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Fiber Measurements

1. Fiber Attenuation Measurements

Fiber attenuation measurement techniques have been developed in order to
determine the total fiber attenuation of the relative contributions to this total
from both absorption losses and scattering losses. The overall fiber attenuation
is of greatest interest to the system designer, but the relative magnitude of the
different loss:-mechanisms is important in the development and fabrication of
low-loss fibers. Measurement techniques to obtain the total fiber attenuation
give either the spectral loss characteristic .or the loss at a single wavelength
(spot measurement).

A commonly used technique for determining the total fiber attenuation per
unit length is the cut-back or differential method. Figure 4.5 shows a schematic
diagram of the typical experimental setup for measurement of the spectral loss
to obtain the overall attenuation spectrum for the fiber. It consists of a ‘white’
light source, usually a tungsten halogen or xenon are lamp. The focused light is
mechanically chopped at a low frequency of a few hundred hertz. This enables
the lock-in amplifier at the receiver to perform phase-sensitive detection.

The chopped light is then fed through a monochromator which utilizes a prism
or diffraction grating arrangement to select the required wavelength at which
the attenuation is to be measured. Hence the light is filtered before being
focused onto the fiber by means of a microscope objective lens. A beam
splitter may be incorporated before the fiber to provide light for viewing optics

and a reference signal used to compensate for output power fluctuations.
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When the measurement is performed on multimode fibers it is very dependent
on the optical launch conditions. Therefore unless the launch optics are
arranged to give the steady-state mode distribution at the fiber input, or a
dummy fiber is used, then a mode scrambling device is attached to the fiber

within the first meter.
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Figure 4.5 A typical experimental arrangement for the measurement of spectral loss in optical fibers
using the cut-back technique

[Source: htpp://img.brainkart.com]

The fiber is also usually put through a cladding mode stripper, which may
consist of an S-shaped groove cut in the Teflon and filled with glycerine. This
device removes-light launched into the fiber cladding through radiation into
the index-matched (or slightly higher refractive index) glycerine. A mode
stripper can also be included at the fiber output end to remove any optical
power which is scattered from the core into the cladding down the fiber
length. This tends to be pronounced when the fiber cladding consists of a low-
refractive-index silicone resin.

The optical power at the receiving end of the fiber is detected using a p—i—n or
avalanche photodiode. In order to obtain reproducible results the
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photodetector surface is usually index matched to the fiber output end face
using epoxy resin or an index-matching gell. Finally, the electrical output from
the photodetector is fed to a lock-in amplifier, the output of which is recorded.
The cut-back method* involves taking a set of optical output power
measurements over the required spectrum using a long length of fiber (usually
at least a kilometer). This fiber is generally uncabled having only a primary
protective coating. Increased losses due to cabling do not tend to change the
shape of the attenuation spectrum as they are entirely radiative, and for
multimode fibers are almost wavelength independent.

The fiber is then cut back to a point 2 m from the input end and, maintaining
the same launch conditions, another set of power output measurements is

taken.

L1and L2are the original and cut-back fiber lengths respectively,
and Po1 and Po2 are the: correspondingoutput optical powers at a specific
wavelength from the original and cut-back fiber lengths. Hence when

L1 and L2 are measuredin kilometers, adB has units of dB km-1.

(¥4 e S0 lo L
dB — ll = ,'2 810 !;

where Viand V2 correspond to output voltage readings from the original fiber

length and the cut-back fiber length respectively.
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2. Fiber Absorption Loss Measurement

It was indicated in the preceding section that there is a requirement for the
optical fiber manufacturer to be able to separate the total fiber attenuation
into the contributions from the major loss mechanisms. Material absorption
loss measurements allow the level of impurity content within the fiber material

to be checked in the manufacturing process.

The measurements are based on calorimetric methods which determine the
temperature rise in the fiber or bulk material resulting from the absorbed
optical energy within the structure. The apparatus shown in Figure 4.6, which
is used to measure the absorption loss in optical fibers, was modified from an
earlier version-which measured the absorption;losses in bulk glasses. This
temperature measurement technique, ‘illustrated diagrammatically in Figure

4.6(b), has been'widely adopted for absorption loss measurements.

