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About the Manual

Fiber Optics has emerged as an important area in science and technology, and it is now
entering the syllabus of many courses in engineering and physics at the graduate and
post-graduate level. Most of these courses are presently offered as theory courses, and
there is a need to supplement them with laboratory training. The YOLUX Fiber Optic
Educational Kit has been developed to meet this requirement. Development of this kit has
been a joint venture between the Fiber Optics Group at IIT Delhi and M/s Bipin Behari
Dey & Co., Bhubaneswar. The kit is designed to give training in terms of handling of
optical fibers, characterizing them and developing an understanding, which is required to
embark on advanced work in fiber optics and related areas like optical fiber sensors.

In this manual, seven basic experiments have been described in detail,
which can be performed with the YOLUX Fiber Optic Educational Kit supplied by M/s
Bipin Behari Dey & Co., Bhubaneswar. The instrumentation for each experiment
corresponds to the components and equipments provided with the YOLUX Kit. A unique
feature of this Kit is the availability of two mechanical bread-boards for mounting the
optical components — one at the input (launching) end, and the other at the output
(detector) end. This provides flexibility in terms of :solating the detection setup at the
output end from any stray light due to the source at the input end. While it will be very
useful for the user to have a basic knowledge of fiber optics theory, it is not a pre-
requisite for performing the experiments. The references provided at the end of each
experiment are specific to the experiment; for basic definitions, concepts and theory, the
user may look into any standard book on Fiber Optics. We have also presented actual
graphs and plots obtained in measurements carried out using components similar to the
ones provided in the Kit, even though the plots are not ideal (as expected from theory) in
some cases. We hope that it would help the students to appreciate some of the deviations
expected 1n practice, when using a basic Kit like this.

In addition to the basic experiments described in this manual, depending
on the level of students, the course instructor should be able to float several minor and
major projects in the area of fiber optics. Some of them may, however, require additional
components and equipments (which are not provided with the basic kit). Further,
sophistication could be brought about into the measurement setups, which leads to higher
accuracy and ease of measuremen, by using for example, motorized scanners, highly
sensitive detectors/power meter and a vibration-free table. All of these can be
incorporated, if so desired, in a phased manner.

The experiments described in this manual form a part of the laboratory training of
our students in the M.Tech programme on Optoelectronics and Optical Communication,
which is jointly run by the Physics and Electrical Engineering departments in our
Institute (IIT Delhi). These experiments have also been used in the training of
participants in various summer and winter schools conducted at our Institute. We are
grateful to all our colleagues who have contributed to the development of various
experiments in our laboratory.
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1. Fiber-end Preparation and Light Coupling

Aim
Preparation of fiber-end face and launching. light into an optical fiber.

Apparatus

Optical breadboard, laser diode, laser diode aligner, microscope objective (20X), microscope
objective holder, xyz-translational stage, photodetector with multimeter, photo-detector holder, two
fiber chucks, two post-bases and 3 posts, 2 m length (approx.) of a single-mode as well as a
multimode fiber, razor blade, fiber cutter, and index matching liquid.

1.1  Fiber-end preparation

The very first step that one must follow before making any measurement/application involving use
of optical fibers is to obtain optically-flat fiber end-faces perpendicular to the axis of the fiber, in
order to ensure a good coupling efficiency between a light source and a fiber. This process is
referred to as ‘fiber-end preparation’. The acceptable optical quality of the end-finish and tolerance
allowable with respect to end-face angle (i.e. the angle between the fiber end-face and the plane
perpendicular to the axis of the fiber), however, depend on particular measurement/application.
Conventional grinding and polishing techniques can indeed produce a very smooth end face that is
perpendicular to the fiber axis. In this process, the test fiber is bonded with an optical epoxy within
a glass/fused silica capillary tube, and the extreme ends of the combined structure is ground and
polished together. However, this method is quite tedious and time-consuming and is rarely used in
practice except in very special cases, where one requires an extremely high quality fiber end-face
e.g. in fiber-based Fabry-Perot resonators, and high-quality end-faces of connectorized fiber pigtails
and patch cords.
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Fig. 1.1 Controlled-fracture of an optical fiber for its end-preparation through bend, score and
break techniaue.



One can produce a reasonably smooth and perpendicular end face by means of a controlled-
fracture technique, which is based on 'bend-score-and-break' method for cleaving fibers, and is
sufficient for most experiments. In this method, after removal of the outer protective jacket, the
fiber to be cleaved is first scored with a scriber to initiate a crack at its surface. The scriber, which is
required to be harder than silica glass, is typically a diamond-edged or a tungsten carbide blade. The
fiber is then bent over a curved surface under tension, as shown in Fig. 1.1. For a silica fiber of 125
um overall diameter, the radius of curvature of the surface is about 57 mm. This action produces a
stress distribution across the fiber cross-section. The maximum stress occurs at the scratch point so
that a crack starts to propagate through the fiber, which eventually leads to cleaving of the fiber
when the fiber is gently pulled apart by hands[1].

A variety of fiber cutting tools based on this methodology have been developed and are
being used extensively. However, a controlled-fracture method requires careful control of the
curvature of the fiber and the amount of the tension required to induce cleavage. If the stress
distribution across the fiber is not properly controlled, the fracture propagating across the fiber can
fork into several cracks. This forking produces surface defects such as a "lip" or "hackle" on the
fiber end, as shown in the Fig. 1.2.
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fig. 1.2 Two examples of improperly cleaved fiber ends.

In the absence of a commercial tool, one can obtain, with some experience, good quality fiber
end-faces by following the procedure described below:

1. Remove the outer protective jacket of the fiber over a few centimeters length near the fiber end.
Depending on the material used, the protective jacket may be removed using a suitable chemical
solvent (e.g. dichloro-ethylene) or may be simply peeled off using a sharp razor blade.

2. The bare fiber is held by the thumb and the middle finger, and is positioned on the curved
surface near the tip of the fore-finger, the palm facing upwards (see Fig. 1.3).

3. A smali crack is then initiaied by gently scoring on the surface of the fiber (which is positioned
on the fore-finger) with a steady hand, in a direction perpendicular to the fiber length.

4. Now, without changing the grip on the fiber, the fiber length beyond the crack is gently pulled
apart along the axis of the fiber.
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Figure 1.3 The correct way of holding the fiber while scribing the surface for end preparation.

As a result, the fiber is likely to cleave with a good end-face. If this does not happen, then repeat
the above procedure by initiating a fresh crack, at a slightly different position on the fiber.

A quick and effective assessment of the quality of the cleaved fiber end-face can be made by
launching light from the laser diode into the fiber at the farther end, and observing the output light
on a screen placed a few centimeters away. Poor cleavage is revealed by the presence of scattered
light in the form of a comet tail' stretching away from an otherwise circular shaped far-field spot on
the screen. Further, if the fiber is poorly cleaved, the fiber-end can be seen glowing even when
viewed from the sides, as a result of scattering [2]. In the case of single-mode fibers, one can also
observe one or two bright and dark rings circumscribing the central bright spot on a screen placed
near the fiber end. The fiber-end will be good enough for most measurements if each of these rings
are distinct, and appear to have uniform illumination all over the circumference.

1.2 Launching light into an optical fiber

The most common method of launching light into an optical fiber in a laboratory experiment
involves use of a suitable microscope objective (MO) in between the source and the fiber. The
choice of the MO depends on the types of source and the fiber under consideration. The two
important parameters of a MO are the magnification and the numerical aperture (NA), usually
inscribed on the metallic case of the MO. Normal MOs typically comprise of a combination of 3
lenses, while MOs with special imaging requirements may have a number of lenses forming a
complex lens system. However, for our purpose, MO is nothing but a good quality lens to focus
light (with minimum aberrations) from a collimated source into a fine spot at its focus, where the
fiber-end is required to be approximately positioned in order to couple light into the fiber.



1.2.1 MO as a lens

Consider the normal incidence of a collimated beam of light on the input aperture of the MO,
completely filling its aperture (see Fig. 1.4). If 0, is the semi-angle of the focussed cone of light (on
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Fig. 1.4 A lens representing a MO of focal length f and numerical aperture sin @,

the other side), then the numerical aperture (NA), by definition, is given by the value of a/f (= tan6,
= sinB,). Thus 6, represents the maximum angle that the rays subtend with the axis of the MO at its
focus. From Fig.1.4, it is obvious that, for a given diameter of the front-end lens of the MO, larger
NA implies smaller focal length and vice versa. This is an important observation for the user of a
microscope objective for coupling light into an optical fiber, because the fiber-end should be placed
in the close vicinity of the focus for achieving maximum light coupling into the fiber. The actual
focal length of a MO corresponding te a given NA varies from one manufacturer to another and also
upon the type of MO and the material of the lenses used. However, just to give the details of the

MOs, which could be used in the experiments listed in this book, we have listed a few typical
parameters [3]:

Magnification NA focal length
10X 0.25 ~10 mm
20X 0.40 ~4 mm
40X 0.65 - ~2 1mm

1.2.2 Aligning the source and the MO

In order to launch light into an optical fiber using an MO, the first step involves aligning the MO
with the source (laser diode); this is an important requirement for coupling maximum possible light

Fig. 1.5 The spot of light at the output of MO, which shows the circular spot due to the MO and the
intensely bright spot due to the laser diode.



into the fiber. The laser diode is mounted horizontally on the aligner having provision for height and
tilt adjustments. The MO is mounted on the microscope objective holder in front of the laser diode
at the same height as the source. The laser diode aligner and microscope objective holder, provided
with the Educational Kit, are manufactured in such a way that if the axis of laser diode is exactly
horizontal, it coincides with the axis of MO, when fixed on the aligner. So, one needs to carefully
mount the source on the source aligner with the help of screws provided on the aligner.

