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Introduction
Designers of electro-optic systems must possess
strengths in a variety of fields. It is not unusual for a
systems engineer to be proficient in mechanics,
dynamics, electronics, sensors and economics. However,
an optical expert of the highest caliber can have

difficulty in assessing the advantage of a multi-mode
optical fiber in even a simple system application. The
data available on multi-mode optical fibers frequently is
not presented in a form which can be readily interpreted
into system concepts or parameters. The conventional
presentations can be highly analytical or very
philosophical. An analogy would be to require electronic
engineers to design circuits using transistor data only
specified in terms of mobility, volume and
recombination parameters.
The typical analytical approach is developed from
rather sophisticated single-mode waveguide theory. An
analytical extension to multi-mode optical fiber is
precise, but can be difficult to interpret and apply to a
specific multi-mode application. The philosophical
approach allows one to feel that an understanding of
fiber optics exists. However, an inability to demonstrate
this understanding usually occurs when the designer is
pressed to apply values to necessary system parameters.
The theory of multi-mode fiber optic components is
presented herein in terms of simple comp onent and system concepts which can be comprehended by the
layman. Each concept is accompanied with illustrations
and sufficient equations so that a designer can develop
the needed mathematical expressions to make trade-offs
in system parameters and to predict system performance.
The emphasis is to describe fiber transmission properties
in terms which better assist the designer of successful
systems.
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Gradient of Index of Refraction
A surface discontinuity forms a gradient in the index of
refraction which affects an incident light ray. The index of
refraction gradient may be gradual or so abrupt as to be a
step index change. Whenever a light ray (wave) strikes the
discontinuity, the incident light ray is proportioned into
reflected, absorbed, diffused (scattered), and refracted rays.
With quality optical media, the absorbed and dif fused
portions may be assumed to be insignificant, so only
reflected and refracted rays predominate.

Figure 1 — Light Interaction with Index of Refraction
Gradient — illustrates how a light ray responds to an index
of refraction discontinuity formed at the boundary of two
high quality optical media with different indices of
refraction. For the reflected and refracted rays, which exist
due to the incident ray, the Law of Regular Reflection states
that the angle of incidence equals the angle of reflection; and
that the incident ray, the normal and the reflected ray all lie
in the same plane. Snell’s Law of Refraction states that the
refracted ray, which lies in the same plane with the incident
and the normal, makes an angle such that:
n 1 sin α= n 2 sin β

(1)

Angles α and β refer respectively to the angles of incidence
and refraction measured with respect to the normal, where n 1
is the refractive index of the medium in which the ray
originates, and n2 is the refractive index of the medium into
which the ray passes. Figure 1 illustrates several noteworthy
conclusions:
q
q

q
q
q

Light bends only at a boundary where there is a
discontinuity in the index of refraction.
When light passes from a rarer to a denser
medium (optically speaking), the refracted ray is
bent toward the normal.
When light passes from a denser to a rarer
medium, the ray is bent away from the normal.
The angle of incidence equals the angle of
reflection.
n 1 sin α= n 2 sin β

Figure 2 — Reflection/Refraction with Incidence Angle illustrates the proportion of light energy contained in the
refracted and reflected rays. To be sufficiently rigorous for
those interested in calculating transmission characteristics
for optical fibers, Figure 2 also includes the equations which
generate the curves. In all cases, one can assume that the
energy of the refracted portion, T, plus the energy of the
reflected portion, R, equals the incident energy, that is:
R+T=l

(2)

The subscripts TE and TM refer respectively to the
transverse electric and transverse magnetic polarization
components of the light ray. Each polarization component
must be addressed separately for a rigorous solution.
A few points worth mentioning are:
q From the zero base line to the respective curves
represents the portion of energy in the reflected
ray at given angles of incidence.
q From the 100% line to the respective curves
represents the portion of energy in the refracted
ray at given angles of incidence. If the curve is
merely flipped over, the curve illustrates
refracted energy rather than reflected energy.