The two fiber samples shown in Figure 4.6(b) are mounted in capillary tubes
surrounded by a low-refractive-index liquid (e.g. - methanol) for good electrical
contact, within the same enclosure of the apparatus shown in Figure 4.6(a). A
thermocouple is wound around the fiber containing capillary tubes using one

of them as a reference junction (dummy fiber).

Light is launched from a laser source (Nd : YAG or krypton ion depending on
the wavelength of interest) through the main fiber (not the dummy), and the
temperature rise due to absorption is measured by the thermocouple and
indicated on a nanovoltmeter. Electrical calibration may be achieved by

replacing the optical fibers with thin resistance wires and by passing known
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electrical power through one. Independent measurements can then be made

using the calorimetric technique and with electrical measurement instruments.

: To nanovoltmeter
Massive
enclosure T To reference
sample
Fiber \\\\Ng\h\\\i{\\t
A

stripper
10x objective

Hypodermic tube - Ethyl
Thermocouple alcohol
junction
(a)
Hot junction
Thermopile l Launched light
< Silica capillaries <— Thermocouple

T

Nanovoltmeter Dummy fiber
AT — /

Cold junction
(b)

Figure 4.6 Calorimetric measurement of fiber absorption losses: (a) schematic diagram of a version of
the apparatus; (b) the temperature measurement technique using a thermocouple

[Source: htpp://img.brainkart.com]

The calorimetric measurements provide the heating and cooling curve for the
fiber sample used. A typical example of this curve is illustrated.in Figure 4.7(a).
The attenuation of the fiber due to absorption aabs may be determined from
this heating and cooling characteristic. A time constant tc can be obtained
from a plot of (Too -Tt) on a logarithmic scale against the time t, an example of
which shown in Figure 4.7(c) was obtained from the heating characteristic
displayed in Figure 4.7(b). Too corresponds to the maximum temperature rise

of the fiber under test and Tt is the temperature rise at a time t.
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It may be observed from Figure 4.7(a) that Too corresponds to a steady-state
temperature for the fiber when the heat loss to the surroundings balances the
heat generated in the fiber resulting from absorption at a particular optical
power level. The time constant tc may be obtained from the slope of the

straight line plotted in Figure 4.7(c) as:

pong b=

(T~ I)-In(T.-T)
C1.

A T}!;c dB km™

where Cis proportional to the thermal capacity per unit length of the silica
capillary and the low-refractive-index liquid surrounding the fiber, andPopt is
the optical power propagating in the fiber under test. The thermal capacity per
unit length may be calculated, or determined; by the electrical calibration

utilizing the thin resistance wire.
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Figure 4.7 (a) A typical heating and cooling curve for a glass fiber sample. (b) A heating curve. (¢) The
corresponding plot of (7t — Tt) against time for a sample glass rod

3. Fiber Scattering Loss Measurement

The usual method of measuring the contribution of the losses due to scattering
within the total fiber attenuation is to collect the light scattered from a short
length of fiber and compare it with the total optical power propagating within

the fiber.

Light scattered from the fiber may be detected in a scattering cell as illustrated
in the experimental arrangement shown in Figure 4.8. This may consist of a
cube of six square solar cells or an integrating sphere and detector. The solar
cell cube which contains index-matching fluid surrounding the fiber gives
measurement of the scattered light, but careful balancing of the detectors is
required in order to achieve a uniform response.
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This problem is overcome in the integrating sphere which again usually
contains indexmatching fluid but responds uniformly to different distributions
of scattered light. However, the integrating sphere does exhibit high losses
from internal reflections. Other variations of the scattering cell include the

internally reflecting cell and the sandwiching of the fiber between two solar

cells.
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Figure 4.8 An experimental setup for measurement of fiber scattering loss illustrating both the solar

cell cube and integrating sphere scattering cells
[Source: htpp://img.brainkart.com]
A laser source (i.e.-He-Ne, Nd : YAG, krypton .ion) is utilized to provide
sufficient optical power at a single wavelength together with a suitable
instrument to measure the response from the detector. In_order to avoid
inaccuracies in the measurement resulting from scattered light which may be
trapped in the fiber, cladding mode strippers are placed before and after the
scattering cell. These devices remove the light propagating in the cladding so
that the measurements are taken only using the light guided by the fiber core.
Also, to avoid reflections contributing to the optical signal within the cell, the

output fiber end is index matched using either a fluid or suitable surface.
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The loss due to scattering asc is given by:

