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Preface

This thesis is primarily an experimental one and for the
most part, limited to a specific area of fiber optics. While
it is assumed that the reader is familiar with optics and
electrical engineering, a brief overview of optical fibers
and the relation of couplers to fiber optics in general is
presented.

Many thanks are due to Elgene R. Nichols, my Lab Advisor
and sponser of this thesis, whose guidance and aid were in-
valuable. Thanks must also go to my Faculty Advisor, Dr. B.
Kaplan, who contributed greatly toward my understanding
through critical appraisal of this thesis. I am grateful
to many people at the Air Force Avionics Laboratory/DHO, most

notably Mr. W. Borodatschew, whose glass working abilities

were essential in the fabrication of several couplers.

The contribution of the many authors cited in the bibli-

ography must be acknowledged. Any errors or misconceptions
found in this thesis are due to my ignorance in interpreting
their work.

I would like to personally thank my wife, Debbie, for

typing this thesis.
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‘directional, tee, and star couplers, with emphasis on the

" GEO/PH/77-2 “'—mam

Abstract

The fiber optic couplers designed and evaluated in this
thesis are intended primarily for use in aircraft avionics
systems, and consist of single strand, multimode fibers with |

step index profiles. Types of couplers considered are the

latter. Several designs are fabricated and tested, includ-
ing three kinds of star couplers. The first employed a
mixing rod of transparent cement and yielded an average
transmission factor of 0.009 (-20.5 dB), with an average
insertion loss of -12.83 dB. The second was formed with a
solid quartz mixing rod, producing an average transmission

factor of 0.003 (-25.2 dB) and an average insertion loss of

-18.01 dB. The third star coupler's mixing rod was made

by fusing the individual fibers, resulting in an average
transmission factor of 0.01 (-20.0 dB) and an average in-
sertion loss of -12.35 dB. After theoretical and experi-
mental comparison between performance efficiencies, the
third coupler is recommended as an optimum design for a fiber

optic data bus system.
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INTRODUCTION

Fiber optics is becoming increasingly important in digftal

communications and has several important potential advantages
over conventional wiring for managing the flow of signals be-
tween aircraft avionics systems. These advantages include
greater bandwidth, less weight, and freedom from radio frequency
and electromagnetic interference. An application of a fiber
optic system requires the use of a data bus, or trunk line,
which distributes the signal among several terminals. At each
terminal, there must be an input/butput coupler such that a
signal from the data bus may be coupled to the terminal and
vice versa. The implementation of # data bus necessitates
the development of efficient and durable couplers. Some work
has been done in this area, but the realization of an optimum
coupler for Air Force needs is yet to be made.
Fiber optic systems can be divided into the following
two basic classes: those which employ a single strand of fiber
and those which utilize many of these strands in a fiber bundle.
Although more study has been done on the latter, indications
are such that the single fiber system will become more important.
For instance, fiber bundles have several inherent disad-

vantages, including lack of fiber-to-fiber registration, pack-

ing fraction loss at cable terminations, and relatively high
absorption loss. The third factor, that of absorption, con-
tribétes significantly to power attenuation as a signal travels
along the fiber bundle. Because of the need for many fibers

in a bundle system (200 to 300 are common per bundle), economic
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manufacture of them results in the use of inexpensive, and
therefore lossy, materials. A single fiber system, on the
other hand, requires fewer fibers per data link (4 to 7 for

i redundancy), enabling the use of materials which yield much

less attenuation. In addition, the only major disadvantage
of a single fiber system is the alignment problem at connect-
ing interfaces.
Single fibers can also be divided into sub-groups. These
include single mode and multimode fibers, each of which can
have either a step-index or graded-index profile. The dis-
tinction bétween single and multimode fibers will be more
clearly understood after the mode analysis is done in the the-
aretical section. By way of introduction, however, it can be
said that single mode fibers are still in the developmental
stage, and consist of very small diameters, making splicing
and coupling alignment extremely critical. DMNultimode fibers,
on the other hand, are readily available, have a larger diameter
(thus they are easier to work with), and have a larger infor-
mation carrying capacity. %
The other classification mentioned is related to the re-
fractive index profile of the fiber. Step index fibers consist

of a core made of one index which is surrounded by a cladding

of a lower index. Graded index fibers are produced such that
the index of refraction changes continously as a function of
the fiber's radius. The graded index was developed to reduce
the phenomenon of signal pulse spreading or dispersion in a
fiber optic system. As an illustration of dispersion in these

two kinds of fibers, Ref 18:31 shows that for a step index

2




fiver, the dispersion is commonly 15-30ns/km, whereas a graded
index fiber yields a dispersion of only 0.17ns/km. This dif-
ference would be important for a system which extends for
several kilometers. However, the couplers being designed

here are primarily intended for use in an avionics system,
where the short length of fibers required would render the dif-
ference in dispersion negligible. For the reasons mentioned
above, then, the fibers used for this project will be limited
to the multimode, step index type.

