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A technique has been implemented to measure and control the
eccentricity of lightguide fiber in transparent polymer coating mate-
rials. It is based upon a model which describes the characteristics of
a forward-scattered light pattern generated by transversely illumi-
nating coated fiber with a laser beam. The model predicts the behav-
ior of the principal characteristics of the pattern as a function of fiber
eccentricity within the coating. The implementation automatically
detects and controls the position of the dominant pattern feature to
maintain an average fiber-coating concentricity within 2 pm over
multikilometer lengths of fiber.

I. INTRODUCTION

The concentricity of an optical fiber in a plastic coating affects the
fiber strength, transmission loss, and the connectorization process.
Self-centering coating techniques, such as the flexible tip applicator,’
or hydrodynamically designed applicators,” have not been completely
effective in maintaining the fiber centered in the coating. An alterna-
tive to such passive fiber centering is to measure and control the
location of the fiber in the coating.

Eichenbaum has described a technique in which the coated fiber is
illuminated by a laser beam (Fig. 1) and the symmetry of certain
features of the forward scattering pattern are used to determine coating
concentricity.> His model analyzed coatings whose refractive index is
greater than that of the fiber, and eccentricities are normal to the
direction of the laser beam. The effects of refractive index and relative
fiber and coating diameters for the concentric case are also described.
The model is limited, however, to fiber offset normal to the direction
of incidence and does not consider the effect of the fiber core upon the
forward-scattered pattern.
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Fig. 1—Forward-scattering pattern generated from laser-illuminated fiber.

An alternate approach, first examined by Presby and subsequently
described by Marcuse for silicone coatings, examines the backward-
scattered pattern from a coated fiber illuminated by a laser beam.**
The structure of the pattern is more complex than a forward-scattered
pattern because the scattered light passes through the coated-fiber
structure twice.

The technique of measuring fiber properties by forward-light scat-
tering has been shown to be very powerful, and a similar approach
could prove useful to automatically measure the fiber concentricity
during the coating operation, and control the position of the fiber
within the coating material.®® Of the two scattering techniques de-
scribed, the forward-scattering technique has the advantages that the
pattern has a simpler structure, and as a practical matter, the forward-
scattered pattern contains more light energy than the backward-scat-
tered pattern, thus, requiring a smaller laser to provide sufficient
information to a detector. In developing a centering control based
upon forward-scattered light, the effects of both the fiber core and an
arbitrary fiber eccentricity upon the structure of the scattering pattern
must be considered.

Il. CONCENTRIC FIBER RAY-SCATTERING MODEL

The smoothed envelope of the intensity of the forward-scattered
pattern from a graded-index, multimode fiber coated with an epoxy
acrylate material is shown in Fig. 2. The pattern is typical for fiber
with a 50-um core with 0.23 NA (numerical aperture), 125-um clad
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Fig. 2—Smoothed intensity of forward-scattered pattern for graded-index fiber in
high-index coating.

diameter, and 250-um coating diameter. The refractive indices of the

cladding and coating are 1.457 and 1.539, respectively, at 0.6328 pm.
The structure of this pattern can be analyzed by considering the

three-level concentric model shown in Fig. 3, where the radii are
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Fig. 3—Three-level concentric model.
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normalized to the coating radius, and the refractive indices are assumed
constant. The scattering angle 4 for a ray striking the coating a distance
x from the optical axis can be determined from the formula of Bouger,
when the ray passes through the core, as x < n; ¢, and

0=2(aw— oy + az — as + a4 — as), (1)
where

x = sin ap

n sin oy = Ny a sin as

nz a sin as = nz ¢ sin a4
= nj c sin as. (2)

The exit angle, 8, for rays refracted through the cladding, n, ¢ <
X = n a, is given by

9=2(a0—0’.1+az—(13), (3)

where the angles are defined in eq. (2).