10 P
= 1 opt
% N(km) og“,[ P.-P,

opt

]dB km™!

where /(km) is the length of the fiber contained within the scattering cell, Popt
is the optical power propagating within the fiber at the cell and Psc is the
optical power scattered from the ;short length of fiber /within the cell.

As Popt>>Psc, then the logarithm in Eq. (4.3) may be expanded to give:

4.343 [ P,

= iB km™
% /(km) P.,‘,,]( "

Since the measurements of length are generally in centimeters and the optical

power is normally registered in volts, Eq. (4.4) can be written as:

_4.343x 10°

o, = [—‘—‘i) dB km™
llcm)

v

opt/

where Vsc and Vopt are the voltage readings corresponding to the scattered
optical power and the total-optical power within the fiber at the cell. The
relative experimental = accuracy (i.e. repeatability) for scatter loss
measurements is in the range 0.2 dB using the solar cell cube and around 5%
with the integrating sphere. However, it must be noted that the absolute
accuracy of the measurements is somewhat poorer, being dependent on the
calibration of the scattering cell and the mode distribution within a multimode

fiber.
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4.Fiber Dispersion Measurements

Dispersion measurements give an indication of the distortion to optical signals
as they propagate down optical fibers. The delay distortion which, for example,
leads to the broadening of transmitted light pulses limits the information-
carrying capacity of the fiber. The -measurement of dispersion allows the
bandwidth of the fiber to be determined. Therefore, besides attenuation,
dispersion is the most important transmission characteristic of an optical fiber.
there are three major mechanisms which produce dispersion in optical fibers
(material dispersion, waveguide dispersion and intermodal dispersion). The
importance of ‘these different-mechanisms to the total fiber dispersion is
dictated by the fiber type. For instance, in multimode fibers (especially step
index), intermodal dispersion tends to be the dominant mechanism, whereas
in single-mode fibers intermodal dispersion is nonexistent as only a single
mode is allowed' to. propagate. In° the single-mode case the dominant
dispersion mechanism.is chromatic (i.e. intramodal dispersion). The dominance
of intermodal dispersion in-multimode fibers makes it essential that dispersion
measurements on these fibers are performed only when the equilibrium mode
distribution has been-established within the fiber, otherwise inconsistent
results will be obtained. Therefore devices such as'mode scramblers or filters

must be utilized in order to simulate the steady state mode distribution.

Dispersion effects may be characterized by taking measurements of the
impulse response of the fiber in the time domain, or by measuring the
baseband frequency response in the frequency domain. If it is assumed that
the fiber response is linear with regard to power, a mathematical description in

the time domain for the optical output power Po(t) from the fiber may be
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obtained by convoluting the power impulse response h(t) with the optical

input power Pi(t) as:
E(0 = hg * R0

where the asterisk * denotes convolution. The convolution of h(t) with Pi(t)

shown in Eqg. (4.6) may be evaluated using the convolution integral where:

B)= | Bt — x)h(x) dx

-0

In the frequency domain the power transfer function H(w) is the Fourier
transform of h(t) and therefore by taking the Fourier transforms of all the

functions in Eg. (4.6) we obtain:

P (o) = Hw)P?,(w)

A. Time domain measurement

The most common method for time domain measurement of pulse dispersion
in multimode optical fibers'is illustrated in Figure 4.9. Short optical pulses (100
to 400 ps) are launched into the fiber from a suitable source (e.g. A1GaAs
injection laser) using fast driving electronics. The pulses travel down the length
of fiber under test (around -1 km) and are broadened due to the various
dispersion.mechanisms. However, it is possible to take measurements of an
isolated dispersion mechanism by, for example, using a laser with a narrow
spectral width when testing a multimode fiber. In this case the chromatic
dispersion is negligible and the measurement thus reflects only intermodal

dispersion.
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Figure 4.9 Experimental arrangement for making multimode fiber dispersion measurements in the time

domain.