Another consideration involves the kind of coupler to be
dealt with. There are three basic types: the directional, the
“tee", and the star or radial coupler. The first of these has
three ports (fiber epds or terminals) and is used for splitting
the incoming signal in two. The "tee" coupler consists of four
ports, and can be used to couple into and out of a data bus.
The star, or radial coupler has a variable number of ports,
and can be centrally located in a system to couple the signal
from any single fiber into all the rest. Because of the unique
nature of the star coupler (requiring only one coupler for a
given system, compared to the "tee", which requires one cou-
pler for every terminal in the system), concentration in this
thesis will be centered there.

The specific problem at hand will be concerned with the
evaluation of existing couplers, and the design and fabrication
of several multimode, single fiber couplers, with emphasis on
the star coupler. Since the basic approach to this problem
will be an experimental one, the organization of this thesis

will consist of a brief theoretical section followed by an
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experimental analysis. The theory covered will include a look
at the general idea of energy propagation in a waveguide and
will address the aspects of coupler design. The experiments
described incorporate both the testing of available couplers
and the evaluation of certain couplers constructed specifically
for this project. The concluding section deals with a compar-

ison between various designs and makes recommendations for an

optimum radial coupler.




THEORY

Energy Propagation in a Waveguide
Every fiber optic system consists of the following three

basic units: a source, a detector, and a fiber link between
them. Any design dealing with the latter, which includes fi-
ber optic couplers, necessitates an understanding of wave-
guide propagation, since an optical fiber is siﬁply a cylin-
drical, dielectric waveguide. The first portion of this the-
oretical section deals with defining a waveguide and analyz-
ing its ability to propagate energy. To do this, the simple
model of a slab waveguide with conducting walls. is employed,
allowing the descfiption of characteristic waves, or wave-
guide modes. Froh that point, the discussion is extended to
include a dielectric slab waveguide, which describes a more
complete set of modes. Finally, a simple model of a clad op-
tical fiber is considered, using geometrical optics.

A waveguide can be defined as "any structure capable of
guiding the flow of electromagnetic energy in a direction par-
allel to its axis, while substantially confining it to a re-
gion either vithin or adjacent to its surfaces (Ref 1:7)."
Prom a physical optics point of view, a description of this
energy flow might deal with the superposition of uniform plane
waves propagating along the waveguide, while being internally
reflected at various angles to its axis. For simple guide
structures, an analysis using this idea is possible. How-
ever, for a more complicated structure (e.g. one without plane

walls), such analysis would be quite difficult (Ref 1:8). For

—
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this reason, it is common to select another set of elementary
waves to work with, called modes. A waveguide mode in a gen-
eral sense is defined as "an electromagnetic wave that propa-
gates along a waveguide with a well-defined phase velocity,
group velocity, cross-sectional intensity distribution, and
polarization (Ref 1:8)." Modes can be called "characteristic
waves" in that they satisfy the homogeneous wave quation in
the media of the guide, and also satisfy the boundary condi-
tions at the interfaces. Therefore, a mode is dependent on
the structure of fhe guide rather than the radiation source
which excites it. Each mode can be described in terms of the
superposition of uniform plane waves propagating at a fixed
angle to the axis of the guide.