In the case of a high-index coating, eq. (3) holds over the range
nz ¢ =< x < nz a. In the range n» a < x < n; a, rays are reflected from
the surface of the fiber, and the exit angle is given by

=2 (oo — oy + az — 7/2). (4)
The exit angle for rays refracted through the coating only is
6=2 (a0 — a1). (5)

For the parameters given above, the relationship between the scat-
tering angle and the normalized incident ray position is shown in Fig.
4 for x between 0 and 1. For x in the range 0 to —1, #(—x) = —6(x).
Ray positions less than x. pass through the core of the fiber; rays
between x. and x» pass through the fiber clad and coating. Ray
positions greater than x; pass through the coating only.

Over the angular range 6. to 8,, there is an interference pattern
generated by rays passing through both the core and cladding of the
fiber. This interference is observed as an intensity maxima near +£10°
in Fig. 2. The structure of the interference pattern depends upon the
core index gradient,'"" and for typical near-parabolic index gradients,
there exists a single intensity maximum whose location is nearer 8.
than 8,. The angle 6. is independent of core structure, but depends
upon core diameter. For single-mode fibers, 8. — 0, and there will be
no measurable intensity peak in the scattered-light pattern correspond-
ing to the core-clad interface.

The intensity maxima near +20° in Fig. 2 result from the focusing
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. Fig. 4—Ray-scattering pattern for step-index, multimode fiber with high-index coat-
ing.

of rays passing near the clad-coating interface. The location of these
caustics in Fig. 4 is the angle 6., where df/dx = 0. If the slope of the
inverse scattering curve dx/d6 is interpreted as the relative energy
density of the scattered light, then dx/df — = is a region of focused
energy which will result in an intensity maximum. Conversely, the
energy density of the forward-scattered pattern for angles greater than
6, is very low. This is observed in Fig. 2 as an abrupt reduction in
detected energy near the peak intensity at 8.

Ill. ECCENTRIC FIBER RAY-SCATTERING MODEL

The influence of fiber eccentricity within the coating upon the
forward-scattered pattern may be determined by examining its effect
upon the position of the intensity maximum at 6,,. The maxima at 0.
may or may not exist, depending upon the structure of the fiber. The
results in the preceding section show that for typical single or multi-
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mode fibers, the effect of the core and the effect of the fiber/coating
relationship upon the scattering pattern are distinct and separate.
Therefore, in the subsequent development, a homogeneous fiber struc-
ture will be assumed with no loss of generality.

Consider the general nonconcentric structure of Fig. 5 in which the
center of the fiber is displaced from the center of the coating by a
distance d at an angle ¢ from incidence. The radii of the fiber and
coating have been normalized to “a” and 1, respectively. The refractive
indices are n; and n,, respectively. Using Snell’s Law and the geometric
construction of Ref. 5, expressions for the angles describing the ray
path can be determined by modifying the equations describing back-
scattered rays to describe the refraction of forward-scattered rays.

ap = sin! x. (6)
a) = Si.'l'l_l (i sin do) . (7)
n
1. d
71=—31nm——sm(au—a1+¢). (8)
a a
az = sin™! y;. 9)
Y2 = Lot sin az. (10)
na
as = sin”" y;. (11)
as = as. (12)
as = ag. (13)

PN

e —x — — ]

Fig. 5—Refracted ray in two-level structure with offset core.
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Fig. 6—Internal reflected ray in two-level structure with offset core.

ag = sin”! {a sin az + d sin[ao — a1 + 2(az — a3) + ¢]}.  (14)
a7 = sin~! (n, sin ag). (15)

These equations represent an arbitrary ray passing through the
coated fiber. Certain conditions, however, yield internally reflected
rays or rays passing only through the coating material. Hence, special
cases of egs. (6) to (15) need to be considered in determining the exit
angle (x).