q

q

q

When the angle of incidence with respect to the
normal is zero, then the reflected energy of each
polarization is equal to:
RTM = RTE = (n-1/n+1)2
(3)
An interesting case of refraction and reflection
occurs when the ray of light originates in a
medium whose refractive index is greater than
that of the medium into which it passes, and the
complement of the angle of incidence is less
than the critical angle. The result is no
refraction, but total reflection back into the
original medium, as if the boundary were a
perfect mirror. This phenomenon is not abrupt,
i.e., depending on angle of incidence the
refraction is zero and the reflection is total or
vice versa. Rather, as Figure 2 clearly shows for
angles of incidence, where the complement is
greater than the critical angle, there is partial
reflection as well as refraction. For increasing
values of the angle of incidence, the reflected
fraction increases at the expense of the refracted
portion until at the critical angle and beyond, the
reflection is total.
The total reflection existing with small
complement angles of incidence at the boundary
of a denser to rarer medium is the basis of fiber
optics, and is known as total internal reflection.

Refracted Light
Refractive lenses use the principle of refracted light to
focus light waves. The resultant of the light refraction is
expressed in terms of diameter D and focal length F as
shown in Figure 3 - Focusing. Through a combination of
appropriately contoured elements with selected indices of
refraction, glass elements become an angle filter commonly
known as a lens. For each incident light ray entering at angle
α with respect to an arbitrary optical axis, the energy focuses
at a distance x(α) (shown as point B) within the focal plane
at distance F as illustrated in Figure 4— Lens Angle Filter
α—x(α). Distance x(α) is measured from the intersection of
the optical axis with the focal plane. A flat incoming
wavefront is focused at a point in a plane at the focal
distance.
Note:
q

q
q
q
q

All light bending within a lens occurs at
boundaries where there is a discontinuity in the
index of refraction.
A ray of light travels in a straight line through a
homogeneous medium.
Rays exist separately and unaffected when
intersecting one another.
The laws of reflection and refraction apply to
lenses.
The optical axis can be considered as an
arbitrary reference (line) through the nodal
point.

Useful lenses are normally composed of a multitude of lens
elements to minimize aberrations which inhibit a simple lens
from being a perfect angle filter. Aberrations include
wavelength dispersion, distortions, focal plane curvature,
coma, astigmatism, axial, etc. Any lens or combination of lens
elements has a nodal point. Light rays which pass through the
nodal point act as if they have not been refracted. Hence, focal
points can easily be determined by sketching the unbent rays
that pass through the nodal point and establishing where they
intersect with the focal plane. Since all rays passing through
the lens focus appropriately in the focal plane at the respective
focal points, a focused image will remain fixed if the lens is
vibrated (rotated) about the nodal point.
The Numerical Aperture, N.A., for a lens is defined as:
N.A. = n 1 sin θ
(4)
θ being the half angle formed by the aperture of the lens- refer
to Figure 3. The square of N.A. relates directly to the energy
capture ability of the lens. However, many optical fields prefer
to use the concept of f/number instead of N.A. where:

f / no. =

F
D

(5)

Figure 5 - Numerical Aperture, Focal Number and Critical
Angle - indicates trends between the respective parameters.
Since a lens is normally in an air medium, n1 = 1 and f/number
can be expressed as:

f / no. =

1
(1 / N . A.) 2 − 1
2

(6)

meet an optical boundary where the change in the index of
refraction is negative and the angle of the rays to the
boundary is less than the critical angle. An examp le of total
internal reflection is a mirage as viewed over a hot road.
Figure 7 - Mirage - illustrates how an optical illusion is
created when light passes from cool air into warmer (less
dense) air just above a broad, hot surface. The warmer air
generates a negative gradient in the index of refraction
causing light rays entering to bend and totally reflect. Because
the transition of cool to warm air is distributed, the light
bends gradually, corresponding to the gradient in the index of
refraction. An observer viewing the surface at a small angle
will see these bent rays which most likely originate in the sky
near the horizon. Because the warmer air is below the cooler
air, the unstable boundary is turbulent and causes the mirage
to shimmer. Like a mirror, the mirage forms an inverted
reflection of objects on the horizon which might be
interpreted as an oasis. The mirage simulates how light rays
make one bend in the core of an optical fiber having a graded
index of refraction. In the case where there is a step change in
index of refraction, the boundary is sharply defined by the
media interface so that the total reflection is a sharp angle.