As a starting point in discussing the propagation of the
modes defined above, consider a slab waveguide consisting of
two parallel plane mirrors assumed to have perfectly conduct-
ing surfaces and be infinite in extent. Let x be the direc-
tion perpendicular to the mirrors and z be the assumed direc-
tion of propagation (Fig. 1). For simplicity, let the lower
N . 1__—%P

z
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Fig. 1. Representation of slab waveguide
with perfectly conducting-mirror surfaces

mirror surface be removed and consider a plane wave incident
on the upper mirror whose Poynting vector is at an angle @
with respect to the normal to the surface. If'the.incident
wave is assumed to be plane polarized with its electric vector

being perpendicular to the plane of incidence, then the elec-
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tric vector has only its y-direction component,

Eyi = Eoexp |iwt - ikxcos@ - ikzsina (1)

where the subscript i means incident, Eg is its amplitude,
k = 2™n is its wave number,)o is the free-space wavelength,

o
and n is the refractive index. To satisfy the boundary con-

dition, the tangential component of the electric field must
vanish at the perfect conductor, meaning the reflected com-

ponent Eyr, of the electric vector is
Eyr = -Egexp|iwt + ikxcoso - ikzsino] (2)

The total electric field in the region below the conductor

] would then be
Ey = E sin(kxcos®) exp |iwt - ikzsino] (3)

which was obtained by combining equations (1) and (2) and us-
ing the relation eif - e“if = 2isind. All constants for sim-
plicity have been absorbed into the complex-valued constant E. 5
Equation (3) can now be seen as the electric field of a non-
uniform plane wave traveling in the z direction with a phase

velocity « Since the electric field is transverse to

w
ksiné \
the assumed direction of propagation, the wave is called a
transverse electric (TE) wave., The magnetic field of a TE

wave has a component in the z direction, in addition to

transverse components.

A common way of writing the total electric field in equa-
tion (3) is the following:
s Ey = E(sinBx)exp|iwt - 1hz:| ' (&)

P
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where h is called the propagation constant or longitudinal
wavenumber and B is called the transverse wavenumber. From
this, a guide wavelength is defined as)g = %P and an equiva-
lent refrective index is defined as ng = X0 . Since only one

g
conductor is involved, all angles of component plane waves are

allowed for all values of k, i.e. all values of h and B are al-

lowed, provided that
n2 + B2 = k2 . (5)

The situation changes, however, when the second conduct-
ing surface is in place, thus confining the energy into a cer-
tain region. The electric field between the two mirrors is
the same as that for one mirror as long as their separation,

d, satisfies the condition
sinBd = 0 . (6)

For other values of d, the incident and reflected plane

9 waves cannot satisfy the appropriate boundary conditions, and

therefore equation (6) is a simple relationship between the al-
lowed angles of propagation and waveguide thickness. This e~
quation is sometimes called the characteristic equation for
this structure. For a given thickness, d, of the guide, equa-
tion (6) determines a set of discrete values for By and also,
by equation (5), a similar set for hp. The roots Bg, Bys B2se.s
combined with the field vector expressions, define the TEgp, TEq,
TE24+++.+ modes.

Another kind of mode is formed when the magnetic vector

of the uniform plane waves is perpendicular to the plane of

8
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incidence. In this case, the electric vector has'a component
parallel to the assumed direction of propagation as well as com-
ponents transverse to the waveguide axis. Such modes are cor-
respondingly described as transverse magnetic (TM) modes. TM
modes between perfectly conducting surfaces have propagation
constants satisfying the same conditions as TE modes.

The preceding analysis was taken after Kapany and Burke
(Ref 1:8-11). A more classical approach to waveguide mode pro-
pagation involving the solutions of Maxwell's Equations can be
found in Ref 1114-34 and Ref 2:305-313.

Thus far, only a planar slab waveguide with perfectly con-
ducting surfaces has been discussed, using a plane-wave approach.
E | For fiber optics considerations, the interest lies in dielec-
tric waveguides, which necessitafe a description of additional

modes. In a dielectric slab waveguide, modes which propagate

alaid

can be considered as the superposition of two plane waves which

remain inside the guide because of total internal reflection

5 (this phenomena is described more thoroughly in the geometrical
approach, pg.10). However, there is another set of modes in
such a waveguide whose corresponding angles of incidence are
equal to or less than the critical angle. These modes, said

to be "cut off", give rise to evanescent surface waves. Evan-

escent waves occur when a field is forced to vary with a spa-

tial period which is less than its free space propagation pe-

riod. Such a situation is present when a wave attempts to
enter into a medium whoée dielectric constant (and thus its
index of refraction) is less than that from which it came, i.e.

total internal reflection (Ref 2:19). It will be seen later

9 2




that evanescent waves are useful in coupling energy from one

waveguide to another. Other modes which do not propagate along
the waveguide can be excited by any source of radiation or by
discontinuities in the guide. They are also considered to be

cut off because they decay as e NnZ

away from such sources or
or discontinuities (Ref 1:12, 13). Still another set of modes
describe the resonant responses of the waveguide walls, such
that the power in the guide decays exponentially in the z di-
rection.