When light from the laser diode is incident on the input aperture of the MO, the output spot
of light, on the other side of the MO, contains a circular spot due to the MO and an intensely bright
spot elliptical in shape due to the elliptical spot of the laser diode. The laser diode is adjusted with
the help of screws provided on the aligner so that the center of the intensely bright elliptical output
spot of the laser diode coincides with the circular spot of the MO as shown in Figure 1.5. This
ensures a good alignment of the laser diode with the MO.

A tungsten halogen lamp is the most commonly used ‘white-light source’ in measurements
involving multimode fibers such as numerical aperture measurement and the near-field scanning
technique to determine the refractive index profile. The lamp is usually housed in a ventilated (or
air-cooled) metallic chamber fitted with a variable aperture at the output. For a given MO, the
launch NA can be controlled using the variable aperture. The MO can be aligned with the source by
observing the intensity distribution of the focused light on a screen placed at a suitable distance in
front of the MO, i.e. the intensity distribution in a cross-section of the cone of light emanating from
the MO. When this circular cross-section appears uniformly bright about the center, and is
concentric with the circular ‘image’ of the output aperture of the MO (which also appears on the
screen as a weakly illuminated circular disc), reasonably good alignment is achieved.

1.2.3 Coupling light into the fiber

After preparing good quality fiber ends, the fiber is firmly clamped over the fiber chucks with
magnets, such that only a small length (not more than 5 mm) of the free fiber end projects out of the
chuck. The fiber chuck is then mounted on a XYZ-stack, i.e. a stack of micropositioners that can
provide translational movement along the three perpendicular directions - X, Y, and Z. With the
help of the translational movement screws, the fiber end is precisely positioned near the focus of the
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Fig. 1.6 Experimental setup for launching light from a laser diode into an optical fiber using an
MoO.



MO to achieve maximum light coupling into the fiber. A schematic of such a coupling arrangement
is shown in Fig. 1.6. In order to obtain a stable light-coupling arrangement, it is essential to avoid
any possible relative motion (say, due to vibrations) between the MO and the fiber end. The
following step-by-step procedure would help in achieving maximum light coupling into the fiber:

1. Place the XYZ-stack such that the fiber chuck is aligned with the MO. Adjust further to bring
the fiber-end near to the focus of the MO.

2. Manipulate the X and Y (transverse) stages to get some light at the output end of the fiber.
Maximize the output at this (longitudinal) position Z. Usually the coupling will be best, when
the fiber end is piaced within the focus of the MO.

3. Now, move the fiber end by a small distance in the +ve z-direction (with respect to its position
achieved in the step 2), and again maximize the output power using X and Y stages. If this
maximum is lower than the previous maximum (at step no. 2), then move the fiber in the
negative z-direction and adjust for the maximum output power.

4. The process is repeated till the optimum fiber position corresponding to the best coupling
efficiency is achieved.

1.3 Cladding mode stripping

Cladding modes may be defined as modes guided along the length of the fiber by the cladding-
jacket or the cladding-air interface, in analogy to the definition of the guided modes. Here ‘jacket'

Air

Fig. 1.7 Ray diagram illustrating the propagation of guided and cladding modes in an optical fiber

refers to the outer protective plastic/polymer layer, with which a bare fiber is coated immediately
after it is drawn into a fiber from its preform. When light is launched into an optical fiber, the
effective launch NA of the MO is usually chosen to be higher than the NA of the fiber. If the
material of the jacket is of a lower refractive index than that of the cladding, then some of the rays
transmitted through the core-cladding interface can satisfy the condition for total internal reflection
at the cladding-jacket interface, giving rise to the excitation of cladding modes. Figure 1.7 illustrates
this situation through the ray-optics. Note that the rays reflected by the cladding-air interface
represent even higher NA than those, which form the core modes and therefore, the bare fiber will
also support cladding modes.

Since the jacket comprises of a coating of rapidly condensed fluid, the cladding-jacket interface
is usually not uniform; further, the material of the jacket is relatively lossy. Thus the behaviors of
cladding-modes are quite unpredictable, and they attenuate rapidly as they propagate along the
fiber. However, in many experiments on the characterization of an optical fiber, one uses a short
length of the fiber, and therefore cladding modes may carry a significant amount of optical power to



the detector, resulting in spurious signals. Thus, it becomes necessary, virtually in all experiments,
to eliminate the cladding modes before they reach the detector.

A simple method of eliminating, or “stripping off the cladding modes involves use of applying
an index-matching liquid such as glycerin or liquid paraffin over a few centimeters length of the
bare fiber near both the input and the output ends of the fiber. The liquid should, however, not come
in contact with the fiber end-faces. The refractive index of the liquid used should be slightly greater
than or equal to that of the cladding, so that the rays transmitted through the core-cladding interface
do not satisfy the condition for total internal reflection at the cladding-liquid interface. Thus, the
rays entering the cladding will eventually leak out within a few centimeters length of the fiber.

1.4 Coupling of light from the fiber to a photo detector

Light from the output end of a fiber comes out in the form of a cone of semi-angle 6, which is
determined by the numerical aperture of the fiber. In order to measure the output power in the
visible and near infra-red region; a suitable detector such as Si photodiode is used. The fiber-to-
detector light-coupling mechanism employed depends on the active area of the detector. In fiber
characterization experiments, usually a large area detector (i.e. area ~ 1 cm?) is used. In this case,
the fiber output end is placed in front of the detector, such that the output from the fiber fills about
70 % of the detector's active area, i.e. the output light-spot lies well within the active area of the
detector. This insures that the detector is not saturated locally and any variations in detector-surface
response are averaged out. If the entire light spot lies within the active area, then the detector output
is a measure of the total optical power incident on the detector. In the Educational Kit, the detector
is connected to a multimeter, which shows photovoltage that is proportional to the photocurrent
generated by the detector. Since the photocurrent is proportional to the optical power incident on the
detector, the voltmeter reading is proportional to the optical power. Thus one can measure the
intensity distribution across an optical beam using this arrangement. The voltmeter readings
typically vary from 10s of microvolts to 10s of millivolts, depending on the incident power.

The above situation corresponds to measurement ‘of the total output power. In situations where
the intensity distribution at the output is to be measured, a pinhole-masked large area detector is
usually employed to scan the output light spot along a diameter. Now the detector output is
proportional to the intensity of light at the position of the pinhole, and therefore the scan represents
the intensity distribution.

1.5 Laser diode as an optical source

The principal light sources used for fiber optic communications applications are semiconductor
laser diodes (also referred to as injection laser diodes) and light emitiing diodes (LED). These
devices are suitable for fiber transmission systems because they have adequate output power for a
wide range of applications and their optical power output can be directly modulated by varying the
input current to the device; they have a high efficiency and their dimensional characteristics are
compatible with those of the optical fiber.

The major difference between LEDs and laser diodes is that the optical output from an LED is
incoherent, whereas that from a laser diode is coherent. In a coherent source the optical energy is



produced in an optical resonant cavity by the phenomenon of stimulated emission. The optical beam
released from such a cavity usually has a very high degree of coherence, and is also very
directional. The present day lasers are based on double heterostructures in which a thin active layer
of a semiconductor with a lower bandgap is sandwiched between two larger bandgap
semiconductors. The refractive index of the semiconductor decreases with increase in the bandgap.
Thus the refractive index of the central active layer is higher than the two surrounding regions. Such
a refractive index profile can confine the emitted optical radiation to the active region by the
mechanism of waveguidance, which occurs due to total internal reflection taking place at the
boundaries [4]. Although the active region is very thin, this doesn’t lead to a narrow slit-like output
beam; there is substantial diffraction of the output at the interface with air. Thus the output beam
from a laser diode is not a narrowly defined spot or even a strip. It rapidly becomes a broad beam,
and in order for light not to be wasted a collecting lens should be placed immediately adjacent to the
output. One can use collimating lenses to obtain a well-collimated output laser beam. The laser
source used in the Educational Kit is a semiconductor laser fitted with an external collimating lens.
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2.Numerical Aperture Measurement

Aim

To determine the numerical aperture (NA) of a given multimode fiber from the
measurements on the far-field of the fiber.

Apparatus
Bread board, tungsten halogen lamp (THL), microscope objective (20X), microscope
objective holder, xyz-translational stage, pin-hole photodetector with multimeter,

photodetector holder, rotation stage, two fiber chucks, two post bases and 3 posts, approx.
2 m length of a multimode fiber, razor blade, fiber cutter, index matching liquid.