[Source: htpp://img.brainkart.com]
The pulses are received by -a high-speed photodetector (i.e. avalanche
photodiode) and are displayed on a fast sampling oscilloscope. A beam splitter
is utilized for triggering the oscilloscope and for input pulse-measurement.
After the initial measurement of output pulse width, the long fiber length may
be cut back to a short length-and the measurement repeated. in order to obtain
the effective input pulse width. The fiber is generally cut back to the lesser of
10 m or 1% of its original length . As an alternative to this cut-back technique,
the insertion or substitution method similar to that used in fiber loss
measurement can’ be employed. This method has the benefit of being

nondestructive and only slightly.less accurate than the cut-back technique.

The fiber dispersion is obtained from the two pulse width-measurements
which are taken at any convenient fraction of their amplitude. If Pi(t) andPo(t)
of Eq. (4.6) are assumed to have a Gaussian shape then Eqg. (4.6) may be

written in the form:

r(3dB) = (3 dB) + 7*(3 dB)
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where 7i(3 dB) and to(3 dB) are the 3 dB pulse widths at the fiber input and
output, respectively, and t (3 dB) is the width of the fiber impulse response
again measured at half the maximum amplitude. Hence the pulse dispersion in
the fiber (commonly referred to as the pulse broadening when considering the

3 dB pulse width) in ns km-1 is given by:

(733 dB) - 74(3 dB))
[

|
ns km™

1(3dB) =

where t(3 dB), ti(3°dB) and to(3 dB) are measured in'ns and Lis the fiber
length in km.

It must be noted that if a long length of fiber is cut back to a short length in
order to take the input pulse width measurement, then L corresponds to the

difference between the two fiber lengths in km.

B. Frequency domain measurement

Frequency domain measurement is the preferred method for acquiring the
bandwidth of multimode optical fibers. This is because the baseband
frequency response H(w) of the fiber may be obtained directly from these
measurements  using 'Eq.- (4.8) without the need for any ‘assumptions of
Gaussian shape, or alternatively, the mathematically complex deconvolution of
Eqg. (4.8) which is necessary with measurements in the time domain. Thus the
optical bandwidth of a multimode fiber is best obtained from frequency

domain measurements.
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Figure 4.10 Experimental setup for making fiber dispersion measurements in the frequency domain
using a pulsed laser source

[Source: htpp://img.brainkart.com]

One of two frequency domain-measurement techniques is generally used. The
first utilizes a similar pulsed source to that employed for the time domain
measurements-shown in Figure 4:9.. However, the sampling oscilloscope is
replaced by a spectrum analyzer which takes the Fourier transform of the pulse
in the time domain and hence displays its constituent frequency components.
The experimental arrangement is illustrated in Figure 4.10. Comparison of the
spectrum at the fiber output Po(w) with the spectrum at the fiber input Pi(m)

provides the baseband frequency response for the fiber under test where:

_ P
H(w) = P (¢

=

4.11)
The second technique involves launching a sinusoidally modulated optical
signal at different selected frequencies using a sweep oscillator. Therefore the
signal energy is concentrated in a very narrow frequency band in the baseband
region, unlike the pulse measurement method where the signal energy is

spread over the entire baseband region.
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5.Fiber Refractive Index Profile Measurements

The refractive index profile of the fiber core plays an important role in
characterizing the properties of optical fibers. It allows determination of the
fiber’s numerical aperture and the number of modes propagating within the
fiber core, while largely defining any-intermodal and/or profile dispersion
caused by the fiber. Hence a detailed knowledge of the refractive index profile

enables the impulse response of the fiber to be predicted.

Also, as the /impulse response and consequently the information-carrying
capacity of the fiber is strongly dependent on the refractive index profile, it is
essential that the fiber manufacturer is able to produce particular profiles with
great accuracy, especially in the case of graded index fibers (i.e. optimum
profile). There is therefore a requirement for accurate measurement of the
refractive index profile. These measurements may be performed using a
number of different techniques each of which exhibit certain advantages and

drawbacks.

