediowsly slow without an automatic
foasing system. In addition, the fesolution
available is nomally inadequate; an end-
face angie of 1 degree refative to the per-
pendicutar from the axis corresponds to a
differerce in height across 3 125 um dia-
meter of only 2 um.
Accurate assessment of surface flatness
requires an interference migoscope and
feasurement on the resulting fringe
pattem bt this is very time-consumiing and
5 not necessary for most practical pur-
poses. ‘
Professor WA Gambiing
Southampton Liniversity

The FCm 1300 End Face
inspection Module

The FCm 1300 and FCm1310 modules are
designed 1o provide qualitative and quan-
titative information on the end face of a
fiber which has been prepared for further
analysis.

Serious iregularities in the end surface may
be introduced by the cleaving operation. if
50, then these can alter the intended launch
conditions, or they may cause the radiation
pattem to become unacceptably imegular
on the receive {output} end of the fiber,
Early nspection can identity such faults and
the fiber can be taken out and re-preparad
for meaningful characterization.

In the FCm1300 and FCmi1310 the
Mmeasurements are conducted with the aid
of a video camera. The camera can be made
1o receive radiation from either the launch
end or the receive of the fiber. This
radiation will in be a mixture of light
reflected from the fiber end-face and of
light which has been transmitted through
the fiber. A number of fight sources are
distributed throughout the system to pro-
vide the desired effects.

The magnification of the optical system has
been chosen so that a 5 um monomaode
core will provide a 1 om diameter display on
the monitor screen. Any alterations in the
optics or in the Nghting conditions are
effected by the system cortrolier.

With the FCm1310 the video camera data
is converted into digital information and is
then analyzed by the system controller.
From this data, the core, dadding and
coating dimensions; the shape of the core
and cladding: and the concentricity can be
determined. Hence it is possibie to measure
the ellipticity, or departure from ciraalar
shape, and the FCm 13 10 gives quantitative
assexsment of this factor. When the camera
b5 set 1o iook at the receive end of the fiber,
the optics may be set to take up the far fieid
pattem. In this case the usual far field
information may be utilized, for exampie to
determine the fiber NA. in general this is
NGt necessary, since it can be abtained from
the index profile information set. But some
users prefer to have both methods avail-
able.

Human Engineering and
Economic Considerations

The FCm 1300 and FCm 1310 are best used
as an inegral part of a more general
measuring System. In this context they
serve to check the suitability of a fiber for
characterization by the other modules and
prevent time being wasted on unsuitably
prepared fibers. The end-face analyzer also
generates the geometry and/oc far-feid
information set. all without the usual
separate and often complicated setting up
procedure.




SPECTRAL
ATTENUATION

Energy is lost from a light signal as it
propagates along a fiber. The intensity
gradually decreases and eventuaily be-
comes so smali that noise in the detector
Circuit begins to cause efrors and distortion
in the receiver outpul. To prevernt this
condition being reached the signal has to
be amplified, or regenerated, in a repeater.
In 3 long-haul communications link the
distance between repeaters should be as
large as possibie and the fiber attenuation
must therefore be minimized For otfer
applications the requirements are not as
stringent but in al cases the loss has to be
carefully controlled. Quality checks prior to
installation are therefore essential.
The rate of attenuation depends on various
intrinsic factors — the materials used and
their purity., fiber design and wavelength —
as well as extemal factors such as bends
and pressure, coating and cabling tech-
niques. \When the transverse intensity dis-
tribution is uniform along the length then
the power P(z) at any point is related 1o the
input power P, by

P{z) = P, exp{—az)
assuming that the power loss coefficient or
transmission koss, a is independent of
position. In a fiber of length ¢ the loss is
usually normalized to a length of |1 kilo-
meter and is expressed as [10/L}.log {P' /
PiL)] = 43 o dB/km.

intrinsic Losses

The intrinsic loss mechanisms can be
broken down into (i) those producing a
scattering of energy out of the gquided
maodes and [ii) absorption.

{1} Scattering

During fabrication a fiber is rapidly cooled
from the liquid state to a solid as it emerges
from the hot zone in the drawing furnace.
The density of a liquid is not uniform but
contains minLte variations of a magnitude
and scale depending on the absolute tem-
perature. When the fiber solidifies these
density varations are frozen in. producing
corresponding refractive-index variations
in the tore of the fiber which then scatter
propagating light. Because the regions of
inhomogeneity are small compared with
the optical wavelength A (of order T micro-
meter] the mechanism is that of Rayleigh

Fig-2: Eflects of rough core Boundary

scattering, where the power lost is propor-
tional to 14, and hence varies strongly with
waveiength. In high-quality fibers, Rayleigh
scattering is the dominant mechanism
below 1 pm and the region of the curve
between wavelengths 0.7 and 1.0 um in
Fig. ! arises aimost entirely from this
process.

Fig. 2 illustrates ancther type of scattering
that can occur if there are perturbations in
the core/cladding boundary. These pertur-
batiors reflect rays randomiy, causing those
Tenaining in the core to be at a different
angie from the incident angle {mode con-
version|] while those deflected out give rise
10 a waveguide scattering loss. The latter
has only a weak wavelength dependence
and is therefore easily distinguished from
Rayleigh scatrering. In graded-index fibers
a similar scattering is caused by inhomo-
geneities in the refractive-index profile.
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g 1: Loss of monomode fioes
{H) Absorption

Silica is chosen to form the principal com-
ponent of telecommunication fibers be-
cause it is the material having the lowest
absomtion loss in the visibie and near infra-
red regions of the spectrum. The nearest
absorption regions are those due to elec-
tronic trarsitions in the ultraviolet, and the
vibrational resonance of the Si-O bond in
the infra-red {at 9 um). Other oxides which
are commonly added to sitica to produce
changes in refractive index, namely those of
gemanium, phosphorus and boron, have
similar IR resonances at 11, 8 and 7.3 pm
respectively. The Lail of the UV absorption
reaches into the visible region but it con-
tribtes a fower loss than scattering. How-
ever, the wings of the IR absorptions can
have a significant effect at wavelengths
down to about 1 micrometer, and become
dominant between 1.4 and 1.6 um depend-
ing on the additive materials.

While impurity levels of 1 part in 10° are
possible with several CVD fabrication
methods, it is quite difficuit to remove ail
traces of water. The OH radical has a
fundamental vibrational absorption at 2.72
&m with harmonics at 1.38, 0.95 and 0.72
um, and combination overtones of the Si-
OHbond appearat 1 24, 1.13 and 0.88 pm.
These may ali contribute to the general
bevel of loss in the wavelength region of
interest. depending on the amount of OH
present. Some of these lines can be seen in
Fig. 1.
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Extrinsic Sources of Loss

In a straight. weil-mace fiber unaffected by
external influences the loss components are
those described above, In practice, acertain
amount of additional attenuation can be
caused Ly excessive bending. of by in-
comect application of the protective pri-
mary and secondary coatings causing a
microbending loss.
Monomode and Multimode
Fibers

The intrirsic loss mechanisms are of the
same general type in both monomode and
multimode fibers. One difference & that
more power is camied in the dadding of
monomode fibers 50 the regan in the
vicinity of the core must be of tigher purity
out to a radius of 20 to 30 gm. frt 3 M-
mede fiber the mode conversion induced
by bends and microbends can cause power
from a guided mode to be coupled into
other guided modes as well as into radia-
tion modes. The increased koss is therefore
accompanied by a small change in band-
width, which may be increased or
decreased depending on the propagation
conditions. In a monomode fiber, however,
only 3 power loss 0CCUr since there is only
one guided mode,

Memnmolﬂhnorpﬂon )
Loss

thermal energy. and produces a small but
detectable rise in temperature. Calorimetric

consuming to achieve a high degree of
accuracy. Fortunately such measurements

Measurement of Scattaring Loss
The scatter loss can be obtained by inject-
ing a known amount of power into a fiber
and measuring the energy radiated out
through the cladding. in a typical method
the test fiber i mounted inside an inte-
grating sphere {or cube} whose inner
surface shouid ideally be of perfectly
diffusive material having high reflectivity.
To prevent light scattered out of the core
becoming trapped in the cladding, the
uncoated fiber must be placed in a liquid
having a refractive index slightty higher

losses separately and adding them to-
gether, but fortunately there are other
methods available that are much more
accurate and less time consuming.

Before describing measurements of total
loss, however, we should give some con-
sideration to launching conditions.

Launching Conditions

In a monomode fiber only one bound mode
€an be launched into the core. All the
transmitted energy is contained in this one
mode; unbound modes lose and are
soon radiated. The radial energy distribu-
Bion pattem thus remains unchanged aiong
the whole length of the fiber. External
effects such as bends, microbends and any
dadding attenuation may induce a change
Frmagnitude but cannot change the guided
mode patterm.

distribution, depending on marty factors
measurement s made.

" than that of the dadding. The energy den-  achieved

: sity in the integrating sphere is indicated by
a sensitive detector set o the wall. in 2
simpler methad, the fiber & placad between
two large-area detectors again with index
“matching” liquid. A knowledge of the
scattening level is only necessary in limited
Cases — o get an idea of the extent of
waveguide imperfections, for example.