N . A. =

or

1
1 + 4( f / no.) 2

(7)

Not always is the purpose of the lens to act as an angle
filter for flat wavefronts (parallel rays) impinging at the
aperture. Many times it is preferred that the lens be an angle
filter for points originating at a remote object plane. By
simple refocusing as shown in Figure 6 - Refocusing - the lens
will accept curved wavefronts and effectively transfer light
rays from respective points A(α) in the object plane to
corresponding points x (α) (shown as point B) in the focal
plane, where angle a is the angle formed by a line through
point A and the nodal point of the lens and by a fixed arbitrary
boresight reference also through the nodal point which is
conventionally designated as the optical axis for the lens.
This refocusing occurs when:

1
S

+
1

1
S

=
2

1
F

(8)

where S1 is the distance from the object plane to the nodal
point, S2 is the distance from the nodal point to the refocused
or image plane, and F is the focal length for the lens. Note that
this refocusing causes an effective reduction in numerical
aperture for the lens system as the focus distance increases
from F to S2 .
Reflected Light (Total Internal Reflection)
In most applications, the goal is to minimize or maximize
light reflection. Optical coatings can be used to minimize
reflected light. Total (internal) reflection can maximize the
reflected light from incident rays and occurs when light rays

Figure 8 - Total Internal Reflection - illustrates the
condition when the index of refraction n2 is less than the
index of refraction n1 (a negative change in the index of
refraction to the incident ray) and the complement angle, θ, to
the angle of incidence, α, is less than a critical angle, θc, then
no light is refracted and the incident light energy is totally
reflected. Total reflection under this condition is known as

total internal reflection. The critical angle, θc, is defined
by:

n1sin , θc = n1 2 − n2 2 = N .A.

(9)
where N.A. is defined as the numerical aperture at the
discontinuity. Angle θ is the complementary angle to the
angle of incidence a. Numerical aperture is commonly
defined as a number N.A. or the angle θc.

decaying in amplitude from the core/clad interface. Obviously the
thinner the clad thickness, the more light is lost radially from the
fiber and the less light transmits down the fiber. For fiber lengths
of a few centimeters, a clad thickness of much less than a light
wavelength may be acceptable. For efficient transmission over
meter lengths of fiber, the glass clad thickness must exceed a
wavelength. And for efficient propagation over kilometer lengths,
the cladding thickness required can reach tens to thousands of
wavelengths.

Total internal reflection is a unique and very efficient
method to change direction of light rays. With quality
optical materials, the light loss from refracted and
scattered light can be many orders of magnitude below
that achievable from the highest quality metal or
glass/metal mirror interface. Total internal reflection
totally reflects light, i.e., essentially none is refracted nor
absorbed. When multiple total internal reflections occur
for light traveling through a fiber optic core of high
quality glass, even light rays reflected millions of times
have minimal light loss.
Light rays undergoing multiple reflections retain or
lose light depending primarily on the material interface at
the boundary. Figure 9 - Multiple Reflections - illustrates
two flat pieces of high quality glass - one clad with a
quality metal (a mirror), and the other with a layer of less
dense, high quality glass. Light passing through the core
glass of each encounters multiple reflections at the clad
interfaces. A metal mirror can absorb 10% of its light at
each reflection, while the glass cladded core essentially
maintains total light energy through reflections. Figure 9
is a pictorial representation indicating why total internal
reflection offers superior transmission in an optical fiber.
As shown in Figure 9, light transmitted through an

optical core moves by reflection at each boundary. The
thickness of the cladding is extremely important in the
case of a metal cladding, metal is such a good conductor
that a metal thickness beyond a few tens of angstroms
does not improve the reflection properties.
However, an evanescent field is induced into the
insulating glass clad. The evanescent field is a reactive,
non-radiating,
electromagnetic
field
exponentially