In this section we will discuss some of the more popular methods which may
be relatively easily interpreted theoretically; without attempting to review all

the possible techniques which have been developed.

A. Interferometric methods

Interference microscopes (e.g. Mach—Zehnder, Michelson) have been widely
used to determine the refractive index profiles of optical fibers. The technique
usually involves the preparation of a thin slice of fiber (slab method) which has

both ends accurately polished to obtain square (to the fiber axes) and optically
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flat surfaces. The slab is often immersed in an index-matching fluid, and the
assembly is examined with an interference microscope. Two major methods
are then employed, using either a transmitted light interferometer or a

reflected light interferometer.
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. Input beam
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Sample [ n ]
A’ ‘| Y
) \ ’ \ Mirror
Beam splitter 45— =
3% microscope
(a) (b)

Figure 4.11 (a) The principle of the Mach-Zehnder interferometer. (b) The interference fringe pattern
obtained with an interference microscope from a graded index fiber

[Source: htpp://img.brainkart.com]
In both cases light from the microscope travels normal to the prepared fiber

slice faces (parallel to the fiber axis), and differences in refractive index result
in different optical path lengths. This situation is illustrated in the case of the
Mach—Zehnder interferometer in Figure 4.11(a). When the phase of the
incident light is compared with the phase of the emerging light, a field of
parallel interference fringes is observed. A photograph of the fringe pattern

may then be taken, an example of which is shown in Figure 4.11(a).

The fringe displacements for the points within the fiber core are then
measured using as reference the parallel fringes outside the fiber core (in the
fiber cladding). The refractive index difference between a point in the fiber
core (e.g. the core axis) and the cladding can be obtained from the fringe

shift g, which corresponds to a number of fringe displacements.
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Figure 4.12 The fiber refractive index profile computed from the interference pattern

This difference in refractive index on is given by:

qA
X (4.12)

on=

where xis the thickness of the fiber slab and A is the incident optical
wavelength. The slab method gives an accurate measurement of the refractive
index profile, although computation of the individual points is somewhat
tedious unless an automated technique is used.

Figure 4.13 shows the experimental setup used to observe an IGA response
using a nonlinear optical loop mirror interferometer. It consists of a laser
source and a combination of optical lenses and mirrors where a beam splitter
separates the signal creating the delayed path. The two optical signals (i.e.

original and delayed signals) combine at a point where a photorefractive
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crystal is placed which is the mixing element employed in this method. Several
crystalline material systems, known as photorefractive crystals, can be used to
produce a diffraction grating in order to implement IGA. Photorefraction is,
however, an electro-optic phenomenon in which the local index of refraction is

modified by spatial variations of the light intensity.
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Figure 4.13 Experimental setup for the measurement of the refractive index of silica fiber using the
induced-grating autocorrelation function technique

B. Near-field scanning method

The near-field scanning or transmitted near-field method utilizes the close
resemblance that exists between the near-field intensity distribution and the

refractive index profile, for a fiber with all the guided modes equally
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illuminated. It provides a reasonably straightforward and rapid method for

acquiring the refractive index profile.
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Figure 4.14 Experimental setup for the near-field scanning measurement of the refractive index profile

When a diffuse Lambertian source (e.g. tungsten filament lamp or LED) is used
to excite all the guided modes-then the near-field optical power density at a
radius r from the core axis PD(r) may be expressed as a fraction of the core axis
near-field optical power density PD(0) following:

Ald Clr z){”f(lj -5

Py(0) 1 (0) -

(4.13)
where n1(0) and nl(r) are the refractive indices at the core axis and at a
distance r from the core axis respectively, n2 is the cladding refractive index
and C(r, z) is a correction-factor. The correction factor which is incorporated to
compensate for any leaky -modes present in. the short test fiber may be

determined analytically.