Theory

The extremely important parameter, which determines the maximum acceptance angle
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Fig. 2.1 A meridional ray entering a step index optical fiber at an angle i< i,, gets
guided through the fiber, and comes out at the same angle i from the output end of the

Jfiber. Rays incident at angles > i, will get refracted into the cladding, eventually loosing
all their energy in the cladding.

upto which the rays which are incident at the input face of a fiber and are to be guided
through an optical fiber, is referred to as numerical aperture of the fiber and is given by

(2]
NA =sini, =(n|2_n22)% (2.1}

where n; and n; are the refractive indices of the core and the cladding, respectively.
Figure 2.1 shows the geometrcal ray path of a particular meridional ray in a step index



multimode fiber. The light ray enters the fiber core from a medium of refractive index ny
at an angle 7 with respect to the fiber axis and strikes the core cladding interface at an
angle@ with respect to the normal to the interface. If ¢ is greater than the critical angle

¢.(=sin"'(n,/n,)), the ray gets totally internally reflected and because of the symmetry

of the structure the same ray suffers repeated total internal reflections as shown in the
Fig. 2.1. All such meridional rays follow zigzag paths along the fiber core, passing
through the axis of the fiber after each reflection.

The semi angle i, of the acceptance cone for a step-index fiber is determined by this
critical angle ¢@.. Thus, if a ray is launched into the fiber at an angle @ < i,,, it will be
guided through the fiber, whereas a ray launched into the fiber at an angle € > iy,
undergoes only partial reflection at the core cladding interface and will eventually radiate
completely into the cladding,

The NA of the fiber is usually determined by measuring the angular dependance of the
far field of the fiber. The far-field of the fiber represents the field distribution at any
distance z >> (2a)*/A where a is the core radius of the fiber and A is the operating
wavelength. In a short length of straight fiber, ideally, a ray launched at an angle 7 at the
input end should come out at the same angle 7 from the output end as shown in Fig 2.1.
Therefore far-field at the output end will also appear as a cone of semi-angle iy,

emanating from the fiber end. It is then simpler to make measurements on this far-field to
determine the NA of the fiber.
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Fig. 2.2 Measurement of the diameter D of the spot, corresponding to the angle i at which
the intensity drops down to 5% of the maximum value (at i=0), on the screen placed at a
distance z in the far-field from the output end of a multimode fiber can be used to estimate
the NA of the fiber. Inset shows the far-field pattern and the 5% level.

The NA of a fiber is determined by measuring the angular dependance of the far field.
The semi-angle corresponding to the 5% level of the far-field intensity maximum is
denoted as the acceptance angle. This angle is usually small and hence, in the absence of
a suitable arrangement for the measurement of the angular dependance of the far-field
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intensity, one may use direct visual estimation. In direct visual estimation, one carries out
the measurements on the far-field projected on a plane perpendicular to the fiber axis by
determining the diameter corresponding to the 5% intensity level (see Fig 2.2). The
numerical aperture is then estimated using the following relation

NA = sin i, = sin[tan™ (D/2z)] (2.2)
Procedure

Figure 2.3 shows the experimental set-up for the measurement of the numerical aperture
of a multimode fiber. For this, one has to follow the following procedures step by step:

Pinhole
detecto

Fiber

Source 20X Fiber chuck Fiber chuck

Rotatio
n stage

Fig. 2.3 Experimental setup for scanning the far-field intensity distribution of a fiber.

1. Mount the THL and adjust with the help of the aligning screws to align it with the
microscope objective.

2. Fiber ends are prepared so that it has well-cleaved flat ends. The cladding modes are
removed by applying an index matching liquid (e.g. liquid paraffin) over a few
centimeters of the bare fiber, near both the input and the output ends (after the
removal of protective plastic jacket) and then clamped over the fiber chucks with
magnets.

3. The output end of the fiber is clamped over a post base in such a way that the tip of
the fiber is positioned on the axis of rotation of the rotational stage, which passes
through the center of cross wire put over the mirror, fixed on the rotational stage. To
do so, one has to continuously look the image of output end of the fiber on the mirror.

4. Light is launched into the fiber from the THL using a 20X-microscope objective.

5. A pinhole photodetector is mounted on the rotational stage and the height of the fiber
tip is so adjusted that the pinhole is at the same horizontal level as that of the fiber
end.

6. Now, without disturbing the input coupling, far-field (circular) spot of the fiber is
scanned in suitable steps (say, in steps of 0.2°), and at each angular position, the
detected power recorded by the detector is noted down.
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Plot of the detector reading versus the angular position of the detector represents the

far-field intensity distribution. From this plot the half angle i, corresponding to 5 %
of the maximum intensity level is determined.
8. Numerical aperture of the fiber is given by

NA= sin iy, (2.3)
Figure 2.2 shows a schematic for direct visual estimation of the NA. Several concentric
circles of increasing radii are drawn on a small screen placed normal to the fiber axis.
The screen is positioned in the far-field in such a way that a line extending the axis of the
fiber on the screen from its output end would have passed through the center of these
circles, drawn on the screen. The fiber end, which is mounted on a XYZ-stack, is moved
slightly towards or away from the screen so that the emerging light spot fills completely

one of the circles, lets say of diameter D (which is measured accurately). The NA is
calculated using Eq. (2.2).

Observations

1) Visual Method:
Least count of Meter Scale =

S. No. Radius of circle (cm) Distance from the NA =sin ip
D/2 fiber, z (cm) = sinftan™ (D/2z)]

2) Scanning Method:
Least count of the rotation stage =

S. No. | Reading on the rotation stage | Power meter reading
(in degrees) W)




Result

An experimentally measured angular distribution of the far-field (as measured by
photodetector) for a given multimode fiber (NA = 0.26) is shown in Fig. 2.4, where the
filled squares show experimentally measured values. The horizental line drawn in the

=150
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Fig. 2.4 Experimentally observed far-field pattern of a given step index multimode fiber

plot shows the level at which the intensity drops down to 5% of the maximum output

power. This line intersects with the plot at two angles, which are marked as 0; and 6, in
Fig. 2.4.

The values of 6, and 85, as can be read from the above figure, are 182.1° and 209.3°
respectively. The angle i, [= (0 - 0,)/2], can be calculated from these two values which
comes out to be 13.7°. The numerical aperture of the given multimode fiber is then
calculated using Eq. (2.3) which is equal to 0.24 and closely agrees with the value
supplied by the manufacturer. At the same time, the direct visual estimation method
yields the numerical aperture as equal to 0.20 for the same fiber, which is less than what
we have measured using the far-field technique. This shows that the far-field technique
for the determination of numerical aperture is more accurate in comparison to the direct

visual estimation method and the result obtained by this method is in good agreement
with the actual value of the NA of the fiber.



Comments

In a multimode fiber, different mode groups suffer different attenuation rates, which is
referred to as differential mode attenuation (DMA). NA measured by equation (2.3) is
generally less than that estimated from equation (2.1) due to DMA. In addition, NA is
critically dependent on the excitation conditions. To ensure that all the guided modes are
excited in a multimode fiber, an "overfill launch" is applied at the input end i.e. one uses
a microscope objective of NA higher than that of the fiber for launching light into the
fiber. This results in the excitation of the cladding modes and the radiation modes, which
quickly lose power as they propagate along the fiber. Further the higher order guided
modes, which have a significant fraction of the total guided power in the cladding,
attenuate faster as compared to the lower order modes. Therefore, in general, the modal
power distribution within the fiber attains a steady state only after propagating some
distance (~ a few tens of meters) along the fiber length of the fiber. Consequently, the
measured NA of a multimode fiber exhibits length dependence over relatively short
length of the fiber.

The analyses discussed under the theory section are based on meridional rays.
However, a greater power loss arises when skew rays are included in the analyses, since
many of the skew rays that geometric optics predicts are trapped in the fiber are actually
leaky rays. These leaky rays are only partially confined to the core of the circular optical
fiber and attenuate as the light travels along the fiber. Thus, a detailed inclusion of skew
rays will change the expression of the light acceptance ability (NA) of the fiber.

Although this method appears to be quite simple and straightforward, extreme care
should be taken to ensure the following points at the time of experiment:

1. The fiber end faces must be of good quality.
2 Cladding-mode strippers must be used.
3. The output end of the fiber must be positioned in such a way that the

output end tip of the fiber is concentric with center of the rotation stage.
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3. Mode Field Diameter of a Single-Mode Fiber

Aim

To determine the mode field diameter (MFD) of the fundamental mode in a given single-
mode fiber (SMF) by a measurement of its far- field.

Apparatus

Bread board, laser diode, laser diode aligner, microscope objective (20X), microscope
objective holder, xyz-translational stage, pin-hole masked photodetector connected to a
multimeter, photodetector holder, rotation stage, two fiber chucks, two post bases and 3
posts, approximately 2 m length of a single-mode fiber, razor blade, fiber cutter, index
matching liquid.

Theory

In single-mode fibers, it is the transverse distribution of the propagating mode rather than
the core diameter and the numerical aperture that is important in estimating several
propagation and the performance characteristics of these fibers. Thus mode field diameter
(MFD), which is a measure of the transverse extent of the modal field distribution(i.e. of
the LPo1 mode), is an important parameter used to characterise a single-mode fiber. It is

A\

Field
profile

Fig. 3.1 Schematic diagram of the amplitude distribution of the propagating fundamental
mode in a single-mode fiber

analogous to the core diameter in a multimode fiber, indicating the region of field
confinement, and it also takes into account the wavelength dependent extent of
penetration of the field into the fiber cladding. This parameter can be determined from
the mode field distribution of the fundamental LP;; mode, which is shown in Fig. 3.1. It
essentially specifies the transverse extent of this fundamental i.e. LPo; mode.