Total Loss

For the great majority of applications It i
the totai transmission ioss of a fiber that is of
greatest interest. This could be obtained by

in order to predict comectly the overall loss
of jointed lengths it is essential to conduct
attenuation measurements with a good
approximation to the equilibrium mode
One of three methods is generally adopted.
The most obvious is to launch into the test
fider through a piece of indenticat fiber
which is i long to ensure the
equilibrium distribution is attained. As well

& the inconvenience, a major disadvantage
of this method i that the extra iength
reduces the power being launched into the
test fiber and hence lowers the measure-
ment acouracy.

A second technique is to launch through a
mode scrambler, which is usually a short
iength of fiber subjected to microbending
via a comb-like pressure structure, How-
ever, this produces a rather unpredictable
mode distribution, which for the best resutts
must be measined by scanning the output
far-fieid partermn.

The third method involves controiling the
input beam so that it is of uniform trans.
verse intensity, covers 70% of the fiber core
and fills 70% of the maximurn numerical
aperture of the core. This limited beam
optics {or limited phase space} method is
being cortsidened for adoption by the US
Electronics Industries Association, since the
reprocducible. The distribution may not be
absoiutely identical with the equilibrium
state for ait fibers, but the approximation is
very good and produces excellent resuits.

Measurement of Total
Attenuation — the Cut-Back
Method

In principie the simplest method of measur-
ing fiber attenuation is to use a known
length of fiber. launch into it a measured
amount of ight and then detect the output.
In practice, it 5 Gficult to determine
accurately how much light actually enters
the fiber and there will also be an unknowr
leakage from the first few meters. The
problem can be solved quite simply by the
arangement shown in Fig. 3.
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A suitable but unquantified amount of light
s launched into a length L of fiber and the
output PiL| is measured at the far end. With
the launching conditions nc the
fiber is cut back 1o the few (/) metres from
the source and the output power, Pii],
3gin Measured. The total attenuation in dB
owver the length (L) is then
A = 10.og [MI-PIL]]
and the loss per unit length is
2= 10/[L-]) Jog [Plf)/PILi] dB/km

in addition to accurate control of the light
distribution: and position at launch, 2 num-
berofompreca:tiomammcessarymm
the cut-back method. The launch optics
must be stable, especially with monomode
change during the measurement; after-
natively the source can be monitored and a
suitable correction made. AN radiation mest
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be removed from the dadding at the input
end of the fiber, which can be done by
immersing it in index-matching liquid in a
cladding stripper. The ends of the fiber
should be flat and perpendicular to the axis
to ersure the correct mode distribution at
the input. Non-reflective toupling to the
detector 8 heiped by placing 2 drop of
index-matching liquid on the detector
surface, which ako helips to smooth out
optically any roughness on the fiber end-
face. The spatial variation of detector
response must be small over the region of
interes and the same detector area mast be
used for both sets of measuremerty. The
SCCUraCy and sensitivity are increased by
chopping the input beam and wsing 2
phase-sensitive detector or by numerical
sigral averaging in a computer.
Another practical consideration is that if an
uncabled fiber is wound tightly on its

SUppOIting drum then additional, variable
microbending losses will be introduced and
the resuits obtained will not be chacacteris-
tic of an unstressed fiber. Any winding
stresses shouid therefore be relieved.
One disadvantage of the ar-back method
is that it is destructive. But the residual
length required for the second measure-
merit can be f short - only a few
meters in a total length of several kilometers
— and the measuremert accuracy is very
high: better than 0.1db/km,

Spectral Loss Measurements

When the spectral vanation of loss is
required it is necessary to measure the out-
put power from the length L at all wave- at

lengths before cutting back and repeating
the wavelength scan. The reason for care-

ful controf of source and launching stability
s now clear. Normally a white-light source

s used which may be a tungsten filament or
a high-intensity arc lamp. Continuous
waveiength selection can be provided by
launching mtotheﬁberwwghanm

Diferential Mode Attenuation
For some appiications of muttimode fibers a
knowledge of the averaged attenuation
over the whole set of prapagation modes is
not sufficientt and it is desirable to invest-
gate the behaviour of the individual mode
groups. This & easily implemented in the
cut-back method since a given mode group
is excited by launching a narmow beam at a
particular radial posiion. The detector can
e allowed 1o collect all the output radia-
tion, or, altematively, it can be provided
with 2 suitabie aperture. The ioss measure-
ments are Camied out in the nonmal way for
various radial positions and the attenua-
tion of the different mode groups & ob-
tained.

Fourler Transform Techniques
The corventional methods of loss measure-
ment 5o far described are very inefficient in
the use of processing tme since light of only
anarrow spectral range {determined by the
fimiting resolution of the system| falls onthe
detector at any instant of time. In effect,
most of the available radiation is thrown
away. For exampie if the monochromator at
wavelength L has mean passband of Ak
and a2 scan is being made from i, to A, then

at any irstart of time, only the fraction
Lh/fiK; ) of the input radiation is being
usefully empioyed. A great improvement in
efficiency can be made by using all of the
light for all of the time.

One method of achieving this resuit is
through Fourier Transform
{FT3). White light from the source is Laun-
ched carefully into the fiber in the usual
way but without any wavelength filtering.
Thus the full power is trarsmitted. The out-
put from the fiber is coupled into a scanning
interferometer, as shown schematically in
Fig. 4, in which one of the mirrors is moved
relative to the other. The aperation of the
interferometer can be understood as
fotiows. For input radiation which is mono-
chromatic the mimor movement causes the
total intensity on the detector to vary
sinusoidally, with a frequency determined
by the mirror velocity and the wavelength
of the source. The amplitude of the oscilla-
ton is proportional to the light intensity. if
there are several spectral wavelengths
present in the input signal then each causes
3 characteristic frequency componertt to be
generated by the detector. The net result is
to tum the amplitude /wavelength distri-
bution of the light entening the scanning
interferometer into an  amplitude /time
distribution at the detector output. So by
taking the Fourier transform of the detector
output the original spectral distribution
mMay be obtained.
The time saved by changing from sequer-
tial to simultaneous measurement can be
considerable, owing 1o the large multi-
plexing factor involved, particularly when a
farge wavelength range has to be covered
with high resolution. As in the cut-back
method the 10ss s bbtained by comparing
the output from the test length with that
from the cut length. A spectral resolution of
10 nm is easily achievable and can be in-
a‘eased.lfmcessaay._sirﬂybyiueas‘ng
the travel on the moving mirror.
Apart from the different signal processing
and the essertial requirement of a stable
fight source, the overall system design is
trchanged 50 both multimode fibers (in-
duding differential mode attenuation) and
monomode fibers can easity be handied.
Professor WA Gambiling

The FCm1500 Spectral
Attenustion Module

The FCm1500 is the system module which
is intenided for the measurement of total
spectral attentuation. It is suitable for both
monomode and muitimode fibers. in the
case of multimode fibers it may also be con-
figured to measure the differertial mode
attenuation.
Oneof:hepmcbalalmhdugnngmis
attenuation system was to reduce the very
long measurement times which are typical
with all available commercial systems. Such
anlmprovemem has been achieved by
uumngmeFounerMarnspecummpy
{FTS; technique.

Launch Optics

Light from a source ks
formed into a beam and launched into the
prepared fibet end. The Launch conditions




are comsistent with LPS constraints {Reitz,
1981). The launch spot diameter is auto-
matically controlled at 70% of the core
diameter and with a launch NA 70% of the
numerical aperture of the fiber. This ensures
that the mode distribution of power repre-
sents the “'steady state” condition of along
length of fiber. In the FCm 1000 this con-
dition can be readily specified for both
monomode and muttimode fibers over the
full range of standard diameters. Once
specified on the system controfier, the
cormect launch conditions are implemented
automatically.

Differential mode measurements are
achieved by exciting the fiber with a small
diameter beam and scanning this beam
automatically in x and y across the fiber
face. This ersunes that excitation is restric-
ted 10 a small number of modes. The Launch
end of the fiber may be placed e a mode
stripper if this safeguard is required. The
receive end of the fiber s brought up to a
cooled detector by means of an easy-to-use
specimen holder. Index matching of the
fiber to the detector OPUCS is aUtDMatic.

Measurement and Signal
Processing

The light which is trarsmitted through the
fiber 5 analyzed in a Fourier Transform
Spectrometer {FTS). This approach has been
chasen over the traditional scanned mono-
chronometer or serially switched filter
methods in order to achieve measurement
times which are nealistically usable in an
industrial erwvironment. The FTS approach s
more expensive to engineer and requires
computer transformation of the data; how-
ever, the system produces a significant
multiplex advantage. The end ressl is that
ameasurement aver the range 600 o 1600
rm (or more) may be achieved in a few
minutes {typically less than S minutes),
whereas the traditional approach will take
anything from 45 minutes upwards.

The system is capabie of reschition better
than 1 nm, aithough in general one would
operate the system with 3 resciution of
5-10 nm. The signal recovery system whid
is used in the FCm1500 employs lock-in
and multi-point digital signal averaging
techniques followed by FFT data reduction.
Suitable precautions are taen to remove
any effects due to fluctuations in the sounce
in defining the operating conditions of this
attenuation system, the user may choose
either discrete wavelengths or a range of

wavelengths. In addition, he can specify
the resolution. He may wish to restrict the
number of data points and their bandwidth
either to reduce the measurement tme or
to mould the output data to suit his own
requirements.

The final data is stored on disk and is avail-
able in the form of printer or plotter hard
copy. Measurement conditions and sample
coding are inchuded in all output modes.