Before leavihg the mode theory of dielectric waveguides,
a comment on multimode and single mode waveguides is in order.
As their names imply, a multimode waveguide is one which can
support many modes at the same time, while a single mode wave-
guide can support only one mode. In terms of fiber optics,
both single and multimode fibers exist, but this thesis will
only be concerned with the multimode type.

It will be useful at this point to develop a simple mo-
del of a cylindrical optical fiber. This can be done using
geometrical optics if the dimensions of the waveguide (fiber)
are shown to be much greater than the wavelength of the light
propagating in the waveguide (Ref 2:84). Since the multimode ’

fibers used in this experiment have core diameters (.350mm)

many times larger than the transmitfed wavelength (630nm), a-

nalysis using the geometrical ray approach appears to be‘valid.
- A schematic drawing of a clad optical fiber is shown in

Fig. 2. It consists of a core region of refractive index ny,

surrounded by a cladding of lower fefractive index np. The

medium surrounding the fiber is air, with refractive index

. 10 -




o PR TR R G o o e . e e i 0

P el £ttt e

Fig. 2. Schematic of clad optical fiber

equal to 1. For a typical fiber made of two kinds of glass

or plastic, 1<nyng . Any ray of light crossing the boundary
between the air and the fiber core with an angle of inci-

dence 04 will be partially reflected and partiaily trans-
mitted. The reflected ray will come off the boundary at an
angle to the normal equal to ©4. This reflection is one source
of fiber input loss which will be discussed later. Of interest
at present is the transmitted ray, which makes an angle 62 with

the normal. Using Snell's law,
sin®1 = nysiné3 (7)

remembering that the index of air is equal to 1. Since ny>1,
62 will always be less than €4 (Ref 3:138). Following the'ray
to where it meets the core-cladding interface, it is again par-
tially reflected and partially transmitted. For the transmit-
ted ray, Snell's law yields (see Fig. 3): l

nysin@3 = npsin6y - (8)
It can be seen that if the incident angle, 03, has a critical

11
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n1 core

YIRS

ny cladding
; ‘ oy

Fig. 3. Ray tracing at the core-cladding interface

value of @, which makes 64 equal to 90'. the transmitted ray
becomes a sufface wave along the core-cladding boundary. To-
tal internal reflection occurs for Oj>Oc, for which case the
light remains inside the core. The expression for the crit-

f ical angle is found from equation (8):

nysin@y = nsinéy (8)

Let 64 = 90 , then 03 = 0, and

nysind, = ny (9)
so that
0, = sin”1( B2 ) . (10)
nq .

A meridional ray (i.e., one which intersects the axis of the
cylindrical fiber) will be "trapped" inside the core and ¥rav-
el along via multiple total internal reflections as long as

i the angle it makes with the axis is less than 90° - 0,. From

Fig. 2, the maximum value allowed for 6, is seen to be
02 max = 90" - Oc, (11)

in order for the ray to travel inside the fiber core without

12




appreciable loss. It would be helpful to determiﬁe the maximum j
input angle of incidence, @y, in terms of the refractive in-
dices of the core and cladding. This is done by manipulating
equation (11) such that

sin(02 pmax) = sin(90° - 0o) = cos6c . (12)
From the basic trig identity
sin20, + cos?e; = 1 , (13)

it is seen that

sin(02 pax) = [1 - sinzoc]% : (1%4)

i Now, from equation (10),

Sinoc = ( -:—:% ) (15)
and
. 2
sin%0, = ( g% | B (16)

Substituting into equation (14),

8in(02 max) = [1 - ( gfi-’- )2]% ‘ (17)
Rewriting equation (17),
8in(02 pax) = [n.l%n_zf]% = %1["12. - ngZ]% ’ . (18)
so that :
nysin(e, 'max) - [n12 ‘ n22]* : (19)

But from equation (7),

E
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sin0y = nysiney , (7)

so that the maximum angle of incidence which still assumes to-

tal internal reflection propagation is
- -1 2 2 3
91 max = sin nl - NS . (20)

This brings about the definition of a limiting numerical aper-

ture (NA) of a fiber. The NA of any ray is (Ref 4168)
NA = nysiné2 = (1) sineq , (21)
and the limiting NA of a fiber can be defined as
NAf = (1) sin(0q max) = [n12 = ngZ]it N (22)

Similar derivations of the NA of a fiber are found in Ref 4:145-
148 and Ref 5:8. °

Note that since Snell's law applies %o both ends of the
fiber, any ray advancing along the core with 01<61 max will
exit the fiber at the same angle, 01, at which it entered (Ref
L:148).