For a ray which passes through the fiber and coating,

v, v2<1, and (16)
0= (a0 — a1) + 2 (a2 — as) + (a7 — as). (17)
For a ray which passes through the coating only,
1n>1, and (18)
0=2 (a0 — 1) (19)

For a ray which passes through the coating and is reflected from the
fiber surface (Fig. 6),

n<l.

y2>1. (20)
Ys=ao— a1+ ¢ + 202 — /2. (21)
ag = sin~! (a sin a2 + d sin v3). (22)
ag = sin~! (n, sin as). (23)
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@=a0+ 2a: + a9 — a1 — as — 7. (24)

There is one additional case occurring when n; sin as > 1 or n, sin
ag > 1, which represents total internal reflection at the point where
the ray should exit the coating.

Equations (6) to (24) can be used to generate ray-scattering angles
#(x). By appropriate choices of d and ¢, scattering angles for arbitrary
fiber eccentricity may be examined.

IV. RESULTS FOR TWO-LEVEL MODEL

For the purpose of investigating the effect of fiber eccentricity,
consider the model wherein the ratio of core and outer diameter
a = 0.5, and the refractive indices of the core and outer layers are
1.457 and 1.539, respectively. These index values correspond to those
of fused silica and an epoxy acrylate coating material. The effects of
changing the material indices or the fiber/coating diameter ratio were
examined in Ref. 3 for a concentric structure.

The effect of offset “d” along the direction of incidence (¢ = 0), and
normal to the direction of incidence (¢ = 7/2*) upon 8, is shown in
Fig. 7. For each case, there is a 8,. corresponding to refraction of the
light rays to both sides of the axis of the incident light. The angle #;,
results from incident rays striking the fiber at normalized positions in
the range 0 to +1, and the angle #5, results from incident rays striking
the fiber for x between 0 and —1. There is a symmetry such that 8;,
and #;, exchange roles for ¢ = ¢ + #. This is illustrated in Fig. 7 by
showing the dependence of 8., upon negative d.

For the case ¢ = 0, the loci of §;, and 8, are symmetric about the
vertical axis with increasing separation as the fiber is displaced away
from the laser source. For d varying from —0.2 (d =02 @ ¢ =) to d
= 0.2, §,, varies from 18 to 26 degrees.

For the case ¢ = 7/2, the maxima @5, and #, are symmetric about
the axis only for d = 0. For increasing d at ¢ = n/2, #;, increases and
0. decreases. Furthermore, the separation increases as d increases,
from 41 degrees at d = 0 to 54 degrees at d = 0.2. For ¢ = 37/2, the
roles of #, and @5, are reversed.

At a fiber displacement of approximately d = 0.2, the ray generating
0 is totally internally reflected at the point where it would exit the
coating material, and the scattering-pattern feature corresponding to
6 does not exist.

For the more general case of an arbitrary ¢, define the separation of

* In the subsequent discussion, the angle of the fiber offset is given in radians and the
ray-scattering angle is given in degrees.
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Fig. 7—Locus of intensity maxima 6., as a function of spatial offset for two angles of
offset.

the scattering-pattern intensity maxima as
A=0n—0n. (25)

It has been illustrated in the previous discussion that A as a function
of both d and ¢ will provide an indication of the composite behavior of
the scattering pattern. In addition, A is a factor in the measured
eccentricity.
O + 0
E = A (26)
Figure 8 shows a plot of A as a function of the offset orientation, ¢,
with the offset magnitude, d, as a parameter. The pattern is cyclic in
¢ as expected. For d > 0.15, A — o near the orientation ¢ = +7/4. The
intensity maxima #,, does not exist for d > 0.15 at this angular
orientation. The fiber is sufficiently close to the surface of the coating
that the cumulative refraction of the light rays remains monotonic
with ray height, x, as in the case of the homogeneous medium.
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Fig. 8—Separation (A) of intensity maxima as a function of spatial and angular offset
with respect to incident laser beam.

Therefore, there is no region in which scattered energy is concentrated
for eccentricities greater than 15 percent of the coating radius. This
condition limits the range over which a high-intensity feature could be
used to detect fiber eccentricity. Subsequently, it will be shown that
this is a minor restriction.