Knowledge of MFD is very useful in estimating joint loss between two single-mode
fibers, coupling efficiency, cutoff wavelength, backscattering characteristics,
microbending losses, and even waveguide dispersion.

For most single-mode optical fibers of the type used in communication systems, the
near field of the fundamental mode can be well approximated by a Gaussian function of
the form[3]:

w(r) = Aexp(-r*/w,’) (3.1)

where 4 is a constant. The quantity 2w, gives the Gaussian MFD of the fiber; at the
opertaing wavelength; usually, wy ~ a, where a is the core radius. Theoretically, wy can
be estimated by maximising the launching efficiency between a free space Gaussian
optical field and the single-mode fiber [4]. Marcuse has shown that for a step-index
single-mode fiber, the following empirical expression may be used to determine w, [4]:

o,

0.65+—+—6—J; D8 <V <25 (3.2)
a vV

1.619 2.879
7
Since, the far-field of a diffracting field, which is actually the Fraunhoffer diffraction
pattern, is Fourier transform of its near field, it can be analytically shown that the far-
field pattern of a Gaussian mode distribution[5] given by the above equation is again a
Gaussian distribution and the corresponding intensity pattern is given by:

Ir.z)= F%%Z)]exp[—%2 /w?(z)] (3.3)
where w(z) =w,[1+y°(2)]"? and y(z) = ﬂzzl ;
w

0

Equation (3.3) represents the farfield intensity distribution. The parameter w(z) is the far-
field mode field radius (MFR) of the Gaussian amplitude distribution. The far-field
distribution refers to the angular dependence of the output field intensity, sufficiently far
from the output end of the fiber.For practical purposes, if the distance z of the observation

plane from the diffracting aperture is such that z >>w02 / A, observation plane is said to
be in the far-field. For such large values of z

w(z) = ﬁ 3.4)

0

Accordingly, the Gaussian MFD (2wy) of a single-mode fiber can be easily obtained from
a measurement of the angular distribution of its far-field measurements as discussed
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below. Using Eq.(3.4), the far-field intensity distribution of a Gaussian field [Eq.(3.1)] is
approximately given by[3],

27w,
I(r) = Bexp[—— —},2—;2_0—}

(3.5)

2 2
= B exp[— 2”'2;}0 tan’ HJ

where B is a constant independent of » and tané =r/z, 6 being the far-field diffraction
angle. The angle 6. at which the far-field intensity drops down by a factor of e’ from its
maximum value at & = 0 (see Fig. 3.2) would then be given by[2,3]:

e
v,
which yields
A
w, = 36
° rtané, (36)

Thus, by measuring 6., one can easily calculate the Gaussian mode-fieild diameter
(MFD) 2wy

F 40

Fig. 3.2 Determination of @, from the measured angular diestribution.

Procedure

Figure 3.3 shows the schematic of the set-up for the measurement of the mode field
diameter of a single-mode fiber. For this, following procedures have to be followed step
by step:

1. Mount the laser diode in the aligner and adjust with the help of the aligning screws.

2. Fiber ends are prepared so that it has well-cleaved ends. The cladding modes are
removed by applying an index matching liquid (e.g. liquid paraffin) over a few
centimeters of the bare fiber, near both the input and output ends and then clamped
over the fiber chucks with the clamping magnets.

3. The output end of the fiber is clamped over a post base in such a way that the tip of
the fiber is positioned on the axis of rotation of the rotational stage.
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Source 20X MO Fiber chuck Fiber chuck
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Fig. 3.3 Experimental setup for scanning the far-field intensity distribution of a single-

mode fiber

4. Light is launched from the laser diode using a 20X microscope objective into the

. fiber.

5. A pinhole-masked photodetector is mounted on the rotational stage and the height of
the fiber tip is so adjusted that the pinhole is positioned at the same horizontal level as
the fiber end.

6. Now, without disturbing the input coupling, angular intensity distribution in the far-
field (circular) spot of the fiber is scanned in suitable steps (say, in steps of 0.5 %), and
for each recorded angular position the multimeter reading is recorded. The measured
data will correspond to far-field angular intensity distribution.

7. Plot of the multimeter reading versus the angular position of the detector represents
the recorded far-field intensity distribution. From this plot, calculate the value of the
angled . at which the intensity is reduced to 1/ ¢’ of the maximum intensity (at 8 =
0).

8. Using this angle, calculate the Gaussian mode field diameter (2wo) from Eq. (3.6).

Observations:

Least count of the rotation stage =

S. No. | Reading on the rotation stage | Power meter reading
(in degrees) (W)
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Result

A typical variation of experimentally measured angular distribution of the far-field output
power is shown in Fig3.4, corresponding to a given single-mode fiber (Fibercore,
SM600). In this figure, the filled squares show experimentally observed values, whereas
the curve with circles shows the Gaussian fit to these experimental data. The horizontal
line drawn in the plot shows the level at which the intensity drops down to 1/e* of the
maximum output power. The line .intersects. with the plot at two angles, which can be
directly read from this plot. From this plot, 6. (angle at which, the intensity drops down
to 1/e* of its maximum value) comes out to be~ 5.06° Using this value of 6. and the
wavelength of the radiation emitted by laser (which is equal to 633nm), Eq. (3.6) yields
Gaussian mode field diameter (MFD)~4.5um, which is in excellent agreement with the
nominal value provided by the manufacturer, 1.e. 4.7pum.

Evaluation of MFD of SMF600; small pin hole

—u— Far-Field intensity
distribution of the
o/p of the given SMF
~a-- Gaussian of Halfwidth
5.0625degrees

Degrees

Fig. 3.4 A typical plot of far-field intensity distribution of a single-mode fiber

Comments

It is necessary that the far-field intensity pattern be detected at a sufficiently large
distance from the center of the fiber output end such that good angular resolution is
achieved in detection. Furthermore, the angular sector scanned in front of the fiber must

be sufficiently wide (between + 20° and 25°) to completely include the main lobe of the
radiation pattern.
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Although this method appears to be quite simple and straightforward, following points
must be ensured at the time of performing the experiment:

= The fiber end faces must be of good quality.
= Cladding-mode strippers must be used.
3. The output end of the fiber must be positioned in such a way that the axis

of the rotation of rotation stage passes through it.

The fiber used in this experiment was a Fibercore SM600, single-moded at 632.8 nm.
If a single-mode fiber designed for operation at a given wavelength is operated at the
longer wavelength, the modal field will spread more into the cladding of the fiber [3],
thereby yielding a relatively larger mode field diameter.

Finally, it should be noted that the method described here for the measurement of
mode field diameter is not unique, and several other methods have also been proposed
[3]. Also note that in general the mode field varies with variation in the refractive index
profile; Infact it can deviate substantially from a Gaussian distribution in case of complex
fiber refractive index profiles ex. those encountered in specially dispersion shifted fibers
like DSF, non-zero DSF (NZ-DSF) and dispersion compensating fibers(DCF).In such

cases, most standard practice is to define the MFD of the fiber through the “Petermann
MFD(2w,)”[3,6].
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4. Refractive Index Profile of a Multimode Fiber

Aim

To measure the near-field intensity profile of a multimode fiber and hence its refractive
index profile.

Apparatus

Tungsten halogen lamp, assorted microscope objectives (20X, 40X), two XYZ translation
stages, two V-groove fiber mounts, a pinhole detector mounted on a translation stage
with an output cable for connecting to a power meter, index matching liquid for use as
cladding mode stripper.

Theory

The method essentially involves a scan of the near-field intensity distribution that exists
at the output end of a short length (typically one to two meters) of multimode fiber, in
which all possible guided modes are excited approximately equally by means of an
incoherent Lambertian source’, such as a tungsten halogen lamp (or an LED). It can be
shown that the power accepted at any point ‘7’ in the fiber core from a Lambertian
source is directly proportional to square of the local numerical aperture. Evidently,
the maximum power P, that can be accepted by the fiber corresponds to the position » at

which the NA is maximum. In an ideal fiber, this point would correspond to the fiber axis
ie. r=0. However, many real fibers are characterized by an index dip at » =0 so that
the maximum index »,, does not necessarily occur on the axis. In terms of the maximum
power (P, = P(r = 0)) that can be coupled into a fiber is given by [1].

P(r) _n*(r)-n

4.1
P omom o
For small refractive index differences,
P(r)zn_(r)_ncl (42)
Pm [{eiom n,

If all the guided modes propagate in the fiber without any differential attenuation or
mode conversion, which essentially implies that we consider a short piece of fiber which
is relatively straight and devoid of any imperfections, then the same power distribution,
which was launched at the input end will exist at the fiber's exit face. Therefore, if this
near field is scanned by a small area photodetector, the detector output will yield the
near-field power distribution of the fiber and hence RIP of the fiber as per Eq. (4.1).
However, since the fiber core diameter is typically about 50um, it is difficult to directly

scan the fiber's near-field with sufficient spatial resolution. In practice, therefore, one
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obtains a magnified image (of a convenient size) of the fiber output end, and this image
is scanned by a small area photodetector [1].