Human Engineering and
Economic Considerations

In choosing a given systern for measuning
the attenuation of multimode or mono-
mode fiber three main variables must be
consider=d:

| The technical performance specifica-

2! Themawmnmcapaatydthesym

Generalty, the first point is well recognized
and relatively easy to quantify on the basis
of the technical specifications provided in
data sheets.
The capacity of the system to achieve a
aumber of mezsurements in, say, an eight
hour shift s not oftenconsidered. However,
3 ypical convenitional system will take 45
w0 60 minutes to compiete a 100-point scan
between 600 and 1600 nm. its capacity in
an uninterrupted eight hour shift would
therefore be 8 to 10 fibers. In comparison,
the FCm1500 with a five minute through-
put time can, in the same eight hour shift,
handle 96 fiber measurements of this type.
Clearty, with the FCm1000 system, lewer
analysis stations are required to handle a
given number of fiber measurements. As a
result
a) there B 2 considerable increase in the
rapid availability of data — cucial in an
industrial environment
b) there is an ncrease ntherumerd

rumber. Following this, he i led through
the required steps by means of simple
choices displayed on the controlier display
screen.

The operator needs neither to align the
specimen nor to alter any pars of the

measurement system. Ali such adjustments
are automaticalty handled by the con-

troller. It is our experience that with this
approach to measurement control an
operator requires No more than haf an
hour of instruction before he or she is fully
abie to get on with the job of characterizing
a fiber. The economic implications of such a
design are significant. In an industry which
is expanding rapidly, the ability to speedily
fill new measurement requirements with
minimal demands on skill kevels provides a
major advantage.

Frequentily, experienced and skilled per-
sonnel are found doing jobrs which ought to
be routine, but which requiire their atten-
tion because the measurement Systems in
use are complicated to operate. The possi-
bility of nedeployment of such personnel

mmwoppomnnesnoftenvery
0 management and Clearly
the cost effectiveness of the

atractive
enhances
system.
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REFRACTIVE INDEX
PROFILING IN OPTICAL

FIBERS

The refractive index profile is a very im-
portant parameter in the design of optical
fibers. It has a critical effect on the band-
width in multimode fibers and in mono-
mode fibers designed for zero total
dispersion. It also affects the cut-off point
for single-mode operation in monomode
fibers.

Multimode Flbers

In multimode fibers destined for applica-
tions requiring a large bandwicdth the
refractive index profile is normally designed
to have a radial variation given by the so-
calied a-profile,

nfr) = n,? [ 1 —ZA(_H' ]inthecore

n?r}=n,? [1-24 ] =n 2inthe ciadding
where m, nz are the refractive indices at the
center of the core, and in the cladding
respectively, A = [n,2 — n2|/2n2

r is the radial coordinate

and a is the core radius. Over the
region of the cladding immediately adjacent
to the core, where the field intensity, al-
though small, is not completely negligible
N, is assumed to be constant. The exponent
e is chosen to minimize the difference in
propagation velocities of the large number
of propagating modes and is close to 2.0.
The precise value depends primarity on the
composition of the core.

In most cases the refractive index difference
between core and cladding is around 1% 50
that A< < 1. The above equations can then
be simplified and are usually given as

nin=n, [1 - Dy ]inmecore
F)

nirt=n, [I -4 ] = N, in the cladding

)
and in this case A = {n, —mp)/n,.
In principie it should be possible to achieve
bandwidth x [ength products approaching
10 GHz km in graded-index fibers. In prac-
tice the precision required to obtain the
optimum profile is beyond the capability of
today's fabrication techniques. If the
refractive index differs from the ideal value
by more than about 0.005 then the band-
width fails sharply. An emmor in a of onfy
0.05, ie. 3%, increases the intermode

gispersion, and therefore reduces the
bandwidth, by a factor of 10. A ripple
superimpased on the optimum profile with
an rms amplitude of 0.6% of the maximum
index difference increases the intermode
dispersion 40 times. Such errors and distor-
tions can be produced by the layered
structure of the deposited materials in
MCVD fibers and by the helical striations
present in VAD fibers. Consequently any
method of determining the refractive-index
profile must be capavle of high spatial
resoiution and high resolution (1 part in
104} in refractive index.

Monomode Fibers

fn monomode fibers the effect of the
refractive-index  distribution does not
infiluence the bandwidth so markedly,
except when the intramode dispersion is
close to zero. This means that for operation
at wavelengths less than | micrometer {i.e.
where the main bandwidth limitation is
caused by material dispersion} variatiors in
the profile have only a second-order effect
provided the range of single-mode opera-
tionis not exceeded. However, the situation
is very different when attempts are made to
maximize the bandwidth between 1.3 um
and 1.6 um by balancing the contributions
of material dispersion and waveguide
oispersion.  The waveguide  dispersion
depends vety sensitively on core diameter,
refractive-index profite and maximum index
difference — particularly 2t the longer
wavelengths — so these must ail be rigor-
ously cortrotied.

At all wavelengths the profile affects the
energy distribution across the core {“‘mode
profile”’) and the spot size [i.e. the radius to
i/e of maximum intensity). A difference in
spot size between fibers being jointed
increases the splicing loss and is to be
avoided.

Profiling Methods

It is clear from the above discussion that in
order to monitor the bandwidth perfor-
mance of fibers it is essential to determine
the refractive-index profile  accuratety.
Other desirable features in the measuring
system, particularty in an industrial environ-

ment, are speed, ease of use, low cost, flexi-
bility and minimum sample preparation
time. Many profiling methods have been
proposed but only those giving the best
results or illustrating a principie will be
discussed here.

Manufacturers may prefer to obtain the
profile of the preform before it is drawn into
fiber, for which the fastest and most accur-
ate method is probably transverse scanning
in conjunction with spatiai fiitering. Pre-
form scanning is capable of high spatial
resolution but in general the preform is not
available and the majority of users require,
and prefer, profile measurements on the
fiber. Aithough it is thought that the profile
does not change much between the pre-
form and fiber stages, the particular
drawing conditions may influence the
situation. There could be a change in the
shape of the cross-section, particularly
when the preform is not perfectly circular,
or the core and cladding regions are not
accurately concentric.

Classifying Fiber Proflling
Methods

Fiber profiling methods can be classified in
several ways. Firstly, the fiber can be
scanned, or probed, by an external light
source in a way that does not make use of
any guidance property of the core. The first
such  technique involved cutting and
polishing a thin siice of the fiber and
observing interference fringes across a
transmitted beam with an interference
microscope. It is also possible to observe
the refiected power from an incidert beam
traversed across a perfectly flat end face of
the fiber. The variation in reflected power is
a measure of the changing refractive index
across the surface.

Another series of methods require trans-
verse iliumination of the fiber. They are
often said to be “non-destrctive” but this
is not really so because the protective layers
must be removed to insert the bare fiber
into index-matching liquid, with the con-
sequence that the exposed portion cannot
be used again. In any case it is incon-
venient, in practice, to cut off a short iength.
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Amrangements must also be made for
viewing and aligning the fiber and for
focusing the input beam accurately on its
end surface.

Most of the adistments necessary during
setting up of the aquipment are straight-
forward. The critical one is to ensure that
the axis of the incident cone is paraliel to
the axis of the fiber, to better than 0.3°,
otherwise the scans are skewed sfightly
from one side to the other. This asymmetry
can be used to monitor misakgnment of the
two axes. A three-axis manipulator with a
precision of 0.5 um or better i required,
with a precision motor drive in the scan-
ning direction. The entry face of the fiber
must be normal to the axis to within the
depth of field, say 2-4 um, (corresponding
to an end-face angle of 2-4°). For maximum
resoiution the convergence angie of the
incident cone should greatly exceed the
numerical aperture of the fiber.

Both monomode and muitimode fibers can
be easily handied. Perfect step-index dis-
tributions present 2 problem since the &if-
cutar stop does not then block the extremely
leaky modes. It does, however

biock leaky modes at all core radii up to 2
value given by

i"[ = {N/N)I ]

where N;. N, are the respective numerical
apertures of the fiber and the focusing lens.
in practice r/a > 0.9 but even outside this
radius the majority of the leaky modes are
still rejected, so this kmitation i not a
SerOUS One.

By appropriate design: of the optical system
a spatial resoiution bimit of 035 um has
been achieved. This is more than adequate
for the majority of fibers. For a fiber rumeri-
cal aperture of 0.2 the profile of the core
relative to the dladding can be obtained to
an accuracy of +/— 0.00015. These results
indicate that the refracted near-fieid
technique has an accuracy and resolution
that cannot be bettered by any other
method. it also has the advantages that it
does not require an interference micro-
scope, nor elaborate computer processing
of the data; it s non-destructive, requires
firtle fiber preparation and Kk gives a
complete scan in only 2-3 minutes. As
demonstrated by the profile in Fig. &, the
central dip can be satisfactority resolved as
well as sharp depressiors at the core
boundary.

Professor WA Gambiing
Southampton University

The FCm 1400 Refractive index
Profiler

The York Technology Refractive index
Profiler 5 an engineering development of
the Stewart and Stewart,/\White system (ref
W.J. Stewart, 100C Tokyo, 1977).

The unit has been under continuous
deveiopment for the past three years and
has undergone extensive evaluation in
research  applications and in  industrial
environments. It is equally appiicable to
monomode and multimode fibers.