V. OPTICAL DESIGN FOR COATING CONCENTRICITY MONITOR

The model developed in Section III has shown that if the intensity
maxima at @, and 6, or, correspondingly, the abrupt change in
intensity at the edges of the pattern, could be detected, their position
would provide a monotonic measure of the eccentricity of the fiber
within the coating. By illuminating the coated fiber in two orthogonal
directions, the degree of fiber eccentricity is uniquely established. The
fiber may be centered within the coating by establishing symmetry
within each of the two orthogonal patterns.

The optical layout for the automatic detection system is shown in
Fig. 9. The beam for a 1-mW HeNe laser is attenuated by a neutral
density filter and split into two equal-intensity beams which are each
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Fig. 9—Optics layout for automatic centering unit.

reflected to intersect at the fiber. Located approximately four centi-
meters behind the fiber is a viewing screen of white bond paper. The
paper provides a high contrast background, and partially diffuses the
scattering pattern, eliminating the fine structure corresponding to
interference of refracted and reflected rays. The scattering pattern, as
viewed on the screen, appears as a bright bar on either side of the very
bright central spot (Fig. 10). At the end of each bar is a spot of slightly
greater intensity corresponding to the outer peaks of Fig. 2. For
multimode fiber, a second bright spot may be discerned between the
central peak and the edge of the bright region.

The scattering pattern is viewed by a closed circuit television (ccTv)
camera through a 0.633-um interference filter. The filter permits the
device to operate in normal room lighting conditions, while only the
scattering pattern is observed. The camera is mounted such that the
scattering pattern is crossed by a multiplicity of scan lines. Thus, along
each scan line the intensity of the pattern is sampled once. By extract-
ing this information from the ccTv output, the scattering pattern can

(a) (b)

@ INTENSITY REGIONS

Flg 10—Forward-scattering patterns as seen on viewing screen. (a) Fiber centered in
coating. (b) Fiber eccentric in coating.
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be reconstructed as in Fig. 2. Furthermore, the location of important
features within the pattern can be determined by counting the number
of samples, or scan lines, between features. With the full-field view of
ccTv, the detector is insensitive to tilt in the scattering pattern result-
ing from an angularly-misaligned camera or fiber.

To determine the centered position of the fiber within the coating,
the forward-light-scattered pattern is made symmetric with respect to
a central intensity maximum of the pattern, generated by the incident
laser beam. If the coated fiber is not centered in the beam, a slight
offset in the pattern with respect to the central peak exists, and when
corrected by moving the coating applicator, results in an off-center
coating. In addition, centering the coated fiber in the laser beam
maximizes the energy transferred from the beam into the scattering
pattern, and ensures that the two wings of the scattering pattern will
have equal energy, maximizing the sensitivity of the measurement
system.

To align the laser beams to the coated fiber, a rotatable cube,
mounted on the shaft of a small servo motor is located in each optical
path. An aperture placed between the cube and the viewing screen
eliminates spurious scattering effects from the corners of the cube.

The optical components, screens, and ccTvs are mounted on a
platform with the coating cup. The platform is adjustable with respect
to a fixed base plate which, in turn, is attached to the fiber draw tower.
Thus, the coated fiber structure is fixed with respect to the illuminating
laser beams, and the fiber moves within the coating, limited by the
orifice in the tip of the applicator.

VI. VIDEO SIGNAL PROCESSING

Two ccTv cameras are mounted such that each views one of the
orthogonally mounted viewing screens and cuts the projected forward-
scattering pattern with a plurality of horizontal scan lines. The camera
outputs are treated independently of each other but via identical
circuitry (Fig. 11). For each, the composite video signal is separated
into the video and synchronization components.

The video portion of the signal is input to two separate integrator
circuits. One integrator sums the collective value of all the video pulses
contained in one complete vertical field. Therefore, the output voltage
is proportional to the total energy contained in the forward-scattered
pattern. This signal, input to the microprocessor through an analog-
to-digital (Ao/D) converter, is used to center the laser beam on the’
coated fiber. The update rate of the signal strength measurement is
equal to the vertical field scan rate (60 Hz).