Input/Output (Two-Dimensional Fiber)
Consideration must be given to the fact that a multiple number
of parallel light rays will always enter the core glass. For ease of
presentation, let us be constrained to a two-dimensional optical
fiber which of course can not be realized in practice. Figure 10 input, Two-Dimensional Fiber - illustrates how rays propagate
down an ideal optical fiber whose input end is polished
perpendicular to the axis of the fiber. At entrance into the core,
each parallel light ray bends by the identical angles θ and α
established by:
n 0 sinθ = n 1 sin α
(10)
and intersects with the core/clad interface. Since the cladding is a
less dense medium than the core, and the input angle θ is assumed
less than the critical angle θc, then the propagated light is totally
internally reflected at each interface by the same angle α. This
reflection pattern repeats down the length of the optical fiber at
each core/clad interface.
Figure 11 - Output, Two-Dimensional Fiber - illustrates how
rays which enter at an angle θ propagate down an ideal fiber at an
angle a and then exit at angle θ. However, the light rays actually
exit at two angles, + θ and -θ. If a flat surface is held beyond and
parallel to the end of the core glass, the light rays exiting the core
create two lines of light equidistant from the axis of the fiber and
have a width equal to the width of the core. Exc ept for the portion
of light contained within the exit ray at the negative angle, the
fiber may be considered a perfect zero thickness fiber. That is, the
ray characteristics at the exit of the fiber reproduce those at the
entrance.
If the light entering the fiber enters at an angle greater than the
critical angle, a certain portion of light, dependent upon the laws
of reflection and refraction, will be refracted at each intersection
of the core/clad boundary. Loss progresses down the fiber until

These incorrect perceptions occur for several reasons. A
systems user tends to consid er numerical aperture in a
systems sense, i.e., how a fiber spatially distributes light
at the fiber output caused by light uniformly distributed
in angle and position at the fiber entrance. For systems
applications, the consideration of numerical aperture as a
curve offers great usefulness. A curve of transmission
versus angle more easily assists one in predicting system
performance than a vaguely related concept of numerical
aperture based on material composition and defined as:

all light is essentially refracted from the fiber, or in the
case of a short fiber some portion may be emitted at the
two angles upon exiting.

N . A. = n1 2 − n2 2
(11)
And of course, if one recognizes how parameters of the
optical fiber affect spatial transmission, analysis can
help specify the most appropriate optical fiber for an
application.

Three-Dimensional Fiber
As the world is three-dimensional, so are optical
fibers. The degrees of freedom offered by three
dimensions allow a systems designer significant
variations in transmission properties. This is important.
The successful application of fiber optics in many
systems can highly depend upon specific and repeatable
optical performance characteristics. If variations in fiber
characteristics are not considered, detrimental
transmission properties may be obtained.
A systems designer or user should appreciate the
importance of spatial transmission properties of a fiber
optic component in a system. In some instances, an
optical fiber is desired which efficiently captures,
transmits, and emits light with wide angular dispersion.
For other applications, an optical fiber which restricts
transmission to a very narrow pencil beam of light is
mandatory. Specific transmission properties can become
exceedingly important in an application. Erroneous but
common perceptions encountered by fiber optic
suppliers from systems designers are that an optical
fiber:
q Effectively transmits all light within a fixed
angle to the axis of the fiber; the fixed angle
being the critical angle relating to core/clad
indices of refraction.
q Transmits negligible energy for rays whose
angle to the axis of the optical fiber is larger
than the critical angle.
q Has spreading of the spatial transmission
properties due primarily to poor quality
optical fiber.
q Will disperse the output energy for light rays
entering at an angle θ to the axis of the fiber
into a fairly uniform Gaussian pattern and
with a half intensity angle approximating the
critical angle, θc.
q With quality and low numerical aperture
cannot efficiently transmit rays entering at
larger angles to the optical axis of the fiber
than the critical angle.