Telecommunication-grade multimode fibers are designed to follow the nominal
refractive index distribution given by:

n(r)=n, {1 - ZAKLJT ; r<a
a

n(r)=n,[1-2A]"" =n,, rza (4.3)
where n,is the axial refractive index at r = 0,a is the core radius and A is the relative
core-cladding index difference:

2 2
nm —ny (nm _ncl)
~ 4.4
2n2 n, 59

g is the index exponent which defines the shape of the core RIP. For example, g =1

corresponds to a triangular core RIP, g =2 corresponds to the parabolic core RIP and
g = wrepresents the step index profile (see Fig. 4.3).

A=

n’( \“
0
nlim

=]

Y

!
[
i
I
i
I
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I
0 a
Fig. 4.1 Refractive index distributions of graded—core multimode fibers described by Eq.(4.3).
The so-called “optimum profile” corresponding to maximum transmission bandwidth
occurs for g ~2. The exact value of ¢, in this case, is determined by the material

composition of the fiber [2].

Using Egs. (4.3) in Eq.(4.2) we get :

oy 7 .
P0) (aj S
or
log[l - %} =qlog(r/a) (4.6)
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Hence, a log-log plot of [1—P(r)/ P(a)] against (#/a) will yield a straight line of slope
g and hence the profile shape.

It can be seen from Eq. (4.2) that a measurement of the near field power distribution
allows one to determine the refractive index difference [n’(r)—n’] except for the

unknown constant [n2 —n2]. However, [n’ —n}] is nothing but the square of the axial
NA of the fiber that can be determined independently. Further, if the value of the
cladding index n, is known (which for high-silica fibers may be taken to be

approximately 1.46 in the visible wavelength region, corresponding to that of fused
silica'), absolute values of the indices n(r) can be calculated from the measured near
field power distribution.

Experiment

X X
T I Pinhole
5 Detector
- gaEMO ¥ "z ¥
@ :> Fiber
V-groove 40 X MO

Power-Meter

Fig 4.2 Experimental set up for near —field measurement of a multimode fiber
Procedure

The experimental set up is shown in Fig.4.2.

1. Light from a tungsten halogen lamp (THL), which is an incoherent source of
light, is coupled into the given multimode fiber (about 1 metre long) by means of
a 20X microscope objective (MO). The NA of the objective should be equal to or
greater than the fiber NA in order to ensure excitation of all the guided mcdes.
This launch optics is known to effectively approximate a Lambertian source.

2. The fiber ends are mounted on two XYZ-stacks. It is essential to have a good end-
finish of the fiber ends by making good quality fiber cuts. Care must be taken to
strip off the cladding modes by applying an index matching liquid, e.g. glycerin or

At 1.3 um , refractive index of fused silica is about 1.444
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liquid paraffin, over a few centimeters length of the bare fiber, near both the input
and the output ends.

3. Using the 40X MO, a magnified image of the output end of the fiber is formed on
the scanning plane of a pinhole detector. The pinhole diameter determines the
spatial resolution of detection, ;

4. The detector is mounted on a translation stage in order to scan the image along a
diameter of the circular spot of the magnified near field image.

5. To check that the near field image is indeed formed on the detector plane, the
following procedure may be followed: For a given position of the detector, the
fiber exit face is moved to and fro (using micropositioners) along the axis of the
optical system, in front of the imaging microscope objective. The position of the
fiber for which the smallest and sharpest image could be seen on a screen
coinciding with the plane of the detector will ensure the formation of the near
field image on the detector. This is easily understandable on the basis of the well-
known lens equation: 1/u +1/v =1/ f where uand v are the object (in this case,

fiber output end) and image distances respectively, and is f the focal length of the
imaging MO.

6. The detector output is connected to a power meter. The power meter readings can
then be used to construct the near-field of the fiber by plotting power meter
readings as a function of position of the detector.

Alternatively, if the detector is mounted on a motor driven translation stage
or a scanner, the detector output could be directly fed to the Y-input of an XY-
chart recorder. The near-field can then be obtained directly on the recorder as the
‘X-arm’ of the recorder is swept along the chart paper. The detector scanning

speed and the sweep rate of the recorder should be chosen suitably to obtain a
smooth record of the near-field profile.

Observations:
Value of a from the graph =.
S No. | Distance from the fiber | Power Meter log (r/a) log[1-P(r)/P(a)]
axis, r (a.u.) Reading (uW)
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Results

The near field profile obtained as described above would be normally symmetric in
shape about the central maxima (or minima, for fibers having a dip in the index profile)
corresponding to »/a =0. Since there is usually a rounding off at the core edge of the
profile, it is difficult to precisely pinpoint the core-cladding interface on the measured
near-field profile. This difficulty can be overcome by choosing the x-coordinate at
which the near field intensity drops down by 95% from its maximum value as the
reference for /a =1 (see Fig 4.3). A plot of log[l — P(r)/ P(a)] against log(r/a) will
yield a straight line with slope ¢, the index profile exponent.

In practice, it may be difficult to draw a single straight line connecting all the
points due to the profile deviating from a perfect power-law distribution, and a mean
value of g can only be obtained by estimating several localized g values corresponding to
different small zones of the fiber core. Alternatively, a least square fit of Eq. (4.12) to the
measured profile may be cairied out to obtain the best-fitted value of g .

To determine the absolute values of refractive indices or the refractive index
variation, we need to know the axial numerical aperture. The NA and hence A can be
estimated from a measurement of the fiber's far-field. The far-field can be measured by
removing the imaging microscope objective from the near-field measurement set up and
scanning the resultant output light from the fiber end. Thus, from a knowledge of » and
A, the measured near-field can be converted to a calibrated RIP by applying Eq. (4.11).

As a final check of the estimated profile, the experimentally obtained
values of ¢ and A can be used in Eq. (4.3) and a comparison of the measured profile

with that given by Eq.(4.3) can be made by plotting the latter also on the same graph.

Refractive index profile of t]e given graded index fiber
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Fig.4.3 Typical results of measurement of the near Jfield of a graded-core multimode fiber
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Discussion

The most attractive feature of the method is that it provides a fast and relatively simple
means to get a quick estimate of the core index profile and, for this reason alone, is
employed by practically all fiber manufacturers. Nevertheless there is some controversy
over the accuracy of the method. It is argued that since a relatively short fiber sample is
excited in overfilled (both spatial and angular) launch conditions, the measured near field
may include a significant contribution from leaky rays. One may then be required to take
account of this by incorporating a correction factor [3,4] on the right-hand side of
Eq.(4.2) in order to convert the measured near-field intensity profile to the fiber's
refractive index profile. The presence of leaky rays leads to fiber length dependence of
the measured near-field intensity distribution. This problem, however, is not as serious as
it may seem because the leaky ray correction factors for a variety of profiles and fiber
lengths were found to be almost identical up to a normalized radius »/a of 0.8, and
differed by roughly+ 6% beyond »/a=0.8 upto r/a=1. Thus, in practice for a quick
general estimate of the RIP, one ignores the presence of any leaky rays in the measured
near-field profile of the fiber.

Since, the derivaticn of Eq. (4.2) is based on the assumption that all modes carry
equal amounts of power, care should be taken to avoid (i) any unnecessary stress at the
fiber mounts and (ii) sharp bends along the length of the fiber sample. Care should also
be taken to center the detector scan path on the fiber axis. Many laboratories use a
vidicon with a monitor to scan the near-field. The near-field image of MCVD fibers is
usually characterized by a dark central spot (corresponding to an axial index dip), which
helps in defining the fiber center. This dark spot also helps the experimenter to check for
optimal imaging of the fiber end-face on the detector plane by means of small
adjustments in the (z- direction) position of the fiber end in front of the imaging
objective so as to obtain maximum contrast in the near field pattern (NFP).

The inherent resolution afforded by the method is
A
or ~———.
m(fiberNA)

For typical multimode fibers NA~0.2; with A =0.65, we get a maximum resolution of
about 1um . On the other hand, detector spatial resolution is set by the size of the pinhole
in front of it. If the fiber image size is / mm (diameter) at the detector plane and the pin-
hole diameter is d mm, then the number of independent measurement points on the
image plane -is roughly //d; thus the resolution limit due to the pin-hole
1sY =[2a/(l/d)]um, a being the core radius in gm. For high measurement precision,
Y should be less than or of the order of the theoretical resolution given by Eq. (4.7); this
can be achieved by having a relatively large image produced by a combination of a
microscope objective and an eyepiece. However, in a graded-core fiber since the local
fiber NA decreases from the core center towards the core-clad interface, there is a loss of
resolution in the edges of the intensity profile, consequently, the core edges of the NFP
are rounded (see Fig 4.3). Another point that may be noted while implementing this
method is that the emission spectrum of the optical source must be sufficiently broad, or

@.7)
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the coherence length of the source should be very small, so that the finite numbers of
guided modes do not interfere to produce a speckle patter at the output end.

1
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5. Fiber-to-Fiber (Multimode) Splice Loss

Aim

To measure the power loss at a splice between two multimode fibers, and study the
variation of splice loss with transverse, longitudinal and angular offsets.