The preceding discussion has dealt strictly with merid-
ional rays in a straight fiber. There are other rays in such s
a cylindrical waveguide which do not intersect the axis of the
fiber and are called skew rays. These rays travel in helical

paths as they are conducted along the fiber and are subject

to the same conditions as meridional rays when traveling: :
01<01 max for total internal reflection (Ref 4:149). A for-
mal treatment of skew rays is quite involved and will not be

attempted here (see Ref 1:96-99, and Ref 2:1289-305).

14
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Coupler Design

The second portion of this theoretical section deals with
the design criteria for various kinds of fiber optic couplers.
After a brief discussion on the aspects of energy exchange be-
tween two parallel fibers, aﬁ application of this idea is made
to single fiber directional and tee couplers. Next, the design
of a scrambler, or mixing rod for star couplers is developed.
Following that will be an analytical discussion of loss factors
to be expected in coupler fabrication and operation.

When considering the coupling of energy from one dielec-
tric waveguide to another in close proximity to it, a detailed
analysis can become quite lengthy. The followiﬁg discussion
is therefore qualitatively oriented with references given for
the more involved ideas. As mentioned earlier, when electo-
magnetic waves in a waveguide undergo total internal reflection
at the core-cladding boundary (e.g. an optical fiber), there
is (in addition to the reflected wave) an evanescent surface
wave which penetrates the cladding and which decays exponen-
tially in the direction transverse to the waveguide axis. It
is this evanescent wave which gives rise to a method of cou-
pling energy between waveguides (Ref 2:407). When two iden-
tical waveguides are laid parallel to each other and the first
one is excited by a radiation source, the evanescent wave thus
formed can reach into the second waveguide and in tufn excite
it. This phenomenon is analogous to the method of mode launch-
ing in dielectric thin films using frustrated total reflection
(Ref 2:408). Briefly, this method uses a prism of refractive

index nq placed near a thin film of the same index which is

15




surrounded by a lower index material (n2) as shown in Fig. 4.
An incident beam on the prism will be nearly totally reflected
at the first ng - np interface except for the small evanescent
field which passes through the n, layer and sets up propagat-
ing modes in the higher index thin film (Ref 1:36-38).

ng >np
nq

np
ny NANNNZNZS ] thin film
na

Fig. 4. Schematic of frustrated total
reflection prism-thin film coupler

Since evanescent coupling in parallel waveguides tends to
be unidirectional, i.e. the power transferred travels the same
direction in each guide (Ref 2:409), an application is apparent
for the design of directional and tee couplers. In addition,
the amount of power transferred depends upon the interaction
length (Ref 1:234) and the coupling ratio can therefore be var-
ied to suit the situation at hand. A single strand, multimode
tee coupler employing the above coupling technique has been
fabricated by M. K. Barnoski and H. R. Friedrich of Hughes
Research Laboratories (Ref 6) and will be analyzed in the first
portion of the experimental section.

Consider now a different coupling technique, one which
requires the design of a light scrambler or mixing rod which

is larger in diameter than each individual fiber, and into

16




which two or more fibers are fed. It will be shown later that
such a mixing rod can be used in the fabrication of a direc-
tional, tee or star coupler. The basic idea of this technique
involves the transfer of the output from one fiber to the mix- 1
ing rod and subsequent transfer from there to the other fibers i
in the system. |
’ The main criteria in the design of the mixing rod is the
requirement that the cone of light coming from the end of the !
input fiber is spread across the entire width of the rod.