An optical fiber is three-dimensional with quite
arbitrary length as the application demands. Fiber cross
sections have very limited aspect ratios and can be
unique in configuration. Even for fibers with the same
composition and value of numerical aperture, the cross
section geometry can have a drastic effect upon the
spatial transmission characteristics. Figure 12 - Fiber
Cross Sections - indicates a few of the fiber geometries
which are found in the industry. For ease of
understanding the transmission characteristics of a fiber,
the input, the light transmission in the fiber, and the
output characteristics will be considered separately.
Then the effect of including hard optical components
(lenses, detectors) at the fiber ends will be presented.
Prior to addressing the various parameters which
affect the transmission properties of a three-dimensional
fiber, a simple concept must be clearly understood.
Unfortunately the concept is difficult to describe and
illustrate, but is essential to understanding; that is the
concept of how numerical aperture, N.A., of a boundary
applies to a three-dimensional fiber. If difficulty in
grasping the concept from the following explanation
exists, the use of a model to simulate the threedimensional clad/core boundary of the fiber may make
the concept clearer.

Consider a fiber with a square cross section as shown in
Figure 13a - Square Fiber - θ degrees. Assume the square
fiber has a flat side down as shown in the front and side
views of Figure 13a, and the incoming rays enter the fiber
from the top of angle θ to the fiber axis. The rays which
enter the fiber will intersect with the bottom of the fiber and
will have total internal reflection if:

θ < θc. = n1 2 − n2 2

(12)
The curve to the right of Figure 13a represents the expected
light transmission for this fiber with input angle. The fiber
should transmit light well when the incidence angle is less
than the critical angle, and through refraction down the fiber
lose energy for all rays entering the fiber at angles greater
than the critical angle, θc.
Figure l3b is a representation which merely rotates the
square fiber by 45 degrees. Assume the same fiber and
entrance angle θ. This geometry will increase the acceptance
angle for transmission to a cutoff angle of 1.4 θc as shown
by the curve to the right of Figure l3b. The reason for the
significant increase in transmission is that the rays which
enter this fiber intersect with the core/clad boundary at a
smaller glancing or oblique angle which permits efficient
transmission for rays entering at most larger input angles.
Figure 13c shows that a round fiber adds much more
complexity to the intersection of rays with the core/clad

boundary, and that a portion of the rays entering at angles as
large as 90 degrees can be transmitted. Figure 13 emphasizes
how the transmission curve can highly depend upon cross
section, system geometry and material composition.
To a first approximation, the transmission of light through a
fiber is established by an effective entrance area. Figure 14 Round Fiber Effective Entrance Area - shows what the
effective entrance area resembles for a round fiber. When the
rays enter at an angle θ which is less than θc, as illustrated in
Figure 14a, then the entire fiber accepts light. As the angle of
the entrance rays exceed the critical angle, θc, the effective
entrance area becomes two chord areas as shown in Figure l4b.
The chord areas gradually reduce as the entrance angle
becomes more obtuse.
Figure 14 indicates how fibers with even a small N.A. can
efficiently transmit some rays which enter from large off-axis
angles. In fact, quality round fibers offer the potential to
transmit considerable energy for rays entering at angles up to
90 degrees. However a variety of parameters affects the
transmission characteristics. These parameters are best grouped
as the input, down the fiber length, and the output
characteristics.