Apparatus

Two XYZ-stacks, a rotation stage, tungsten halogen lamp/He-Ne laser, optical power
meter, multimode fiber, V-grooves, etc.

Theory

In any optical fiber telecommunication link, one or more splices/joints in the fiber
cable is inevitable. The predominant method for connecting optical fibers involves a
butt-joint connection. Any butt-joint requires three fundamental operations: fiber end
preparation, fiber alignment to micron precision and alignment retention. Demountable
connections retain alignment mechanically while permanent connections retain alignment
through melting and fusing of the fiber ends in a fusion-splicing machine. 1In any fiber
joint, the fiber ends must be prepared smooth and perpendicular to the fiber axis. The
next step of aligning the fiber ends (to be Jointed) is very crucial because any kind of
misalignment would lead to a transmission loss. Loss at a fiber splice could originate
from either or a combination of the following possible misalignments (seeFig 5.1):

1. Transverse offset between the fiber ends,
ii. Angular tilt between the fiber ends,
ii.  Longitudinal end-separation between the fiber end faces.

Tmasvene ~ - o " IRy ¥

Offset + o T ——
ogolee. o

Offset - =

Longitudinal

Offset B

Fig. 5.1 Three different types of offsets between the axes of the fibers at a splice-joint,

which may lead to a transmission loss.
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These fall under the category of extrinsic losses. In addition, either or a combination of
the following may also result in a joint loss and these are sources of intrinsic loss:

1. Reflection loss at the fiber-air interfaces.

ii. Difference in characteristic parameters, e.g. refractive indices, index exponent; core

dimensions, etc. between the two fibers.

ii. Deformation of the end surfaces of fibers.
Major contributors to loss, however, at a splice are transverse offset, mismatches in core
radii, and the relative core-cladding index difference (and hence NA). :

An accurate model of splice loss is extremely difficult to construct. Losses at a fiber
splice depend on various factors like mode power distributions, attenuation, and mode
coupling characteristics of the fibers. These characteristics are difficult to measure
experimentally and hence several approximate models have evolved in the literature to
estimate splice losses in multimode fibers. Most successful attempt in this direction has
been the phenomenological model of a Gaussian power distribution [1]. “This model
gives a very good agreement with measured splice losses both for individual parameter
mismatches and for combinations of both intrinsic and extrinsic mismatches that are
extremely difficult to calculate any other way” [2]. In practice for a splice between two
identical fibers, the following empirical but approximate expression for splice loss (in
dB) due to transverse offset has been found to be accurate [2]:

\2 3
i =—0.0001+0.6688(d)+4.136(—a—7-) +O.5(-a—1) 5.1

a \a a)

where dis the transverse effect (i.e. separation between the fiber axes) and ais the core
radius of the fiber. It matches splice loss according to Gaussian model within 0.01 dB
upto d/a=08.

It has been observed that major contributors to splice loss namely, transverse offset,
core radii- andA mismatches between the transmitting and receiving fibers do not
combine linearly. However, the following approximate relation may be used to model
splice loss due to simultaneous presence of all the three factors [2]:

I'=20147-0.85k*-1.0354 +5.4986(£) (5.2)

a
where A4=Ap/A;andk=a,/a.; subscriptsRandT refer to the receiving and the
transmitting fibers; the parameter A is defined as

A= R, —n,

n

m

where ny, and ng are the refractive indices of the core and cladding, respectively.

For angular offsets, transmission loss (in dB) may be approximately estimated from the
following expression valid for step-index fibers [3,4]:

I; =10log,, n (5.3)
_16(n, /n,)? - né
[1+(n, /n,)]’* m, (24)"*

(5.4)
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where n; is the core refractive index, n; is the refractive index of the medium between the
two fibers and A is defined above. If the end-faces of two step-index fibers to be jointed
are longitudinally separated by an amount s, transmission loss (in dB) can be
approximately expressed as [5,6]

g L C e PRT e e (5.5)
a n(NA)
For parabolically graded-index fibers, corresponding expression is given by [5,6]:
T, ~10log,,[1 —%(NA)(s/a)] fors/a<<1 (5.6)

We may note here that all the formulae [Egs. (5.1)-(5.6)] are based on certain
assumptions/models and care should be exercised while attempting any comparison of
measurements with these theoretical expressions. Fusion splicing is the most widely used
technique to permanently join two fibers. It is accomplished by localized heating
(through an electric arc) of the interface between two butted and pre-aligned fiber ends.
A high-voltage electric arc generated between two electrodes melts the fiber ends, and
fuses them permanently as soon as the voltage is switched off. In the design of any such
fiber fusion-splicing machine it is essential to have a prior knowledge of the factor that
may lead to splice loss. In order to minimize splice loss, it is essential to understand
relative affects of different local splice loss contributors. To appreciate it, the following
experiment may be performed.

Procedure
The experimental set up is shown in Fig. 5.2. Light from a tungsten halogen lamp is

launched into a piece of multimode fiber. Cladding mode strippers should be applied at

the input and exit ends of this fiber, henceforth this fiber will be referred to as
transmitting fiber.

b N
THL 20 X MO ¥ z y

) el e %
Transmitting

fiber Receiving fiber

V-groove

Power meter

Fig. 5.2. Experimental set up to measure fiber to Jiber (Multimode) splice loss
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Fig. 5.3 Typical results of splice losses due to various offsets between two multimode
fibers.

A second piece of (preferably identical) multimode fiber, referred as the receiving fiber,
is then brought near the output end of the transmitting fiber. Input end of the receiving
fiber is mounted on a XYZ translation stage; the other end of this fiber is coupled to an
optical power meter. One/two drops of cladding mode stripper is once again applied, as
before, near the two ends of the receiving fiber. The XYZ translation stages are
manipulated to induce any offset loss between the fibers. In actual practice for measuring
transverse offset loss, it is recommended that the receiving fiber be moved away from the
transmitting fiber (in the transverse direction) till the power meter reading reduces to
almost zero (i.e. registers only ambient light). The receiving fiber's input end is then
gradually moved into the field of view of the transmitting fiber to couple light from the
transmitting fiber and the power meter reading is noted. The fiber could be moved in
steps of one division of the graduated scale on the translation stage, and at each step the
power meter reading is recorded. This procedure is continued till the receiving fiber once
again gets out of the field of view of the transmitting fiber so that the power meter only
registers background ambient light. The so tabulated readings of power meter versus
linear position of the receiving fiber across the joint are then used to draw a graph
between these two measurement parameters. Detected power can be further converted to
a dB-scale by normalizing the power meter readings for each offset reading with the
power meter reading for zero misalignment between the fibers, which would obviously
correspond to the maximum of the power meter readings. In a similar manner, the
measurements could be repeated for offsets in the two other orthogonal directions. If the
fiber is perfectly circularly symmetric, then one of these two last measurements should
yield results almost identical to the previous one. On the other hand, the third set of
measurement, which would correspond to a longitudinal offset, the results would be quite
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different compared to transverse offset. These measurements would reveal that
longitudinal offset is more tolerable than transverse offset in terms of achieving a low
loss fiber joint.

Tolerance to any angular offset on a plane between the fibers can likewise be obtained
by mounting the input end of the receiving fiber at the center of a graduated turn table
(1e. fiber is initially aligned in thexy plane with a gap of 2-3 um (along z) from the
receiving fiber at the centre of the rotational stage. The output end of the transmitting
fiber is mounted on a V-groove, which is freely suspended without contacting the
rotational stage. Power coupled across the joint is then measured and recorded as a
function of angular offsets. Angular offset is induced between the fiber ends by means of
the rotational stage on which the receiving fiber is mounted. As before, care should be
taken to use cladding mode strippers during the measurements.

Observations

1) Transverse Misalignment:
Least count of micrometer screw =
Maximum power for zero misalignment =
S. No. | Micrometer reading (um) | Power meter Normalized Loss (dB)
reading (UW) power

2) Longitudinal Misalignment:

Least count of micrometer screw =
Maximum power for zero misalignment =

S. No. | Micrometer reading (um) | Power meter Normalized Loss (dB)
reading (uW) power
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3) Angular Misalignment:
Least count of rotation stage =
Maximum power for zero misalignment =

S. No. | Reading on the rotation | Power meter Normalized Loss (dB)
stage (degrees) reading (LW) power

Results and Discussions

Make a comparative study of loss tolerance to various offsets between two fibers at a
Joint and highlight the ones that are most critical in the design of low loss fiber jointing
machines. Some specimen results of splice loss measurements made on multimode fibers
as a function of offsets are shown in Figure 5.3. It can be readily seen that splice loss is
most sensitive to transverse misalignments. For a 20% off-set (relative to core diameter
50 um), splice loss is about 0.4 dB. As already stated before, transverse off-set is the
major contributor to splice loss and hence in the design of any splice machine one is
required to take extreme care to avoid any potential source of transverse misalignment.
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6. Microbending Loss and Application in Sensing

Aim

To study a simple intensity modulated fiber optic pressure sensor based on microbending
loss in a multimode fiber.

Apparatus

Bread board, laser diode, laser diode aligner, microscope objective (20X), microscope
objective holder, xyz-translational stage, photodetector with multimeter, photo-detector
holder, rotation stage, microbend deformers, two fiber chucks, two post bases and 3
posts, weight box, about 2 m length of a multimode fiber, razor blade, fiber cutter, index
matching liquid.