Launch Optiks

The FCm1400 profiler i an ultra-high
resolution mode| based on the refracted
near-field technique. A 433 nen Laser beam
is focused into a very smail spot by an
fmmersion objective of numericat apertire,
NA = 1. The spot s then scanned across the
fitrer encHace by 3 precision x-y scan tabie.
Some of the light which impinges on the
foer face will satisfy quidance constraints
and wal therefore propagate along the
fiber core; the rest of the ight wili fail to
satisfy such constraints and will be refracted
out of the fiber. For a given excitation leve),
the amount of light which ieaves the fiber is
dependent only upon the refractive index
at the point of entry.

Signal Detection and
Processing

As the spot is moved across the fiber end
face it meets a changing local refractive
index. The amount of light leaving the fiber
will therefore vary as the spot is scanned
across the end face. A patented kight
collection system is employed to ensure
that al this refracted light & measured at
the detector. The signal at the detector will
therefore vary directly wath change in
refractive index and a peofiic of the fiber is
obtained.

While the principhe of this system is nelative-
ly simple, the optimum implementation
requires very high quality beam optics and
demands precision x-y and 2 control of the

VAN

Pipde Netacind neer-fink peofie of muisiausdy Biex

fiber end-face. Such accurate position andt

The signal output of the detector is digit-
zed, averaged and analyzed to provide the
index profile for the user, This information is
abso used by the automatic control system
to position the fiber with respect to the
exciting beam, mdltcm.haddmon.be

The FCm 1400 not only provides an instant
refractive index profile of the entire end
face of the optical fiber; it also gives the
basic data set for further analysis by the
controker. Such analysis yields core and
cladding diameters, concentricity of core
and cladding. and departures from circutar-
fty. it must be emphasized that the Inter-
national Standarts committees in both
Europe and the USA recommend that such
dimensional data be based on refractive
index data. The automatic location and
foaurs information is used to great effect in
setting the conditions of measurement of
the other FCmi000 modules such as
attenuation, backscatter etc.

Al basic data and computed data & stored
on disk and may be preserved in printer or
plotter hardcopy.

Human Engineering and
Economic Considerations

A greal deai of engineering attention has
gone intc producing a fiber characteriza-
tion system suitabie for use in an industrial
environment. While the actual measure-
ment techniques of the FCmM 1400 represent
the state of the art, the operation of this
System does nok require specialist attention.
Typically, one hour spent in familiarization
ts sufficient preparation,

After the specimen is loaded, the operator
can check the end face quality (option
m1300L. If the fiber is judged to be of
acceptable quality for measurement, the
operator is then asked to specify the fiber
code and a measurement NUMber.
Definition of measurement conditions can
be preset, or the operator may change the
conditions by following the simple menu
which is presented on the controller screen.
Al physical adjustmernts in the system are
camedoutbymesystemcontmuer The
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DISPERSION AND
BANDWIDTH

The maximum distance over which signal
transmission is possible using optical fibers
Blmitedbybomattenuabmmddvsper
sion. Current manufactiring techniques
aubleverymlevelsofanmanmtobe
abtained, making the limitations imposed
on the bandwidth by dispersive mech-
anisms of increasing importance.

When dispersive effects are presert the
different frequency components. of a signal
travel at different velocities The result i
distortion of an analog signal or the spreacd-
ing out {in both space and time} of thgital
puises. In the absence of artenuation the
total energy in a puise remains constant, so
there is also 3 loss of signal amplitude as the
pulse broadens. Dispersion eventually
causes the output pulses to overlap, pro-
ducing errors in the detected pudse train it

consequently sets limits on the propagation
distance and the maximum pulse rate.

Dispersive Mechanisms

There are two general types of dispersion:
{a} ntermode dispersion, which occurs onty
in muttimode fibers, and [b] intramode dis-
persion. The latter resuls from material
effects and waveguide effects, and apphes
to both types of fiber.

intermode Dispersion

in a multimode fiber intermode dispersion is
usuatly the dominant process. It arises
because the various groups of modes have
different propagation wvelogties, causing
the many mode components excited by an
input pulse to amive at the oUtpUL Over a
longer time interval, and the emerging
pulse is broadened as described above. The
need to avoid overlapping of the output
putses sets a limit on the maximum putse
rate - about 20 Mbits/s over | km in step-
index fibers. By introducing the appropriate
radial variation of refractive index, the
spread of group welocities between the
various modes can be greatly reduced. it is
then possibie to achieve puise rates of |
Gbit/s over 1 km and in principle much
higher values would be attained if the
refractive-index profile couid be controiied
sufficientty accurately.

intramode Dispersion
i puise rates greater than 1 Gbit/s are
required then it is necessary to resort to
single-mode operation. In theory, large-
core fibers could still be used if 2 single
mode were launched, but in practice bends
and other cause mode
conversion. The number of modes increases
in a random: uncomrolled way, giving rise
once again to muttknode effects. To ensure
that oniy the fundamental mode can propa-
gate the core diameter is reduced to 5-1Q
A, intramocde (chromatic) dispersion, with
its waveguide and material components,
then becomes the limiting mechanism.
Waveguide dispersion arises because the
group velocrcy in aimost any waveguide
{even one of “dispersioniess’ materiats),
changes with wavelength. The different
spectral components therefore have differ-
ent propagation times.
Material dispersion i an inherent property
of glass materials and arises from the
spectral dependence of refractive index
n(lj The group velocity thus varies with
wavelength so that even in the bulk ma-
terial a pulse broadens as it es. The
anount a puise spreacds in traveliing a dis-
ance L is given by
A= LML) &b
where Al s the signal bandwidth and M)}
is the material dispersion parameter of the
core, given by .

Mol = 3 G

M} k& nomally expressed in the units
ps/nm km and is about 100 ps/nm km at
0.85 um failing to zero at 1.3 um. Fig.)
shows the waveiength dependence of the
material dispersion parameter in a ger-
mancsilicate fiber.

One of the attractions of muitimode fibers is
that a light-emitting diode {LED) can act as
asimpie, relatively cheap, source capabie of
modulation at up to several hundred
megabits/second. However, the spectral
finewidth is 20-40 nm, so that at a wave-
length of 0.8 - 0.9 um the pulse broadening
in an individual mode caused by material
dispersion (40 nm x 100 = 4000 ps/km}
becomes comparable with the intermode
dispersion. This limits the maximum bit rate,
mabanZOOMblts/swerlh'nmgraded—

The relative effects of intermode and
material dispersions with semiconductor
faser and LED sources are shown in Fig.2. it
can be seen that a change of LED operating
from 0.85 um to 1.3 um pro-
duces 2 dramatic increase in bandwidth,
which then becomes comparable with that
attained using a laser.
A laser source s necessary with monomode
fibers because the LED launching efficiency
is so small [except perhaps with edge-
emitting devices). The linewidth of most
existing semiconductor lasers is about 2 nm
giving 2 material dispersion componernt of

/
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Fig. 11 Material dispersion in 2 germancsiicate fiber.
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approximately 02 ns/km at wavelength
0.85 um. Recent improvements in device
technology may enable this figure 1o be
reduced considerably. .

monomaode fibers can be made to mutually
cancei each other, giving zero total intra-
modal dispersion, The next limiting factor
then becomes the difference in propagation
velocities- of the two orthogonal com-
ponents of the fundamental fHE, | or LFy,]
wavequide made. Under these conditions
an intramode dispersion of less than |
ps/km has been observed, but such
measurements require very long lengths of
fiber and specialized equipment.

Measurement of Pulse
Dispersion

To determine the puise dispersion of a iber
experimentally, a short optical pulse is
launched into the fiber and the puise
widths at output and input are companed it
€an be shown from corvolution theory that
if the rm.s. widths of the input and output
pulses are 0; and 0, then the r.m.s. width of
the impuise response function s given by
o} =g —o2

where 03, is the impuise response of the
fiber. Having obtained o, from one
measurement of o, and o, & can then be
used to calculate the puise dispersion and
the maximum permissible bit rate for any
widith of input pulse.

In a typical putse dispersion measurement a
semiconductor Laser is triggered repetitive-
ly by a high-speed puise generator and
emits short pulses of sub-nanosecond
duration. A beam-spiitter at the fiber input
enables the launched pulse to be displayed
and its width measured. As with loss
be carefully controlled. The beam position
and angle of entry must be chosen either (a)
to give maximum launching eficency into
the fundamental mode, for a monomode
fiber, or [b] to represent the equilibrium
mode distribution for multtimode fibers — by
using the limited beam optics (limited phase
space) launch condition, for example.

The fiber must be properly supported to

Cause mode conversion effecs that may
not be typical of those present in the final
installation. Fast, low-noise, avalanche or
PIN detectors are essential, and the output
{and input] puises can be displayed on a
sampling oscilloscope or (preferably} taken
to a standard digital programmabie oscillo-
processing and decorvolution is then
carried out.

The impuise response of a fider may not
have a linear length dependence, so care
must be taken in applying the resutts of
pulse dispersion measurements to system
design. Like its transmission l0ss, the
impuise response of a fiber depends upon (i}
the input mode distribution, {li) mode
[iii} differential

many modes are present. If mode coupiing
is complete then theoretically the disper-
SION woulkd increase as the square root of
length L With no mode coupling there is a
linear iength dependence. Moderm fiber
fabrication techniques give only a smail
amount of mode coupling; however after
cabiing and installation the length depen-
dence is generally L” where nis in the range
0.8 to {.0. Differertial mode arterwation
reduces the number of modes and therefore
the dispersion.
Differential Mode Delay

The radial variation of refractive index
introduced  intc  graded-index  fibers &
intended to equalize. as far as possible, the
group velocities of att the modes. Conse-

detected by measuring the

times of restricted groups of similar modes,
and observing the difference in group
velocities directly. A simple method of
exciting the desired number of modes 5 o
launch an accurately controlied smail spot
of light which can be moved across the end
face. When the spot ks at the center of the
core the modes induced are of low onder.
As the launch point is moved outwards to
the core/cladding boundary the modes
change progressively to higher-order ones.