E Therefore, some optimum length-versus-width ratio must be de-

scribed, depending upon the numerical aperture of the individ-
ual fibers and the mixing rod material. Fig. 5 shows the limit-

ing case where the input fiber is located at one edge of the

input fiber *y mixing rod
\ | T T
; -~ D
n \\\
| =1 . SR
— s —— 1

Fig. 5. Schematic of mixing rod design consideration

mixing rod. Proper design requires that one half of the fiber's f
output cone spreads across the diameter y=D in the length x=L. !
One half the output cone is just the limiting numerical aper-

ture of the fiber, taken from equation (22):

NAf = nsind . 4 (23)
Now, starting from the trig identity,

3 cos® = (1 - sinze)é » (24)
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and multiplying by g,
cosO = %(nz - nzsinzo)é 2 (25)
the substitution of equation (23) gives
cosé = %[nz - (NA_f)z]é " (26)

Next, consider the trig identity,

tane = =5 . (27)
Substituting equation (26),

lnz- (NAf)%I*
and using equation (23) again,

NAg

= ' 2
Finally since
tan6 = D/L , (30)

then the required design equation is

D _ NA¢

r

.I-l = ln‘ = INAf)C-%

(31)

Equation (31) is suitable for a coupler with an input fiber

on one end of the mixing rod and oufput fibers on the other
end. Application of this design would be useful for direc-
tional or tee couplers where the energy would spread from one
fiber to two as it passed through the rod as in Fig. 6. A star
coupler, however, requires a slighf_modification of the design

equation. A simple star coupler has all of its component fibers

. |- S
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Fig. 6. Directional and tee couplers using mixing rod

on one end of the mixing rod while the other is coated with
some sort of mirréred surface (Fig. 7). Since the light from
any fiber will undergo a reflection from the mirror surface,
the cone of light will cover the entire diameter (in the limit-
ing case) in only one-half the length required for the previous
design. Therefore, equation (31) is modified for a star cou-

pler:

D NAf
- = 2 34 2
L [nz- (NAf)2J3 L2

The preceeding analysis was taken after the discussion in Ref

Li67-71.

" mirrored surface

D ':f:: C -
- & —_— 3
_{,_ 0 I~~N_f, g

Fig. 7. Star coupler design (4-port) -

A few words must now be said concerning the various losses

to be expected when measuring the performance of an experimental
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coupler. For single strand, multimode fiber coupiers. these
losses include attenuation in the various dielectric materials
involved, packing'fraction losses (at the fiber-mixing rod
boundary in star couplers), and reflective losses at each in-
terface, whether it be an air-to-fiber boundary, a fiber-to-
fiber boundary, or a fiber-to-mixing rod boundary. Reflective
losses are the most prominant in optical coupler work and will
be discussed in some detail.

To determine a relation which will indicate how much power
is lost by reflection when an electromagnetic wave passes a-
cross the boundary between two dielectric media of refractive
indices ny and np, consider Fig. 8. The following list ex-
plains the symbols used (Ref 3:138-39):

S Poynting vector of incident wave

A+ Complex amplitude of incident electric vector paral-
lel to plane of incidence

At Complex amplitude of incident electric vector per-
pendicular to plane of incidence

T": Complex amplitude of transmitted wave parallel to
plane of incidence

T;s+ Complex amplitude of transmitted wave perpendicular
to plane of incidence

: R+ Complex amplitude of reflected wave parallel to plane
* of incidence

Ry+ Complex amplitude of reflected wave perpendicular to
plane of incidence

The well-known Fresnel formulas for the transmitted and re-

flected components are the following (Ref 3:40):

2nqcosO; .
T, = Lo 1 A
' nzcose; + njcosey IV (33)




2n4qcos0j
T = 1 1 A 4
1 = njcosej + npcosey + ' (34)
v nzcoéoi - NnqcosOy A
Al npcos@; + nqcosey ' (35)
R, = D1C0SOj - npcosbt , (36)
4 nqcos®j + npcosOy
z Tr WAy
8t »PT, 4LAL
n n -
- v
o2 / \ °r L
i
g s
5 i Ry
B

Fig. 8. Diagram of EM wave incident on bound-
ary between two dielectric media (Ref 5:38)

For the purposes of the couplers evaluated in this experiment,
the above equation will be simplified by assuming normal in-

cidence. Therefore ©; = 0 and 6+ = 0, reducing the Fresnel

formulas to (Ref 3:41):

(37)

(38)




where n = 22, At this point, two important parameters can be
ny

defined. They are the transmissivity (t) and reflectivity (r)

given in general by:

2
e QggosetlTl
njcos@j |A|< ko
and
|r|2 ' 4
= 0
r -I-KTZ ( )

where lAI. ITI, and IRI are the magnitudes of the incident,
transmitted, and reflected vectors, respectively. Again sim-
plifying for normal incidence, these parameters reduce to (Ref

3:142):

4n
t = 41
(n+ 1)? (e
and
2
n-1
= L2
. (42)
where again, n = g%. Equation (42) is the factor commonly used

in fiber uptics to determine reflective losses at each inter-
face (Ref 7).