Theory

To the majority of students “fiber optics” is synonymous with optical telecommunication.
Another useful dimension of fiber optics is that it has also provided a revolutionary
technology base for configuring a variety of optical sensors, which offer several
advantages over existing traditional sensing techniques. Some of the key benefits are:
immunity of several signals to electromagnetic interference, intrinsic safety in explosive

«... Applied Pressure

Detector

e N

e

Source 20X Mo Fiber chuck

Deformer Element

Fig. 6.1(a) Experimental set-up for a simple intensity modulated fiber optic pressure
sensor using a multimode fiber
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environments, offers remote sensing and distributed measurements, chemical inerthess -
thereby employable in chemical process and biomedical instrumentation due to their

{ Deformer

Optical Fiber

Fig. 6.1 (b) Principle of microbend induced attenuation in an optical fiber.

small size and mechanical flexibility. These advantages have led to intense R & D efforts
around the world and development of a variety of fiber optic sensors for the measurement
of pressure, temperature, liquid level, refractive index, pH, antibodies, electric current,
displacement, rotation etc. Broadly, these sensors are classified either as intrinsic or
exirinsic sensors. In an intrinsic sensor, one or more of the optical properties of the
guided wave, such as intensity, phase, or state of polarization, is modulated by the
measurand, which is then detected at the output. In contrast to this, in an extrinsic sensor,
the fiber itself serves as a conduit to carry light signal to and from the sensor head/probe
to be detected by a detector.

In this experiment, we describe a simple intrinsic fiber optic sensor based on the
intensity modulation of light through a fiber by inducing microbends in the fiber through
a periodic deformer element. When a portion of a fiber lay is sandwiched between two
deformers and pressure is applied to one of these deformer, the fiber undergoes periodic
deformation in the form of micro-bends (see Figure 6.1 (b)). The resultant mechanical
deformation of the optical fiber perpendicular to its axis causes higher-order guided
modes to radiate out of the fiber’s core through the core-cladding interface as shown in
the figure. This results in a drop of intensity of the transmitted light through the fiber with
increasing deformation.

Figure 6.2 shows the basic geometry of the microbend element about one deformation
point. As the pressure is applied (from the top) on the deformer, microbending occurs
along the length of the fiber, and these bending results in loss of guided power by
radiation at the bend. The loss in intensity for a bent fiber is given by [3]

2
a
loss = C| — 6.1
- (R] (6.1)
where R is the radius of curvature of the bend, a represents the fiber core radius and C is
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Fig. 6.2 Geometry of the microbend

a constant. Thus, for a given fiber the pressure applied can be related to the bend radius;
which is given by (see Fig. 6.2)
5. 0 +D)
2y
where y is the displacement of the deformer element and 2D is the distance between the

contact points of the deformer element, which is equal to the pitch of the element. Thus,
the transmittance 7" through the fiber is

(6.2)

E=1—loss
i e -
yz + D?
2y
2
where
o ok
= o (6.4)
and
q= % (6.5)

The applied force and hence the pressure is proportional to the displacement y. Therefore
in terms of pressure, we have
_ P4

= (6.6)

q

where P is the pressure, A is the surface area of the deformer and £ is a constant.
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Procedure

Figure 6.1 shows the basic configuration of a fiber-optic microbend displacement sensor.
For this, following procedures have to be followed step by step:

i
-

=1 O

Mount the laser diode on the aligner and adjust with the help of the aligning screws.
Fiber ends are prepared so that it has well-cleaved ends, and clamped over the fiber
chucks with magnets. One end of the fiber is fixed in the xyz-translational stage and
other in post bases.

. Light is launched from the laser diode using a 20X-microscope objective into the

fiber (as discussed in Experiment no. 1). The output end of the fiber is coupled to the
photodetector, connected to the multimeter to measure the amount of light transmitted
through the fiber.

» Microbend deformer is introduced somewhere along the length of the fiber as shown

in the experimental set-up. By gently pressing on the deformer element, observe drop

in the transmitted light intensity through the fiber.

Apply different pressure by placing suitable weights on the deformer, and each time
note down the multimeter reading corresponding to the output of the detector.

Plot the measured relative output powers as a function of the applied weights.

Best fit the theoretical expression for transmittance (7)) (Eq. 6.3) vs. weight to the
experimentally observed data by adjusting C ' as the fitting parameter.

Observations

Microbend period 1 =  (mm) | Microbend period 2= (mm)

Mass | Detected | Normalized .| Mass. |. Detected | Normalized
(gm) Power Power (gm) Power Power

(rpW) (W)
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Result:

Figure 6.3 shows a graph of the measured light transmittance through a microbend
modulated fiber-optic sensor versus the applied weight. The diameter of the fiber core
was 49 pm and numerical aperture was 0.19. In this figure, filled squares represent
experimentally observed values and the solid curve is the least square fit to the data. As
can be seen, the transmittance varies almost parabolically with the applied pressure.
Figure 6.4 shows the corresponding variation with the primary jacket of the fiber
removed. As expected, the latter case is more sensitive to the applied pressure.

Comments

The microbending sensitivity of the sensing fiber must be maximized. One of the most
important parameters in determining the microbending sensitivity is the periodicity of the
fiber deformation. To understand this, one has to consider the mode coupling effects in
fibers. From the theory of mode coupling it is well known that when a periodic
microbend is induced along the fiber axis, light power is coupled between modes with

longitudinal propagation constant §and J 'satisfying [2, 4]

e ‘
F 6.7)

where A is the mechanical wavelength of the periodic perturbation.

1 Microbending induced loss in a MMF with jacket
1.0 -

0.8

0.6
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Normalised detected Power
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Fig. 6.3 Amount of light transmitted through a microbend-modulated fiber- optic sensor
versus the applied weight. The fiber core diameter and numerical aperture were 49um

and 0.19, respectively, and 2D was equal to 1 mm. Here Type 1 corresponds to deformer
1 and Type 3 corresponds to deformer 3, the fiber was with its Jacket in place.
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1 Microbend induced loss in a MMF without jacket
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Fig. 6.4 Amount of light transmitted through a microbend-modulated Jiber-optic sensor
versus the applied weight. The fiber core diameter and numerical aperture were 49um
and 0.19, respectively, and 2D was equal to 1 mm, except that the fiber is without the
primary jacket.

For the fiber of given refractive index profile, the detail mathematical analysis predicts
[5] that higher order modes can be coupled with small periodicity A, whereas lower order
modes are coupled with large periodicity A. Microbending loss is caused by the coupling
between guided modes and radiation modes. For small changes in the fiber deformation
where neighboring mode coupling is believed to be valid, only adjacent modes are
coupled. In this case microbending loss is diie to coupling of the highest order guided
mode to the first radiation mode. Such coupling can be realized with periodicities
predicted by Eq. (6.7) [6], which signiticantly enhances the microbending loss and hence
the sensitivity of the sensor,

In designing the microbend sensor it is important to consider the macrobending effect,
ie., light power loss caused by fiber deformations of the order of centimeters. Even
though such macrobends cannot induce mode coupling (which requires small bends),
they extend the field of the propagating modes into the coating, which in tum can
introduce losses. In particular, macrobending removes the preferred higher order core
modes, which are responsible for the microbending sensitivity. Therefore macrobending
can significantly decrease the microbending effect and must be avoided by keeping the
sensing fiber straight.

In designing the sensor, the length of the sensing fiber is an important parameter,

which influences the sensitivity of the sensor. It has been found that the microbending
sensitivity varies approximately linearly with the length of the sensing fiber [6].
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For obtaining the best sensor response, following points must be realized, in addition,
at the time of performing the experiment:

1. The fiber end faces must be of good quality.
2. Cladding-mode strippers must be used.
3. The two plates of the deformer must be accurately aligned.

The sensor response is critically dependent on the excitation conditions. To ensure that all
the guided modes are excited in the multimode fiber, an overfill launch is applied at the
input end of the fiber i.e. one uses a microscope objective of NA higher than that of the
fiber for launching light into the fiber.
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7. Bend-Induced Loss in a Single-Mode Fiber

Aim
To study bend-induced loss in a single-mode fiber

Apparatus

Bread board, laser diode, laser diode aligner, microscope objective (20X), microscope
objective holder, xyz-translational stage, photodetector with multimeter, photo-detector
holder, two fiber chucks, two post bases and 3 posts, a single-mode fiber (approx. 3m
length), brass rods with circular cross section of different diameters (say, from 0.8 cm to
4 cm), razor blade, scotch tape, fiber cutter and index matching liquid.

Theory

Radiative losses occur whenever an optical fiber is subjected to extrinsic perturbations
like bend of a finite radius of curvature [1-6], and such losses are called bend loss. An
optical fiber can be subjected to two types of bends: (@) random microscopic bends of the
fiber axis, for example, those that may occur when a fiber is sandwiched between two
sand-papers, and (b) macroscopic bends having radii that are large compared to the fiber
diameter, for example, those that may occur during cabling and laying of the fiber cable,
respectively. Here, we are mainly concerned with the power radiated from single-mode
fibers due to the latter type of bending, which is sometimes referred to as macrobending.
Any simple experiment that involves launching a laser light (e.g. from a laser diode) into
a fiber that is first laid straight and then bent into an arc of a circle, would reveal that the
fiber suffers radiation loss from the side at bends/curves, along its path, which can be
measured by measuring the drop in transmitted power with an optical power meter placed
at the output end of the fiber - once laid straight, and then after introducing a bend in its
lay.