The transmitted near-field approach is, however, not similarly recommended
for single-mode fiber. An experimental configuration is shown in Figure 4.14.
The output from a Lambertian source is focused onto the end of the fiber using
a microscope objective lens. A magnified image of the fiber output end is
displayed in the plane of a small active area photodetector (e.g. silicon p—i—

n photodiode). The photodetector which scans the field transversely receives
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amplification from the phase-sensitive combination of the optical chopper and
lock-in amplifier. Hence the profile may be plotted directly on an X-Y recorder.
However, the profile must be corrected with regard to C(r, z) as illustrated in
Figure 4.15(a) which is very time consuming. Both the scanning and data

acquisition can be automated with the inclusion of a minicomputer.

The test fiber is generally. 2 m in length to eliminate any differential mode
attenuation and mode coupling. A typical refractive index profile for a practical
step index fiber measured by the near-field scanning method is shown in
Figure 4.15(b). It. may be observed that the profile dips in the center at the
fiber core axis. This dip was originally thought to result from the collapse of the
fiber preform before the fiber is drawn in the manufacturing process but has
been shown to be due to the layer structure inherent at the deposition stage.
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Figure 4.14 Experimental setup for the near-field scanning measurement of the refractive index profile

When a diffuse Lambertian source (e.g. tungsten filament lamp or LED) is used to excite all the guided
modes then the near-field optical power density at a radius r from the core axis PD(r) may be expressed

as a fraction of the core axis near-field optical power density PD(0) following:

[Source: htpp://img.brainkart.com]
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6.Fiber Cutoff Wavelength Measurements

A multimode fiber has many cutoff wavelengths because the number of bound
propagating modes is usually large. For example, considering a parabolic
refractive index graded fiber, the number of guided modes Mg is:

M= (,;1 )‘ () (4.14)
where a is the core radius and n1 and n2 are the core peak and cladding indices
respectively. It may be observed from Eq. (4.14) that operation at longer
wavelengths yields fewer guided modes. Therefore it IS clear that as the
wavelength is increased, a growing-number of modes are cutoff where the
cutoff wavelength of a LPIm mode is the maximum wavelength-for which the

mode is guided by the fiber.

Usually the ‘cutoff wavelength refers to the operation of single-mode fiber in
that it is the cutoff wavelength of the LP11 mode (which has.the longest cutoff
wavelength) which makes the fiber single moded when the fiber diameter is
reduced to 8 or 9 um. Hence the cutoff wavelength of the LP11 is the shortest
wavelength above which the fiber exhibits single-mode operation and it is

therefore an important parameter to measure.

The theoretical value of the cutoff wavelength can be determined from the fiber
refractive index profile. Because of the large attenuation of the LP11 mode near
cutoff, however, the parameter which is experimentally determined is called the
effective cutoff wavelength, which is always smaller than the theoretical cutoff
wavelength by as much as 100 to 200 nm. It is this effective cutoff wavelength
which limits the wavelength region for which the fiber is ‘effectively’ single-

mode.
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Figure 4.16 Configurations for the measurement of uncabled fiber cutoff wavelength: (a) single turn;
(b) split mandrell

[Source: htpp://img.brainkart.com]
In the bending-reference technique the power Ps(X) transmitted through the
fiber sample ‘in the configurations shown in Figure 4.16 is. measured as a
function of wavelength. Thus the quantity Ps(A) corresponds to the total power,
including launched higher order -modes, of the ITU-T definition for cutoff
wavelength. Then keeping the launch conditions fixed, at least one additional
loop of sufficiently small. radius (60 mm or less) is introduced into the test
sample to act as a mode filter to-suppress the secondary LP11 mode without
attenuating the fundamental mode at the effective cutoff wavelength. In this
case the smaller transmitted spectral. power Pb(A) i1s measured which
corresponds to the fundamental mode power referred to.in the definition. The
bend attenuation ab(}) comprising the level difference between the total power

and the fundamental power is calculated as:

o ree 10D
ah(A) =10 Iogln l)h(/.u) (415)

The bend attenuation characteristic exhibits a peak in the wavelength region
where the radiation losses resulting from the small loop are much higher for the

LP11 mode than for the LPO1 fundamental mode, as illustrated in Figure 4.17.
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Figure 4.17 Bend attenuation against wavelength in the bending method for the measurement of cutoff
wavelength Ace

[Source: htpp://img.brainkart.com]

It should be noted that the shorter wavelength side of the attenuation maximum
corresponds to the LP11 mode, being well confined in the fiber core, and hence
negligible loss is induced by the 60 mm diameter loop, whereas on the longer
wavelength 'side the LP11 mode is not guided in the fiber and therefore,
assuming that the loop diameter is large enough to'avoid any curvature loss to
the fundamental mode, there is also no increase in loss.