Another source of losses, attenuation in the dielectric
materials used in fabrication, consists of absorption loss (in-
trinsic, impurity, and atomic defect) and scattering loss due
to thermal fluctuation of atoms, Raman scattering, Brillouin
scattering, and waveguide structure (Ref 1:126-31). These ef-
fects are usually not noticable unless the length of the fiber
system is large. In dealing with optical couplers, then, the

only concern for material losses will be in obvious defects

22




observed, for example, in the mixing rod of the star couplers.
Packing fraction losses at the fiber-mixing rod boundary
are another concern. Since the face of the mixing rod can be
considered continuous as compared to the collective face of
the group of fibers adjacenfto it, a certain amount of light
will exit the rod znd not be collected by one of the fibers.
This sort of loss is called packing fraction loss and can be

evaluated using the relation

.t ™ (43)

Y

where Lp,f, is loss due to packing fraction, Af is the com-
bined cross-sectional area of the individual fibers, and Ar is ?

the cross-sectional area of the mixing rod.




EXPERIMENTAL

Equipment and Set-up

The experimental section of this thesis consists of the
qualitative description and quantative measurement of various
kinds of fiber optic couplers. The first portion deals with
the equipment and set-up involved in measuring fiber diameters
and other coupler dimensions. The second portion will discuss
the set-up used in measuring coupler performance, and will de-
scribe the purpose and specifications (as needed) of each el-
ement in the optical train. The next portion will deal with
the actual couplers measured and the data obtained. The cou-
plers considered include a single-fiber fused tee from Hughes
Research Laboratories, and eight-port fiber bundle star from
Spectronics, and several single-fiber tee and star designs
fabricated specifically for this experiment.

All measurements of the physical dimensions of any fiber
optic component used in this experiment were made using the
following equipment:

a) "Stereozoom" Microscope: Bausch and Lomb

b) Upper light source: American Optical Co.

¢) Lower light source: Bausch and Lomb, 31-35-30

d) Reticles Bausch and Lomb micrometer disc, 31-16-08

(1 division = 0.001 inch)

e) Polaroid Camera attachment: Bausch and Lomb
.f) Film: Polaroid type 107 (B/W) ‘

The microscope and other equipment was set up as shown in Fig.

9.
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Fig. 9. Set-up for fiber dimension measurement

For actual coupling efficiency measurements, the follow-

ing equipment was used:

a)
b)
c)
da)
e)

£)
g)
For all
10) was

ing upon which type of coupler was being evaluated.

HeNe laser: Spectra Physics
Chopper: Bulova 150Hz

Microscope objective lens: 16mm, NA 0.25

Pinhole: 10 microns in diameter, Jodon Engineering

Lenses #1: f = 17cm
#2: £ = 17cm
#3: £ = 22cm

Detector: HP p-i-n photodiode, 5082-4205
Oscilloscope: Tektronix type 555

experimental measurements, the following set-up (Fig.

used, the detector being flexible in placement dépend-

Any changes

made in this general set-up will be noted for the particular

coupler under consideration.

Each item listed above plays a role in the measurement

process, and the reasons for the inclusion of each will now

be discussed.
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To begin with, the laser provides a strong source
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Fig. 10. Experimental set-up for
coupler efficiency measurement

of radiat;on in the visual wavelength region (63281), and can
therefore be easily observed. More typically, fiber optic
systems employ light emitting diodes or laser diodes (two spe-
cific wavelengths are 0.86 microns and 1;06 microns) as their
sources. However, the laser used here is a convenient one, re-
quiring no physical contact with the fibers themselves.