A differential mode delay {DMD) measure-
ment therefore invoives launching a short
puise of light into a fiber through a small
Spot that is traversed across a radius of the
core, and recording at the output the
variation in delay time of the transmitted
pulse. The optimum width w of the incident
beam for DMD measurements i given by
an
W= ,ﬁ) ar*
where a is the core radius, A = (n, — L/,
is the relative index difference and n,, n, are
the maximum refractive index at the core
centre and in the cladding, respectively, By
launching the beam paraliel to the axis
at a distance r from it the modes will aill be of
compound mode number m, where in a
near-parabolic fiber
m r
= &
and my, is the largest possible vaiue of m for
guided! modes in the fiber being tested.
Assessmert of the differerttial mode delay is
@ much more sersitive indicator of depar-
distribution than is measurement of the
profile directly. Hence it s very useful in
monitaring the performance of muitimode

The ideal refractive-index distribution nir} is
normally taken to be the a-profile, defined
as

n?(r) = n,2[1 - 28 {1/af]

where the optimum value of the numerical
exponent a depends on the materiais and
the waveiength but is dose to a = 2. fig3
Mustrates the situation in a fiber for which
the optimum is exactly 2.0. It shows that
the DMD is constant over all modes and the
bandwidth should theoretially be 20 GHz
km

If the vaiue of @ in the test fiber is below
optimum then the high-onder modes amive
before the low-order ones. When a is too
farge the low-order modes afrive first
Quite small departures from the optimum a
lead to large differential mode detays. Thus
if a changes by 10% to 2.2 {owing to manu-
facturing imperfections, for exampie] then
the bandwidth falls to 0.3 GHz km. The
change in mode delay between the centre
and the edge of the core is therefore 2
ns/km and is weill within the range of
practical measurement, even though the
maximum emor in refractive index jonly
0.0026) is very difficurit to detect.
Furthermore, DMD measurements give an
indication of the jocation of the error in the
profile, with respect to the fiber axis. This
can be deduced from the way in which the
delay varies with mode number — for
exampie in Fig 3 the dotted lines refer to 2
fiber where the profiie is optimum from
r=0wr=0.7abutthenbecomes a = 2.2
ower the range 0.7a <r < a.The in
refractive-index profile is barely discernible,
whereas the position and magnitude of the
altered DMD is very dear,
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Effect of a smadl departure from the optimom
refractive-index profile on the differential mode

delay. The curves for a = 2.2 assume that the profiie
changes frorn optimum fin this case a = 2.0) atr > G.7a.

When performing DMD tests the beam-
forming optics and the spot size must be
very accurately controtied. it is also advis-
able to assess whether any appreciabie
degree of mode coupling is presert, for i
power is coupled 1 other mode groups
then DMD measurements become impaoss-
ible. Fully coupled modes give rero
differential mode delay even for 2 poor
profile. A simple check can easily be made
since strong mode coupling prodices an

profile can be achieved at only a single
waveiength and for the best results the
DMD measurement must be made at the
same wavelength.

A typical tliustration of the use of DMD
characterization s in a fiber production
plant where a particular athe station is
producing fibers that show up poory on a
quaiity assurance test of total puise dis-
persion or bandwidth. A DMD characteri-
2ation indicates immediately whether it is
the profile at fault.

Bandwidth

¥ the impulse response of a fiber has been
determined by a pulse (time domain)
measurement of the type described above
then the respornse is easily
obtained by standard Fourier transform
techniques. In fact this is the most appeal-
ing method when the fiber is to be used in a
digitally-modulated  system.,  where
knowledge of the pulse performance is

more wseful. Frequency-domain measure-
ments require a signal generator which is
twnable from a low frequency up to the
gigahertz region and is capable of driving
suitably a semiconductor laser, LED or
external modulator. The same launching
conditions apply as in pulse measurements.
Either modulated semiconaductor lasers or
LEDs are suitable, and for both sources
there is excellert agreement between the
frequency-domain and the time-domain
measurements on 3 fiber, provided the
taunching conditions are the same,

In principle it should be possible to calcutate
the impuise resporse and the frequency
response from the refractive-index profie.
in practice the calculation s very difficult
and t smce it is necessary to
measure, and inckude, the profile dispersion
in the computation. The particular launch
GiStribution must be knowd, together with
the amount of mode mixing and the
differential mode attenuation. A further
problem is that the profile may vary along
the length of the fiber. These factors make it
difficult for calculation to reach agreement
with the measured value, even as Close as a
factor of two. The measurement of puise
dispersion, however, i fast and accurate
and has the additionat advantage that the
fiber is being assessed more nearty for the
conditions under which it will operate.

Professor WA Gambling
Southampton University







OPTICAL TIME-DOMAIN
REFLECTOMETRY

(BACKSCATTER MEASUREMENTS)

Backscatter measurements in optical fibers
are used 10 locate breaks, faults and poorty-
made joints, and to identify other inhomo-
geneities which have characteristic back-
SCAtter neturmns, such as diameter fluctuations
and bubbles. They can also reveal the
variation of iocal attenuation along the
length of a fiber, o that a complete signa-
ture of an optical communications link can
be obtained.

Principle of Operation

Optical fibers contain irreqularities that are
introduced during the fabrication process.
Some of these are unavoidable, such as the
microscopic density fluctuations frozen into
the core and cladding glass when they are
cooled from the liquid state into a soid. The
variations in density produce a cormespond-
ing random structure of refractive index
about its mean value, thus causing a small
bin significant degree of scattering of any
light passing through the medium. The
regions of density, and refractive index,
fluctuations are much smaller than 1 um in
extent, so that the amount of power
scattered changes with wavelength as 3™
in accordance with the well-known Rayleigh
occur, caused by irregularities in the core/
dadding boundary. This type of scattering
ks, in principle, avoidable and may be re-
duced to a iow level by taking suitabie care
guring the fiber drawing stage.

Whereas Rayleigh scattered light is emitted
at all angles, waveguide imperfactions vend
1o scatter light preferentially in the forward
and backward directions. Same of the back-
scattered radiation i guided by the fiber
back to the Launching end and may be de-
tected by suitable techniques.

When an optical pulse of duration Atis
launched into the fiber, its energy is distri-
buted over aiength AL = VoAt where v, is
the propagation velocity. %’he power fe-
tumed 10 the input end can be coupled out
W a detector using a beam-spittter. By
gating the receiver circuit to observe the
refiected power at a time t after the input
putse, the observed signal will be charac-
teristic of a point aiong the fiber wahich is at
adlstanceL=l%jtvgfrmu-|esmmBom

the input pulse and the backscattered
power are attenuated by the fength ¢ of
fiber between the scattening point and the
source; hence the retum signat from a uni-
form fiber will decay exponentially with
time. The refiection from 2 pootly-made
Joint will show up as a spike on this axve
and the time deiay t of the signal retum
indicates the position of the joint with a
resoltion of AL The system is, in effect, an
optical radar.

Fault Location
Since fault location & the simplest applica-
tion of the backscatter technique it will be

A schematic arrangement
ponents is shown in Fig.1.
short pulses into the test
beam-splitter and suitable lamchmg
The fiber is immersed in
fiquid to reduce the large
the input end; Mnsotherelsuwauy
sufficient refiected light to 2
monitoring signal for timing. The effect of

gating the detector or, altematively, by
lunching polarized light and inserting a
crossed polarizer into the detector beam
fsince the scattered light is unpolarized).
The probiert with the latter arfangemer©tt is
that it reduces the ampitude of the signai X
the detector.

For feid use an injection aser is a con-
verrient hgha source since it is small, efficient

and easily modulatad, and in fault location
the waveiength 5 not critical.
The reflected signal from a break, bad joint
or other fault B large compared with
scattering and appears after time t & 2
dsﬁnctpeakmﬂ‘neremsigru,ﬁkmated
in Fig.2. As shown above, the location of
the fault is at distance Yavgt from the input.
The group welocity vg b intermediate
between that of puises in the butk core, and
bulk dadding, materials and since the
relative index difference & smali, usually
-~ 1%, we can put v = ¢/n, wheve n, is the
maximum refractive index in the core, The
fauit & then at a distance ¢ t/2n, from the
input end and can be locatad with a nesoly-
tion of
VpAl/2 = cAt/2n,.
. Loss Measurement by
Badocattering
Whereas the cut-back method of measur-
ing fiber attenuation is very accurate, can
be applied to long lengths, and is capable of
high spectral resolution, its disadvantages
are that both ends must be accessible
{although not necessarily in the same loca-
tion], the attenuation obtained i the
average over the entire length of the fiber,
and a few meters of fiber are last during
each test.
The backscatter method requires access to
anly one endc of the fber, & is NOT destruc-
tive, and it can give information about
inhomogeneities and ioss at any point along
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Fig. 11 Simple backscater method
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Fig.2:1 Backscatter signal from jointed
length of fiber.

the fiber. However it requires a source of
very shoft pulses, and spectral measure-
ments are much more difficult and costly
because tunabie pulsed sources are incon-
venient and expersive, The technique thus
forms a very useful complemnent to the cut-
back method, but does not replace it.