Input Characteristics
One goal is to describe in a system sense the numerical
aperture of an optical fiber as a normalized transmission
curve for angle of exit given rays entering at an angle of
incidence. Since only the relative transmission with angle is
of prime importance here, each component contributing to
transmission characteristics will be normalized.
Figure 15 - Input Transmission - illustrates the main input
components which affect transmission. Each fiber has a
frontal core area which is effectively reduced for off-axis
rays by cos θ.
All rays which intersect with the core entrance are
proportioned into reflected and refracted components. The
refracted rays represent the light portion which enters the
core with potential of being transmitted down the fiber.
According to the equations shown in Figure 2 - Reflection/
Refraction with Incidence Angle - it is important that the
transverse electric (TE) and transverse magnetic (TM)
polarization of the incoming rays be addressed separately.
The refracted ray of interest is where n1 <n2 and:
TT (E, M) = 1 - RT (E,M)

(13)

The reflected ray is assumed not to enter the core and to be
absorbed after reflection. Obviously much can be done to
affect this curve. Antireflection coatings can modify the
portion of light which is refracted vs. reflected. Because the
refraction is normalized for normal angle of incidence where
reflection may exist, the curve for transverse electric (TE)
polarization can exceed unity at the angles where the
geometry permits the incident light to become refracted and
available for transmission.

Once the refracted ray has entered the core, it will proceed
to the first core/clad boundary. Depending upon the cross
section of the fiber and the numerical aperture at the step
index of refraction, a unique reflection characteristic will
occur. At the core/clad boundary, the reflected rays become
the energy transmitted down the fiber. Refracted rays at the
core/clad boundary will leave the fiber and continue on. For
long fiber lengths, it is assumed that refracted rays are
eventually absorbed. The curve illustrated is for a round cross
section. The product of the frontal area, refracted portion, and
cross section will describe a resultant input curve which
defines the transmission properties occurring at the input of
the fiber.
Fiber Length Characteristics
Transmission down quality optical fiber primarily modifies
those rays which entered at large angles. Off-axis rays will
travel relatively a much longer distance and encounter more
reflections. Each reflection incurs loss, and given a fixed
attenuation per length each ray travels, the rays at the larger
angles will attenuate more. Figure 16 - Transmission Per Unit
Length - implies a typical shape which resembles a modified

cosine-shaped curve for the loss. Actually the loss per unit
length along the cable has a mathematical form highly
dependent on the index of refraction for the core, the angle
of incidence for the incoming ray into the core, and the cross
section geometry. When total transmission for axial rays
approaches .50%, the transmission curve with angle tends
toward a cosine-squared shape.
Output Characteristics

the peak of the distribution. The envelope is shaped by the
convolution of the diffraction pattern and the 1/8 relationship
caused by the increase in output solid angle with input angle
over which the output light energy must distribute. The output
energy is captured by the following component, which in many
cases is a sensor or a lens. Depending on the geometry and
design of the following components and the wide angular
dispersion, significant portions of the output light energy may
not be captured. The result can be very detrimental to the
performance of a system.
As an example, if a large area photodiode is placed in
contact with the fiber, essentially all the emitted light energy is
captured. However, if the photodiode has a sensor size on the
order of the fiber cross section and can not be positioned
within tens of fiber diameters from the fiber end, only a small
portion of the emitted light energy will be captured.
Diffraction
Optical fibers tend to have relatively small cross sections.
Fibers with core diameters below ten wavelengths of light are
quite common. When the spatial dimensions of a fiber become
small enough to be conveniently defined as a reasonable
number of optical wavelengths, significant diffraction effects
occur. For very small fibers, diffraction effects can dominate
geometrical optical effects.

Again, the cross section of the fiber is very important. For
ease in analysis, assume that the fiber has a round core as
illustrated in Figure 17 - Fiber Light Output. For parallel
rays entering the fiber at an angle θ, the light will exit, i.e.,
radiate, at an angle θ into the annulus of a cone. The cross
section of the output amplitude will resemble Figure 18 Output Cross Section. The angular thickness of the annulus
at the output will have a width comparable to the width of
the diffraction pattern from the single fiber. Diffraction
effects will be addressed in more detail after these
discussions on geometric considerations.
A lens symbol is provided in Figure 18 as a reminder that
the fiber commonly must interface with a lens or sensor
whose axis is not aligned with the fiber axis. This is
particularly true when the fiber is of multi-fiber construction
or bundled into an imagescope or lightguide. Because the
light energy which enters the optical fiber at a fixed angle
concentrates into a narrow annulus which can spread rapidly,
it is very possible that the output optics will only capture a
small portion of the off-axis rays. The effect might be a
detriment in a specific application. Addition of a field lens at
the fiber input and/or output sometimes alleviates
undesirable effects.
The dotted line in Figure 18 represents the envelope for