The relative attenuation am() or level difference between the powers launched

into the multimode and single-mode fibers may be computed as:

F(A)
A% (4.16)

a,(A) =10 log,,

7.Fiber Numerical Aperture Measurements

The numerical aperture is an important optical fiber parameter as it affects
characteristics such as the light-gathering efficiency and the normalized
frequency of the fiber (V). This in turn dictates the number of modes
propagating within the fiber (also defining the singlemode region) which has
consequent effects on both the fiber dispersion (i.e. intermodal) and, possibly,
the fiber attenuation (i.e. differential attenuation of modes). The numerical

aperture (NA) is defined for a step index fiber as:
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NA =sin 6, = (i - i)}

where Oa is the maximum acceptance angle, nl is the core refractive index

and n2 is the cladding refractive index.

It is assumed that the light is incident on the fiber end face from air with a
refractive index (n0) of unity. Although Eq. (4.17) may be employed with
graded index fibers, the numerical aperture thus defined represents only the
local NA of the fiber-on its core axis (the numerical aperture for light incident at
the fiber core axis). The graded profile creates a multitude of local NAs as the

refractive index changes radially from the core axis

Reference signal

i Thin aperture from optical
Fiber holder croer
Fiber é > Loclf-m
amplifier
\\ ,l
Large-area
' photodetector

Rotating stage

Figure 4.18 Fiber numerical aperture measurement using a scanning photodetector and a rotating stage
[Source: htpp://img.brainkart.com]

For the general case of a graded index fiber these-local numerical apertures

NA(r) at different radial distances r from the core-axis may be defined by:

NA(D) = sin 8,(r) = (1) — rB)*
Therefore, calculations of numerical aperture from refractive index data are
likely to be less accurate for graded index fibers than for step index fibers unless

the complete refractive index profile is considered. The numerical aperture may
be determined by calculation.
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" An example of an experimental arrangement with a rotating stage is shown in
Figure 4.18. A 2 m length of the graded index fiber has its faces prepared in

order to ensure square smooth terminations.

The fiber output end is then positioned on the rotating stage with its end face
parallel to the plane of the photodetector input, and so that its output is
perpendicular to the axis of rotation. Light at a wavelength of 0.85 um is
launched into the fiber at all possible angles (overfilling the fiber) using an

optical system similar to that used in the spot attenuation -measurements.

The photodetector, which may be either a small-area device or an apertured
large-area device, is placed 10 to 20 cm from the fiber and positioned in order to
obtain a maximum signal with no rotation (0°). Hence when the rotating stage is
turned the limits of the far-field pattern.may be recorded. The output power is
monitored and plotted as a function of angle, the maximum acceptance angle
being obtained when the power drops to-5% of the maximum intensity. Thus the

numerical aperture of the fiber-can be obtained from Eq. (4.17).

A less precise measurement of the numerical aperture can be obtained from the
far-field pattern by trigonometric means. The experimental apparatus is shown
in Figure 4.19.