Transition
plane

Straight Fiber

Bent fiber

Fig. 7.1 A qualitative representation of the shift in the Gaussian-like JSundamental mode
away from the fiber axis at a bend.
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For relatively small bends, this loss is extremely small and is essentially unobservable.
As the radius of curvature decreases, transmission loss increases exponentially until at a
certain critical radius of curvature when the loss becomes observable. If the bend radius
is reduced below this threshold point, the loss suddenly becomes extremely large.

We first look at the physical process involved in the bending loss. A bend can be
treated as a straight section of the fiber joined to a curved section of the fiber and joined
again to another straight section, as shown in Fig. 7.1. According to the ray analysis,
there are no truly bound rays in a bent optical fiber. Thus, every ray is leaky and radiates
power through the mechanism of tunneling or refraction. For example, the meridional
rays in a bent fiber are either tunneling rays or refracting rays, and skew rays lose power
at successive reflections either through tunneling or refraction.

Qualitatively, the bending loss can be explained by examining the modal electric field
distribution as shown in Figs. 7.1 and 7.2. The bending loss can be accounted for by the
transition losses and the macrobend losses. Transition loss is due to the abrupt changes in
curvature occurring, e.g., at the cross sectional plane AA’ of the fiber shown in el
The predominant effect of curvature on the fundamental mode is to shift the peak of the
field distribution radially outwards (in the plane of the bend) by a distance r, from the
fiber axis as shown in Fig. 7.1. This shift, which is rather difficult to obtain exactly,
within the Gaussian approximation of the field, is given as [2]

oo ﬂ2w04
T

(4

where f is the propagation constant of the mode in the straight fiber, R, is radius of

7.1)

Power lost
through

radiation \ =7 ic

-7 Field
distribution

K
* Curved fiber

Fig. 7.2 Schematic representation of the bending loss in a section of fiber bent into an
arc of radius R..
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curvature of the bend and w, is the Gaussian spot-size [6]. Thus the transition loss is due
to the mismatch over the plane AA’ between the fields of the straight section and the
offset field of the curved section.

To get a feel for the numbers involved, let us consider a typical SMF with ; = 1.46, n, =
1.457 at an operating wavelength (o) of 649 nm, and core radius @ = 2.1 um. which
yields ¥ =1.90. The corresponding Gaussian spot-size is calculated using the empirical
relation [6]

1.619 2.879
Wo = 0(065 + _V3_/2 =+ —VT)

3\
For the above SMF, w,=2.791 um. If we further assume that § ~ %(nl ;nz ), then for

R:.=0.5 cm, one gets r;,=1.206 um. The transition loss is given by [6]

a,(dB) = 4.34[’—4] :

W
and the corresponding transition loss turns out to be 0.81 dB.

The second mechanism of loss is the actual transmission loss suffered due to radiation
from side of the bent fiber. We know that any bound (core) mode has an evanescent fail
in the cladding, which decays almost exponentially with distance from the core-cladding
interface [6]. Since the evanescent tail moves along with the field in the core, part of the
energy of a propagating mode travels in the fiber cladding. In a straight fiber of arbitrary
profile, the modal field at every point in the cross-section propagates parallel to the fiber
axis with the same phase velocity, so that the planes of constant phase are orthogonal to
the axis. However, if the fiber is bent into a planar arc of constant radius, as shown in Fig.
7.2, 1t can be intuitively seen that the fields and phase fronts rotate about the center of
curvature of the bend with constant angular velocity. Consequently, the phase velocity
parallel to the fiber axis must increase linearly with the distance from the center of the
curvature of the bend. Thus, the evanescent tail on the far side of the center of curvature
must move faster to keep up with the field in the core. At a certain critical distance d,
from the center of the fiber, the portion of the evanescent tail (in the cladding) would
have to move faster than the speed of light in the fiber cladding to keep up with the core
field. Since this is not possible as per fundamental laws of nature namely constancy of
light’s speed in a given medium, the optical energy in the evanescent tail beyond d.,
radiates away [3]. Close to and within the core, the fields are accurately described by a
local mode, provided the radius of curvature is sufficiently large.

The pure bend loss coefficient (in dB per unit length of the bent fiber) in a single
moded step index fiber is given by [1]:

1
- 2
2 R 3
a~434 = - Lot e (7.2)
4aR, | \VK,W)) w¥ Sa V
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where, a is the core radius of the fiber, R, is the radius of curvature of the bent fiber,

Ki(x) is the modified Bessel function of second kind. The parameters U, W, V and A are
defined through:

> U=agjhk-n'~ "
p W =ayB* -k, ’n,’

V:=U*+w?

A= (nl = nz)/”z
- and k, =2rn/A,

It should be noted that in evaluating the above expression, the quantities — Ay, a and R,
must have the same units, e.g., centimeters (cm). For the fiber parameters considered
~ above, one gets V= 1.90, U = 1.49, W = 1.18, K{(W) = 0.45, which yields ¢ = 51.52

dB/cm when R, = 0.5 cm. One can also calculate the transition loss, which is usually
— much smaller than the pure bend loss.

In the experiment, a few tums are given to the fiber so that the loss is measurable and
- then « is calculated as follows:

P :
_ a= —%log—])i (7.3)
1

where L is the length of the fiber (within the bend) i.e. 27R x (no. of turns), P, is the

b output power without the bend in the fiber and P; is the output power with the bend in the
fiber.

Procedure

- Figure 7.3 shows the schematic of the set-up for the measurement of the macrobending

loss in a single-mode fiber. For this, following procedures have to be followed step by
step:

1. Mount the laser diode in the aligner and adjust with the help of the aligning screws.

2. Ends of a single-mode fiber of approximately 3m in length are prepared so that it has
well-cleaved ends.

3. The cladding modes are removed by applying an index matching liquid (e.g. liquid
paraffin) over a few centimeters of the bare fiber, near both the input and output ends
and then clamped over the fiber chucks/holders. One end of the fiber is held in the
Xyz-translational stage and the other in a V-groove that is mounted on a post base.



Photo
detector

Fiber loop over

the brass rod Fiber chuck
2 J

Source 20X MO Fiber chuck

Fig. 7.3 Experimental setup to study the macrobending loss in a single mode fiber

Light is launched from the laser diode using a 20X-microscope objective into the
fiber.

The output end of the fiber is coupled to the photodetector, connected to the
multimeter to measure the amount of light transmitted through the fiber. The
multimeter reading is then noted down. This is Py, power without the bending around
the brass/ aluminum rod. Now to measure P, 1.e. the output power with the bending
around the brass rod, following steps have to be carefully followed:

Fiber is clamped with cellotape at a distance 1 m from the input end (as shown in Fig,
7.3 at A) as well as just before the output end as (shown in Fig. 7.3 at B). In this way
we would be having approximately 2 m length of the fiber in between the clamped
point A and B. ;

Exactly between the clamped points, a smooth brass/aluminum rod of uniform cross
section is fixed as shown in the set up and fiber is wound over it. For the brass rods of
diameters between 2 to 4 cm, 10 to 20 tums (or more, to achieve significant
difference between P; and P») of the fiber are wound on the rod. Whereas, for the
brass rods having diameters from 1 to 2 cm, you may choose suitable number of turns
between 1 and 10. Between A and B, the fiber segments on the either side of the rod
should be stretched straight, bearing the same tension.

Vary the bending loss by changing the rods of different diameter and winding the
fiber with suitable number of turns over it. Each time, note down the multimeter
reading corresponding to the output of the detector.

Calculate the losses in dB per unit length using Eq. 7.3 and plot the measured loss as
a function of the bending radius.
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Macrobending loss in Single Mode Fiber
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Fig. 7.4 Bend loss of a single mode step-index fiber as a function of bend radius. The
JSiber core diameter ~ 4.2 ym, A ~0.002 and Va2.31.at 0.633 pm, points represents to

the measured data and the continuous curve represents the theoretical curve, obtained
using Egs.(2) and (3).

- Observations
Input power without any bend =

S.No. | Radius of | No. of | Total length of | Output | Power Absorption
therod, R | turns | the bentfiber,L | power | loss (dB) | coefficient (o)




"Result

A typical variation of experimentally observed bend loss per unit length for a single-
mode fiber (Fibercore, SM600) is shown in Fig. 7.4. The single-mode step-index fiber
used for the experiment was having a nominal core diameter ~ 4.2 um, 4 ~ 0.002, V' ~
2.31 at the He-Ne laser wavelength (0.633 um). In this figure, the filled circles show
experimentally observed values, whereas the continuous curve shows the best fit to these
experimental data. The experimental data usually starts deviating from the theoretical plot
(obtained using Eq. 7.3), which may be because of not taking into account the transition
loss. The procedure followed above for the bending loss measurement would not be

suitable for multimode fibers since the bending loss per unit length in the fiber will be
length dependent.
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