The purpose here is not to make the reader an expert in
optical diffraction. Rather, the presentation is to address the
most elementary first order concepts of diffraction so a reader
can predict and understand how diffraction may modify the
geometric results. Electrical engineering teaches the concept of
Fourier Transforms which relates the time domain (t) to the
frequency domain (ω = 2πf). The Fourier Transforms used in
electrical engineering are one dimensional and illustrate
interesting relationships when the product ω0 t0 = 2π. For
instance, an estimate for the bandwidth required to pass a pulse
of duration to is:
ω0 = 2π/t0
(14)

The Fourier Transforms in optics are twodimensional. To a first approximation the results
obtained between one and two-dimensional Fourier
Transforms are close and in fact many times identical.
Optics, of course, uses its own terminology and symbols
which can be confusing. Refer to Figure 19 - Fourier
Transforms - which illustrates both one and twodimensional transforms using optical terminology.
Optics has the spatial domain x and an angular domain
k = (2π/λ) sin θ, where λ is the wavelength of the light.
It might be helpful for the electrical engineer to compare
the x domain with t and the angular domain k with ω,
and sin θ with f. For instance, for an aperture x0 (t 0 ), the
angular spread (bandwidth) k0 (ω0 ) is:
k0 = 2π/x0 = 2π/λ sin θ0
(15)
Hence:
sin θ0 = λ/ x0

(16)

The optical wavelength of interest is λ, so the angular
hall-angle spread Ø0 can be calculated. One other point
is worth mentioning: Any aperture of interest is twodimensional, say in the x and y spatial directions. The
Fourier Transform along the x direction will result in a
kx-vector and the y transform will be a ky -vector. Hence,
as an aperture dimension decreases, the angular spread
will widen in that plane.
For example, consider a fiber with a core dimension
of eight microns which passes light of wavelength one
micron. The angular spread by Equation 17 due to
diffraction is:
sin θ0 = λ/ x0 = 1/8
(17)
θ0 = 7.2°

(18)

which corresponds to a total angular width of 14.4
degrees since θ0 is the half angle. Note that as the fiber
diameter in wavelengths becomes less, the angular
spread increases rapidly as 1/x0 .
If we return to a fiber which has parallel collimated
light entering at angle θ, the light will exit in the annulus

of a cone with half angle θ and the width of the annulus
will be approximately 2θ, where θ is the diffraction
spread in the Fourier Transform as established by the
wavelength and fiber core diameter. The diffraction
intensities will need to be appropriately weighted if a
spectrum of wavelengths is involved. The output is the
convolution of the diffraction pattern with the resultant
geometric output distribution.
If a multiplicity of identical fibers is structured in a
bundle, the output similarly is the resultant geometric
output distribution convolved with the diffraction
pattern of a single fiber. The random path lengths and
phase incoherence among optical fibers in a multi-mode
light-guide or imagescope scramble the phase coherence
of the output regardless of the phase coherence of the
input light. Multi-mode fibers are best used as image or
light trans porters, rather than optical focusing
components.

Summary
The concepts, illustrations and equations presented
provide a simple but useful model to assist a non-optical
engineer in designing a successful fiber optic system or
to enhance the performance of an existing design. The
concepts offer sufficient power to be meaningful
without an understanding of mathematics. By
incorporating the equations into a computer program,
accurate predictions of system performance are
possible. The output spatial intensity prediction should
be to an accuracy on the order of the random
transmission non-uniformities commonly observed
among fibers in a lightguide or imagescope. For the
system manager interested in purchasing fiber optic
components or fiber optic design, the concepts form a
foundation of understanding for more effective
technical communication.
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