The optical pulse launched into a fiber
suffers attenuation at a rate of a; as it
propagates in the forward direction and
the baciscattered signal sees a similar
attentuation loss a,. If the scatter rate is
constant along the fiber then the retumed
signal decreases in intersity at a rate
{a; + &, )dB/km, and the value of (3, + a ) is
given by the siope of the curve in Fig.2. Ina
monomode fiber 3 = a, and there is no
problem. But in muitimode fibers, the back-
scattered radiation usuaily has a different
propagating signal. This follows because
high-order mmodes are  preferentiatty
reduced through differential mode atteraia-
tion, thus producing a dhanging mode
distribution. Hence in a muttimode fiber a,
will probably differ somewhat from a,
afthough the difference is generally sma¥.
The backscatter method measures the
average of  and 3,

Singie-Channel Mathod

In the single-channe! method the fiber
attenuation is obtained simply by taking
the slope of the curve in Fig.2. Because the
intersity of the scatter signal is small, suit-
able techniques are necessary to reduce the
effect of detector noise. integration of the
detecior output enables the signal amplin.cde
to build up coherently while the super-
imposed random noise elements tend to
cancel each other. One method is to feed
the output into a baxcar irtegrator foliowed
by a logarithmic amplifier and X-Y recorder
for display. For singie-channe! measurement
it is essential that the optical source and the
detector are very stabie in gperation, since
any varation in signal level during
averaging limits the accuracy of the
measurement. Hence injection lasers nor-
mally need to be temperature stabilized.
The accuracy of the single-channel method
s limited because of the need to measure
the siope of an experimental curve.

Two-Channel Loss
Measurement

A development of the badkscatter technique
B available which avoids many of the
difficulties encountered in single-channel
signal processing. Stability problems are
overcome by taking samples of the back-
scattered signal at two different times after
the puise is launched, and the attenuation
is derived directly from the ratio of the
sampies. Numerical averaging is camied out
by a microprocessor rather than an expen-
sive and bulky boxcar integrator.

A suitable arrangement is givent in Fig.3. An
optical pulse is launched into the fiber and
the resulting backscattened power is moni-
tored by an avalanche phatodiode and
ampiified for analysis. A time-detay genera-
tor Causes the sample-and-hold circuits SH1
and SH2 to record the amplified backscatter
signal at times t, and t, respectively, a small
fraction of the input pulse being reflected
from the beam-splitter to provide a timing
reference. Because the time-delay generator
is synchronized by the input puise to the
fiber, any time jitter in the laser output does
NOt result in uncertainty in the time position
of the sampiing windows. The analogue
sampies pit,) and pit,] are converted o
digital form for processing and many such
sampiles can be averaged to give the mean
?ttemaﬁona(t,,t,]werurlengmaﬁber
12

ait L) = In[ptt,)/pfe,)}

Vglt, = t,)
ndtyvg <2, <t

Ancther of the two-chamnel
method is that variations in the leve! of the
backscatter sigral from puise to putse do
not affect the acturacy, so that the stabiiities
of the source, detector and ampiifier are
rendered unimportant. Hence simple,
inexpensive circuits may be employed. Any
gain errors in the sampling and conversion
circuits can be etiminated by aitemating the
time windows on the two gates, and the
attenuation is given directly rather than by
taking the slope of an experimental curve,
Ta obtain the attenuation characteristics of
U'lewholeﬁberchesarplingtimest‘ardt,
€an be scanned to cover the entire length,
Fig4 gives a comparkon of the results
obtained on the same fiber using {a) the
two-channel method, with a tunabie
source, and [b) the an-back method. Care
was Laken to ensure the same launching
conditions in the two cases. The agreement
over the whoie range 0.82 um
to 1.07 um is excellent, showing that the
two-channe! rmethod s capable of consider-
able accuracy. Furthermaore, by making
measurements from both ends of the fiber,
changes in core diameter can be observed
&g differentisted from other forms of
inhomogeneity.
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Flg3: Schematic of the two-point sampling technicue for
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Multl-Channel Signa)
Processing

The two-channel method hixs proved to be
a powerful and accurate diagnostic tool As
indicated above, It scans along the fiber by
varying the sampling times t, and t,. it can
be improved still further by simultaneousty
sampling at ail time intervals during each
puise and by camying out muftichannel
processing. In this modification the com-
plete backscatter signal is digitized at the
output of the amplifier in a muitichannel
digitizer and each of the several hundred
channels is then averaged and stored over
many laser pulses.

The muitichanne! method resutts in 2 con-
siderable reduction in processing time. As
with the two-channel sampiing technique
the effect of instabilities in the source,
detector and amplifier are greatly recuced.
The variation of loss along the entire length
of fiber is immediately obtained and core
diameter variations and other inhomo-

mode and muitimode fibers can be up to
about 40dB,

Conclusion
Badscatter techniques are non-destructive,
require access to only one end of the fiber
and provide detailed information on I0ss
characteristics as a function of iength. The
position of fakts and poor splices can be
determined and another advantage is good
repeatabiiity. Changes in numerical aper-
ture, diameter and scatter coefficient can
also be detected but interpretation of the
results then requires some care,

Professor WA Gambling
Southampton Univessity







ol

é@ﬂuﬂﬁmuc

er=Switd

igent
%g-ﬁ#”ﬁ %

P

Fiber¥esting

"iiee\Measurement

System

~SeMultiplexed Fiberiensors 8
Dptical Communications Network:

T T LT P




porw 7 —
iy ir = 1 = |IAMIAGAITATAr~)
sl d 1 ) L W L__'I IATAIVIENMIENLY | -
£ N g I—'I'_ - G‘H b

| I1IERT N F A | rd R4 1

S’ | ) A W | R WLy | B AA'S AN I |

COMMUNICATIONS

The MS-1 Multtiposition Optical Fiber Switch has been developed
0 speed and simpiify fiber interconnections in laboratory
experiments and industrial applications. The device offers
unusual precision and stability, making it suitable for both
muttimode and singlemode components. With an attached
computer interface, realistic studies of high speed
communications systers and optical sensor networks are
possible. -

in measurement science, cumbersome and expensive laser,
may be multiplexed to a large number of measurement sites and
test points.

The M5-1 is a novel, electromechanical, fiber s@anning system
with the precision and performance to handie the most
dermanding fiber, inchuding small-core singlemode types. As
shown in the above schematic representation, one or more
input fibers are supported and moved in two transverse
dimensions using miniature linear motors, entirely free from
mechanical contact. A precision sensor and two-axis feedbadi
system then allows position control and electronic scanning of
the movable fibers, o butt couple one fiber t 2 number of
output fibers. Position resolution and stability of 0.Ium allow
optimum coupling adjustment, without the setting problems and
hysteresis of conventtial mechanical stages. As no stops are used,
fibers of any cross-section or eccentricity will couple equally
well. Coupling loss is essentially limited by the Fresnel loss at
the two interfaces.

* Singlemode/Muitimode Capabifity
® Low Transmission Loss

Applications in:

The movable fiber position is defined by two analog voitages in
the range +10v; at least 12-bit resolution is required t fuily
exploit the placement resolfution: of the unit. Setting to a new
position takes typically Sms, i.e. far faster than stepper motor-
driven stages, and without the high voltages and hysteresis of
piezodrivers. The unit contains all analog servo electronics for
easy integration into OEM systems. A muitiway, connectored
cable is used to supply power and programming voltages, and
to read back the instantaneous fiber position. Altematively, a
power module and computer interface (MC-2) may be obtained
to allow connection to computer systems over the IEEE-488 bus.

in this way, a wide variety of commonly-available computers
Including those of Hewiett-Packard, IBM, Fluke etc. may be used
for control. Typical operations are coupling optimization,
switching, controlled attenuation, stabilization, and modulation
of the trarsmitted light intensity. Software drivers are avaiiable
from several manufacturers for use with Pascal, C, and
interpreted and compiled BASIC. Exampie drive programs can be
supplied.




1T gitc

]
>
I

MOVING
) FIBER

ARRAY FIBER
- COUPLERS
re —
] —
>
_-I DRIVERS ;-= —
’ \
2 N -

CONTROLLER w

-
] 1
; IEEE 488

THE INTELLIGENT PIGTAIL

Scans
Tracks
Optimizes
Modulates
Switches

YOUR LASER BEAMS,
AND REVOLUTIONIZES

Doppler velocimetry
Fiber illumination
Holography
Spectroscopy
Fluorescence studies

Addition of a focussing lens to a high resolution
micromanipulator aliows no-hysteresis coupling of free-space
beams to optical fibers, even singlemode types. The further
addition of an optical tap in the form of an in-line fiber coupler
makes throughput optimization under digital computer, or
analog electronic control possible. The appropriate control
signats allow partial coupling, programmabile switching between
fibers, intensity modulation up to 250 Hz and servoing to extemal
measurement variabies, '

Essentially ail commerciaity-available fibers may be factory-
instailed, giving countless combinations of mixed singlemode
and multimode fiber outputs, with or without fiber couplers. in
this way, great fiexibility is possible guaranteeing a wide field of
application in measurement science, processing and
instrumentation.