Lens

Light from Testdfihber
source optics

527 Vibration-isolated
it granite slab

Figure 4.19 Apparatus for trigonometric fiber numerical aperture measurement

[Source: htpp://img.brainkart.com]
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where the end prepared fiber is located on an optical base plate or slab. Again
light is launched into the fiber under test over the full range of its numerical
aperture, and the farfield pattern from the fiber is displayed on a screen which is
positioned a known distance D from the fiber output end face. The test fiber is
then aligned so that the optical intensity on the screen is maximized. Finally, the
pattern size on the screen A is measured using a calibrated vernier caliper. The
numerical aperture can be_obtained from simple trigonometrical relationships
where:

Al2 A

NA=sin 6, = = ’
[(472)% + [P (A% + 4P

It must be noted that the accuracy of this measurement technique is dependent
upon the visual assessment of the far-field. pattern from the fiber. The above
measurement-techniques are generally employed-with multimode fibers only, as
the far-field patterns from single-mode fibers are affected by diffraction

phenomena

8.Fiber Diameter Measurements

A. Outer diameter

It is essential during the fiber manufacturing process (at the fiber drawing stage)
that the fiber outer diameter (cladding diameter) is maintained constant to
within 1%. Any diameter variations may cause excessive radiation losses and
make accurate fiber—fiber connection difficult. Hence on-line diameter
measurement systems are required which provide accuracy better than 0.3% at a
measurement rate greater than 100 Hz (i.e. a typical fiber drawing velocity is 1
ms -1). Use is therefore made of noncontacting optical methods such as fiber

Image projection and scattering pattern analysis.
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The most common on-line measurement technique uses fiber image projection
(shadow method) and is illustrated in Figure 4.20. In this method a laser beam is
swept at a constant velocity transversely across the fiber and a measurement is
made of the time interval during which the fiber intercepts the beam and casts a

shadow on a photodetector.

In the apparatus shown in Figure 4.20 the beam from a laser operating at a
wavelength of 0.6328 um is collimated using two lenses (G1 and G2). It is then
reflected off two mirrors (M1 and M2), the second of which (M2) is driven by a
galvanometer which makes it rotate through a small angle at a constant angular
velocity before returning to its-original starting position. Therefore, the laser
beam which i1s focused in the plane of the fiber-by a lens (G3) Is swept across
the fiber by the oscillating mirror; and is incident on the photodetector unless it
Is blocked by the fiber. The velocity ds/dt of the fiber shadow thus created at the

photodetector is directly proportional to the mirror velocity d¢/dt following:
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Figure 4.20 The shadow method for the on-line measurement of the fiber outer diameter.

[Source: htpp://img.brainkart.com]
where | is the distance between the mirror and the photodetector. Furthermore,
the shadow is registered by the photodetector as an electrical pulse of width We

which is related to the fiber outer diameter do as:

d.= s

2 “de

Thus the fiber outer diameter may be quickly determined and recorded on the
printer. The measurement speed is largely dictated by the inertia of the mirror

rotation and its accuracy by the rise time of the shadow pulse.

Other on-line measurement methods, enabling faster diameter measurements,
involve the analysis of forward or backward far-field patterns which are
produced when a plane wave is incident transversely on the fiber. These
techniques generally require measurement of the maxima in the center portion
of the scattered pattern from which the diameter can be calculated after detailed

mathematical analysis. They tend to give good accuracy (e.g. £0.25 pum) even
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though the theory assumes a perfectly circular fiber cross-section. Also, for step
index fibers the analysis allows determination of the core diameter, and core
and cladding refractive indices. Measurements of the fiber outer diameter after
manufacture (off-line) may be performed using a micrometer or dial gage.
These devices can give accuracies of the order of £0.5 um. Alternatively, off-
line diameter measurements can be made with a microscope incorporating a

suitable calibrated micrometer eyepiece.

B. Core diameter

The core diameter for step index fibers is defined by the step change in the
refractive index profile at the core—cladding interface. Therefore the techniques
employed for determining the refractive index profile (interferometric, near-
field scanning, refracted ray, etc.) may be utilized to measure the core diameter.
Graded index fibers present a more difficult:problem as, in general, there is a

continuous transition between the core and-the cladding.

In this case it is necessary to define the core as an area with a refractive index
above a certain predetermined value if refractive index profile - measurements
are used to obtain_the core diameter. Core diameter.measurement is also
possible from.the ‘near-field pattern of a suitably illuminated (all guided modes
excited) fiber. The measurements may be taken using a microscope equipped
with a micrometer eyepiece similar to that employed for off-line outer diameter

measurements.
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