The second integrator sums the signal levels contained in each
horizontal scan line. The output, controlled by line synchronization
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pulses to form a serialized boxcar representation of the envelope, is
input to a high-speed A/D converter which converts each scan line
level to eight bits of binary data, which are input to the microprocessor.
The video scan line signal is conditioned at the horizontal scan rate of
approximately 63 us.

VIl. MEASURE OF FIBER ECCENTRICITY

Once the laser beam has been centered on the coated fiber structure
the envelope of the scattering pattern is examined to determine fiber
eccentricity. Establishing a reference on the frame synchronization
pulse, and subsequently, on each of the line synchronization pulses,
230 consecutive samples are read from the A/D converter. Each sample
represents the intensity of the scattering pattern detected during line
scan.

The data is scanned to locate the intensity changes which correspond
to the edges of the laser beam and the forward-scattered pattern. From
the scattering model it is known that an intensity maximum must
occur near the locations at which the intensity goes to zero.

Let {X;, i =1, ---, n} be the intensities of the samples {i}. A
maxima is defined as:

M:X,—Xin=0
Xi—Xi.1>0. (27)

The two maxima corresponding the 85 and 8, may be determined
by searching the data near the locations of the edges of the pattern.
From the relative locations of the central intensity maximum corre-
sponding to the laser beam and the two maxima, the angles #, and
#;, can be determined and the eccentricity measure

e=6n+ 0, (28)

defined. Equation (28) represents a monotonic measure of fiber eccen-
tricity, since it can take on both positive and negative values. Further-
more, the function can be used directly to generate a corrective control
signal to center the fiber in the coating.

Vill. CONTROL OF FIBER POSITION

The coating material, with a viscosity of ~50 poise at room temper-
ature, presents a strong dampening effect on the motion of the fiber.
Consequently, when the cut is moved with respect to the fiber, a
settling time of several seconds is observed. Conversely, once the fiber
is centered within the coating cup it will tend to remain centered such
that readjustment is only occasionally required. It has been observed

2078 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1981



that fifteen minutes may be required to reach this equilibrium state,
with frequent position adjustments necessary prior to reaching equilib-
rium.

The algorithm implemented for fiber positioning is a deadband
control, where for e given by eq. (28), the control « is:

u=20 l1=e=1
u=1uw e>1
u=—up e<—1. (29)

The value of u, is selected large enough to overcome friction and
hysteresis in the servo motors and platform transport mechanism, yet,
small enough to account for the slow dynamic response of the fiber
moving through the coating material. The deadband about the point
of pattern symmetry prevents the servo motor from constantly re-
sponding to small disturbances resulting from short-term fluctuations
in eccentricity, or single quantum steps in the computation of the
eccentricity function [eq. (25)]. The normal system condition for a
process in equilibrium is one of quiescence.

For the typical case of an epoxy acrylate-coated silica fiber, with
125-um-fiber diameter and 250-um-outer diameter, a scattering pattern
with the intensity maxima at +20 degree is generated. A pattern nearly
4 cm wide projected onto the viewing screen is intersected by approx-
imately 60 horizontal scan lines on the ccrv. With the algorithm
previously described, centering is controlled within +1 part in 30, or
+2/3 degree. From Fig. 7, the sensitivity to fiber offset normal to the
incident laser beam is 1 percent of the coating radius per degree shift
in concentricity. Therefore, the control of the average concentricity is
+1 pm.

Localized fluctuations may exceed this value. Experience has shown
that long lengths of fiber may be coated with coating concentricities
within 1.5 percent of the coating diameter.

IX. CONCLUSION

A multilevel model for a lightguide fiber coated with material with
refractive index greater than that of the fiber, has been used to
determine characteristics of the forward-scattered pattern with respect
to the coating concentricity. The results of the model have been used
as a basis for a system which detects and controls the average position
of the fiber in the coating within 2 pm. Experimentally, the fiber-
coating concentricity has been maintained within 1.5 percent over
multikilometer lengths of fiber. With this control, the predicted limi-
tation in detectable eccentricity of 7.5 percent of coating diameter is
not a significant factor.
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