SPECIFICATIONS

MS-1 MULTIPOSITION OPTICAL FIBER SWITCH

\ o~

Two dimensional electromagnetic manipuiator for mechnaical fiber-to-
fiber switching. The unit contains the two-axis electromotor and all
analog electronics for arbitrary, closed-loop fiber positioning. Oniy
power [15v 150mA) and X, Y programming voltages need be supplied
over the 2 meters long connectored cable.

® 55 than 1d8B loss with singlemode fibers.

& Switching speed less than 10ms.

® 0.ipm setting resolution.

® i0v programming input.

* York fiber standard, customer fiber on request {0.63, 0.82, 1.3um)

® Up 0 2 x &-way switches, larger switches by special order.

& Built-in source and detector fibers for testing/calibration.

* Dimensions 150mm x BOmm x 45mm, with mounting lLgs.

Power unit for MS-1 optical fiber switches, including computer interface
to [EEE-488 (1978} standard, capable of dnving twa switches. Exparsion
plugins aliow drive of up to 6 switches from a single controlier address.
Allows coupling optimization, attenuation setting, fiber gyding etc.
under program control. A positioning command involves sending via the
bus two normalized voltage values as ASCII strings. Operation time
deperds on implementation of the bus controlier, and on the language
used 10 access the bus. The new position is estabiished in typically Sms.

& 12-bie. +10v X, ¥ outputs

® 8-tit, Sv measurement iNputs

® $EEE488 Sandard; simple command format

¢ Control from IBM, Hewlett-Packard and other computers
& Software examples for switching, calibration etc. supplied
& 220/240v or 110/120v 50-60Hz line input

Two-dimensional electromagnetic manipulator similar to the MS-1 Optical
fFiber Switch except for internal lens for beam-to-fiber coupling. n-line
fiber coupler supplies reference signal to MC-3 Detector/Optimizer.

* Hysteresis-free adjustment of fiber in beam-focus.

& D.ipm settability.

* Coupling optimization via software [MC-2) or continuously [MC-3).
® York fiber standard; customer fiber on request (0.63, 0.82, 1.3pm}

MC-3 POWER OPTIMIZER

Power optimizer including front-panel photodetector connection, low-
noise amplifier and reak-time analog. peak-searching slectronics. May be
used with M5-2 Inteilegent Fiber Pigtail or as part of a compiete systam
with the MC-2 Controller.

¢ Continuous intersity differentiation.
* Two-axis power optimization.
& Tracking of wandering laser-beams.

York Harburg Sensor was founded in 1985 to develop
state-of-the-art fiber-optic and integrated-optic devices
and systems for industnal and laboratory applications. its
staff has anintemational standing and many years
experience in micromechanics, modemn optics and
electronic control.

The above specification is typical and may be altered without notice in
the light of technical advance, component availability etc.

USA/Canada
YORK TECHNOLOGY INC

Research Park, 139 Wall St.,
Princeton, NJ 08540, U.S.A.
Tel: (609) 924 7676 Telex: 3762780

Europe

YORK TECHNOLOGY LTD

York House, School Lane,

Chandler's Ford, Hampshire SO5 3DG. UK.
Tel: (04215) 60411 Telex; 477948

Fax: (04215) 67234

York Harburg Sensor GmbH.,
Zum Furstenmoor 11,

2100 Hamburg 90,

Federal Republic of Germany.
Tei.: (040) 7905698/ 7909659
Teietex: 404 384 = HIT HH
Teiefax: {040) 7909604
Handetsreqister B 34 825

Geschafisfubrer: O ELE Kiuth
Verewss- und Westbank, BLZ 207 300 00, Konto-hr. 16/25426 6/86

Asia

YORK TECHNOLOGY
SALES & CUSTOMER SUPPORY LTD.
10/F Bank America Buildings,

1 Kowloon Park Drive, Tsim Sha Tsui,
Kowloon, Hong Kong.

Tel: 3 721 2559 Telex: 56443

Fax: 3 723 8005
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YORK V.8.0.P.

SINGLEMODE
FIBER COUPLER

» Compact, lightweight, rugged design Used for power splitting and
combining in:

Standard splitting ratio 50%, other ® Sensors

splitting ratios to custom order

® [ocal area networks,

v High directivity communication systems
* Low loss ® Wavelength muitiplexed systems
+ Thermal stability over wnde operating * OTDR

i an .
temperature range ® Fiberoptic instruments

¢ Other fiberoptic setups

Insensitivity to polarization state

' Attractive quantity discounts

USA/Canada Europe Asia
YORK V.5.0.P. INC YORK V.5.0.P. LTD YORK INTERNATIONAL LTD
Research Park. 139 Wall S1.. York House. School Lane.

1601 Swire House. Connaught Rd.
Princeton, NJ 08540 LS A Chandier's Ford. Hampshire SO5 3DG UK Hong Kong Tel (5) 269719
Tel {609) 924 7676 Telex: 3762780 Tel: (04215) 60411 Telex 477948 Secretary (5) 230011 x 403 Telex 61130



YORK SINGLEMODE FIBER COUPLER

Specifications
Ultra-high High Standard Non-standard
Performance Performance
No. of ports: 2x2 2x2 2x2 2x2
Splitting ratio: 50% 50% 50% a%
Spiitting ratio tolerance: <+£5% <35% <+10% <=10%
Insertion loss: <0248 <05dB <1.0dB <10dB
Operating temperature range: -30 to +70°C =30 1o +70°C =30 to +70°C =30 to +70°C
Operating wavelength: B30, 1300 nm 830, 1300 nm 830, 1300 nm Anm .
Package dimensions: 70x6x6mm 70 x 6 x&mm 70x6x6mm 70x6x6mm
Weight: 10 gram 10 gram 10 gram 10 gram
Lead length: 0.75m 0.75m 0.75m 0.75m
Lead Diameter {coating) ) 250 um 250 ym 250 pm 250
Lead Diameter {cladding) 125 pm 125 ym 125 pm 125 pm
Mode! numbers: SC-B30-50-02 SC-B30-50-05 SC-83-50-1.0 SC-A-a-10
SC-1300-50-02 SC-1300-50-05 SC-1300-50-10

A is to be specified by the user and is in the range
830 + S0nm, 1300 + 50nm.
Other operating wavelengths e.g. 633nm, 1550nm,
are availabie by special order.

The above specificanon s typical and may be aftened without nouce

i the hght of technkal achance

Couplers with insertion iosses
< 0.1 dB now awvailable,
For further information please contact....
USA/Canada Europe Asia

YORK V.5.0.P. INC

Research Park. 139 Wall St,.
Princeton, NJ 08540 US A

Tel (609) 524 7676 Tedex: 3762780

YORK V.S.O.P.LTD

York House. School Lane,

Chandier's Ford. Hampshire 505 30G UK.
Tel. (04215) 60411  Telex 477948

YORK INTERNATIONAL LTD

1601 Swire House. Connaught Rd.
Hong Kong Tel. (5) 269719
Secretary (5) 230011 x 403 Telex: 61130
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P101 PREFORM ANALYSER

The P101 Preform Analyser is a powerful tool for measuring the critical characteris-
tics of optic fiber preforms:

e high-resolution profiles of the refractive index along the length of the preform
e core and cladding dimensions

o ellipticity checks on core and cladding regions
e cut-off wavelength prediction in single-mode fiber preforms

The technique is fast, reliable and entirety non-destructive. It requires no specimen
preparation and the measurement can be accomplished by unskilled operators.

The system is capable of high accuracy and high resolution and the interpretation of
the results is straightiorward. Alternatively, the system can be set for high-speed,
limited-resoliution operation. It provides, directly and rapidly, data which can be of
critical value in calibrating the preform-manufacturing process.

In the production environment the P101 Analyser can be used to drive down manu-
facturing costs. Because of the close match in characteristics between the preform
and the fina! drawn fiber, the fast and simple procedure immediately establishes the
quality of the preform rods and eliminates unnecessary fiber drawing, coating and
analysis. The system is applicable to preforms from any of the currently popular
processes such as CVD, VAD and others. it is equally useful with graded-index or
step-index, single or multimode, preform rods.

DYNAMIC SPATIAL FILTERING

START STOP
247263851

GNAL PROCESSING
ELECTRONICS




HOW THE SYSTEMWORKS

The system probes the refractive-index profile
of a preform rod by means of a well-defined ray of
light. It measures the angle of refraction which a
light ray suffers on passing through the preform for
many positions of the ray in the preform. it then
uses this set of data to compute the index profile.

Reterring to figure (1), the preform rod is shown
mountedin a cell filled with index-matching fluid. A
light source generates a beam of well-collimated
kght. As this light passes through the preform it
sufters a refraction through an angle g which clear-
ly depends both on the nature of the refraclive-
index profile and on the position of the ight beam
in relation to the preform structure (figure (2)) The
lens transforms the angle ¢ to a position x =wtang
in its focal plane. The pin diode detector, which is
mounted centrally in the image plane, picks up the
ray which started from a central source in the
object plane of the lens. The spatial fiter in the
focal plane of the lens selects cut this same ray
and permits the measurement of the refraction
ange g’

As the preform rod is stepped through the light
beam a sequence of angles g, is determined. This
sequence forms the dala base known as the
deflection function (figure (3)) for generating the
index profile (see figure (4)).




Refractive-Index Profiles

Infigure (5} typical results are shown, taken with
the P101 system on a graded-index multimode
fiber. The particular example shown demonstrates
a flaw in the preform process which was not spot-
ied until the index profile had been scanned.

It is clear that the process reveals details of
individual layers resuiting frorn a CVD manufactur-
ing process.

The substrate region, the clagding and the core
are well igentified and guantified.

The central dip in the profile is also very appar-
ent and represents an undesirable feature in the
preform rod and ts characieristic of preforms
made by the CVD method.

Figure (6) shows the resutt of a series of profite
measurernents taken atong the iength of a single
mode tiber preform. The figure shows the imper-
fections which are typical of current preforms,
namely a large, central index-depression and a
substantial variation of protile along the length,
particularly at one end. Fiber drawn from this
section would be unacceplable.

Figure (7} is an index profile taken of another
preform rod for a single-mode fiber.

index and dopant concentration.

Alternative methods of calibrating the deposi-
tion process tend to be indirect, destructive and
often require a great deal of time and skill in per-
forming the measurement and interpreting the
data.

Cut-off Wavelength Prediction

In mono-mode fiber manufacture the trade-off
between numerical aperture ang fiber diameter
becomes critically important.

The P101 Analyser is a powerful tool not only for
speeding up the process development but also in
preform checks during routine manufacture.

By caiculating the index volume integral from
the profile data it is possible to make a number of
potentially important decisions about the fiber
which can be drawn from the preform:

a) itthe fiber is 1o be drawn to a pre-determined
diameter then the resulting cut-off waveliength can
be predicted.

b} if the cut-off wavelength of the fiber is to be
controlled then the drawing diameter can be pro-
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Figure (B) again shows a single-mode preform  grammed.

result. Solid lines indicate the measurements
made by the index proliler P101 while the points
represent measurements taken by the very labori-
ous and destructive interferometnc technigue.
Agreement is very good.

PROCESS CALIBRATION

Dopant Concentration versus
Refractive-index Difference

Because the refractive-index is related to the
dopant concentration, the P101 Analyser provides
a direct, accurate means of calibrating the pro-
cess of preform manufacture. Figure {9) is an
example of a measurement of refractive-index
difference with dopant concentration as a vari-
able. Each step represents a sequence of deposi-
tion layers for a particular dopant concentration
and shows the relationship between refractive-

c) i both fiber diameter and cut-off wavelength
are quality control measures then the P101 data
will predict whether the resulting fiber wili meet
both conditions. Hence pre-selection of preforms
is possible.

SYSTEM OPERATION

The P101 Preform Analyser system consists of
an integrated electro-optic unit and a computer
with its control, display, cartridge store and hard-
copy facilities.

The P101 unit itself is normally entirely micro-
processor controlled and interfaced 1o the data-
coliection processing system according to the
IEEE-488 (1978) format.

The operator need only Ioad the preform rod in
the measuring cell, select the measuring program
from a VDU displayed menu. enter the appropriate

L



sample code and the system will autormatically
proceed with the measurements,

The systemn software controls the filing of the
sample cell with index-matching fluid and posi-
tions the preform rod correctly in the light beam.
The cell is then stepped aulomatically through the
light beam in step sizes determined by resoiution
fequirements,

When the set of data points has been acquired
the cellis brought back to the load/unioad position
and the fluid drained automatically.

While the system proceeds with data process-
ing, the operator may continue with unipading and
relpading the cell. During this part of the cycie a
secondary, higher-power, light source is brought
into action. This light source allows the operator to
examine the deflection function patiern on the
front panel screen and makes it possible 1o opti-
mize the mounting of those preform rods which are
not straight. Also the operator may periorm visual
checks to see that no major defects are presentin
the preform rod.

During this stage of the operation the operator is
able to check that the system optics alignment is
appropriate for the particular preform diameter.
Adjustment will be required only when significant

chgnges are made in the diameter of the preform
rods.

While the system normally requires only the
occasional focus adjustment, provision has been
made for operator control of cell movement and
index-fluid transter.

in the standard system the measurement of the
index profile at diferent positions along the pre-
form rod can be achieved by manually advancing
the rod through the cell. Rotation of the rod is also
a manual adjustment in the standard system.

When routine measurements are required of
ellipticity (core or ¢ladding), or when a routine
examination of a number of points along the fength
of the preform rod is required then the option 01 -
Automatic Preform Advance and Rotation Option
- should be inciuded. This option consists of
motorized precision translation and rotation
stages which are mounted on the cell translation
table. It also includes the software required for
menu driven computer control,

With the option in place, a complete analysis of
a length of preform can be achieved with minimal
operator involvement.
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SPECIFICATIONS

Refractive index

Absolute Accuracy:

Depends on the circularity of the specimen, the
nature of the index profile and on the numerical
aperture (index difference).

For a high-quality, graded-index, preform rod of
NA = 0.2 and with an ellipticity of iess than 1%, the
refractive index will be specified to better than
0.0005.

For a high-grade, single-mode, preforrm of NA=
0.13 and ellipticity <1% the index will be typicalty
specified o betfer than 0.0005.

Resolution Maximum resolution better than
20pm.

In general the resolution of the system depends
on the number of data points required for a par-
kcular preform diameter. The precision linear
fransiation stage is capable of giving a step size of
Spm. A maximum of 1000 points per scan may be
selected. - '

Special values of resolution may be selected
from the menu; alternatively the operator may
choose one of a number of dedicated programs
which will automatically select maximum resoly-
tion regardiess of preform size.

Specimen dimensions

Preform diameter Smm - 55mm

Preform length » 12¢m. Shorter specimens may
be accommodated if special care is taken in
mounting the specimen in the cell. A special cell
atlachment may be ordered as an option.

Core and Cladding Regions

The dimensions of the core and cladding
regions can be determined in two ways.

‘The systemn will automatically interpret the
defiection function data to provide these dimen-
sions. These are generaity accurate 1o +5pm,

Alternatively the operator may periorm the
measurement by viewing the image of the preform
specimen on the front panel screen.

Measurement and Cycle Times

A complete measurement cycle consists of data
acquisition followed by a data-processing cycle.

Data acquisition takes place at the rate of
approximately 5 points per second. This means
that the maximum time taken to acquire a full set of
1000 points s less than 200 seconds.

The data processing time depends on two
lactors, fust on the number of index points re-
quwed and secondly on the computer speed.

Two computer systems are ofered with the
P101 Analyser. The more economical solution s
based on an HPBS mainframe, interfaced via the
IEEE format and with speed enhancement by
assembler ROM.

This system is recommended for all applications
except where processing speed is the over-riding
concern.

As an altemative solution the syslern can be
complemented with the Tektronix 4052, Greater
speed and higher-quality graphics display are
inherent in this system. For hard-copy output a

separate plotter or print unit is supplied (Tek.
mode! 4631).

Data processing cycie times are quoted tor both
systerns as a function of the number of processed
data points. Note that the raw data for 1000 points
can be stored for future use whilg performing high-
speed. low-resolution, on-line checks.

Processing Time
in seconds
No. of processing HP85 Tek4052
points based based
1000 5750 1500
500 1500 ars
200 240 60
100 60 15

Digital Plotter Option 21

The HP85 computer has hard copy and coarse
graphics capabilities. For high resolution graphic
hard copy the HP7225A plotter is recommended.

Automatic Preform Advance and
Rotation Option P101-01

For automatic ellipticity checks, and automatic
scanning aiong the iength of the preform rod, the
P101-G1 unit may be included.

The translation stage will advance the preform
rod in programmable increments. Rotation incre-
ments may also be programmed with a minimumn
step of 1 degree.

The system is based on an electronically con-
trolled precision coliett, coupled to a linear transla-
tion stage driven by a lead screw.

This option is field installable with assistance
from a service engineer.

Accessories available
Index-matching fluid. A choice of index-
matching fluids is available from York Technology.
Replacement Seals. When reordering seals it is
important to specify the range of preform dia-
meters. The seals may be changed without diffi-

culty.
Accessories supplied

Instruction manual, line power cord, spare
fuses, ane set of cell seals (specify diameter of
preform when ordering).

Power Requirements

The P101 will operate from S0V to 130V and
180V to 260V ac, 50 - 60 Hz. Consumption is
200w,

Physical Details

The dimensions are B40 x 360 x 460 mm deep
(33" x 14" x 18" deep). The weight is 30 kg (66 |b).
Shipping weight is 50 kg (110 1b).
Operating Environment
The mode! P101 will operate from 15°C to 35°C.
The above specification may be altered without

notice in the light of lechnical advance, com-
ponent modificaton atc.




ORDERING INFORMATION
The Systems

NB In all systems specify the preform
diameter to be used.

The Options

e /01

e /11
e /12

e /13
e /14
/21

Automatic preform advance and rotation
accessory (specify HPBS or Tek 4052 solt-
ware).

Index matching fluids ( specily refractive
index required, minimum order 1000cc).
Preform cell seals (set of two supplied with
stainless steel mounting mechanism, typ:-
cally the seals will accept preforms of dia-
meter, d +3mm - specify d).

Calibrated preform rod section (rod pre-
pared by CVD process).

Special cell mount for specimens <12cmin
length.

High resolution graphics plotter for Systern
2, HP7225A,

The Service

Field service contracts providing on-site atlen-
ton within 3 working days are available by special
negotiation. Cost and availability of this contract s
dependent upon location.




For further information contact:

USA/Canada : International

York Technology inc York Technology Ltd

357 Nassau Street Chaucer Industrial Park
Princeton Easton Lane. Winchester
NJ 08540 Hants S023 7RU

USA UK

Tel: (609) 824 7676 : Tel: (0962) 65115 or 64295
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