Once out of the laser cavity, the light beam encounters
the 150Hz chopper whose sole purpose is to provide square wave
triggering for the oscilloscope. The laser and chopper act
like a signal source in an actual fiber optic system, and the

relative amplitude of the square wave is an excellent indica-

tion of how much energy is being transferred through the cou- ;
pler.
Immediately following the chopper is a short focal length

microscope objective which focuses the beam down to the 10 mi-

cron pinhole. This aperture provides a point source from which

spherical waves are emitted. The distance between the micro-

scope objective and the pinhole was adjusted such that only
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the central disc portion of the Airy pattern was transmitted.
Since the pinhole was placed at the focal length of lens #1,
the emerging beam from that lens was essentially collimated,
consisting of plane waves. Placement of lens #2 could then

be varied, thus focusing the beam back down at any point along
the optical bench, its placement depending upon the size and
position of the coupler to be tested.

The coupler itself would be oriented such that the end
of its input fiber (i.e. the fiber to be initially excited) was
at the focal point of lens #2. Ideally, the focal length of
lens #2 should be chosen such that the cone of converging rays
match the numerical aperture (NA) of the input fiber. For the
purpose of this experiment, however, the lens was chosen so as
to insure that the effective NA of the lens was less than the
NA of the input fiber, thereby allowing a maximum amount of
energy into the fiber.

Finally, a detector is placed at the output of the cou-
pler, approximately imm from the end of the fiber in question.
This particular p-i-n photodiode was chosen for its small sur-
face area (0.02mm2). hemispherical lens, and good response in
the visible wavelength region. This detector is connected di-
rectly to the oscilloscope, which provides a visual, quaﬁtita-

tive reference for coupler efficiency measurement.

Hughes Tee Coupler Evaluation

The first coupler to be considered is one of the tee va-
riety developed for the Air Force (#F33615-75C-1024) by M. K.

Barnoski and H. R. Friedrich of Hughes Research Laboratories,
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Malibu, California. In addition to providing a test object
for the optical set-up described above, measurements of the
device's coupling efficiency will be compared to published
results (Ref 6:2630) and supplied as reference information to
the Avionics Laboratory. This particular tee coupler consists
of two single-strand, multimode fiber waveguides which have
been thermally fused side by side along a given interaction
length by a focused CO2 laser. The fibers were supplied by
Corning and have a core diameter of 85 microns, with a 0.14

numerical aperture (Fig. 11). The objective of this eval-

interaction
length
S Fal 13mm /L _

\Sr —

— \
§ e = s
42 P

Fig. 11. Schematic of Hughes
single fiber fused tee coupler

uation is to determine the coupling efficiency from one of

the waveguides to the other (an example of parallel waveguide

interaction). To do this, one of the fibers is excited and

the output from the other three is measured. Using the ob-

tained data, two evaluation parameters can be determined.

The first, defined as the tap ratio, is given as (Ref 6:12630):
Cel =§_% r ’ (44)

where Sy is the signal measured from fiber #4 and S1 is the
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input fiber (#1) signal. The second parameter is called the

excess insertion loss, defined as (Ref 6:12630):

Ly = 10 log S_"s.;.iz') S (45)

where Sy and S1 are defined above, and S'3 is the signal meas-
ured in fiber #3. The proceedure used was the following:
a) The coupler was placed in the test set-up such that
the end of fiber #1 was located at the focal point
of lens #2.
b) The laser was turned on and the output from each fi-
ber was observed.
c) The detector was placed at the end of each fiber (#2,
#3, and #4) in turn, and the output reading on the
scope was recorded.
d) The above proceedure was repeated three times, each
time using a different fiber as the input.
Observation of the coupler under excitation revealed fair-
ly strong outputs from the two fibers opposite the input fiber,
and a weak signal coming from the fiber located on the same
side as the input fiber. Although evanescent coupling between
parallel waveguides is essentially unidirectional, the weak
output from the third fiber is most likely due to a reflection
from its opposite end. The data taken is summarized in Table
8 "
- Typical published results (Ref 6:12630) for this type of

coupler are:

Cqy = 6.6% (-11.8 dB)
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and

Ly = -1.1 dB .

Table I

Data taken from Hughes Tee Coupler HTC-32

Input Output Output, mV Tap Excess
Fiber Fiber (Peak-to-Peak) Ratio Insertion Loss
1 2 not measurable Cqy = 9% Ly = -4.6 aB
5 36.0 (-10.7 dB)
L 12.0
2 1 0.1 Ca3 = 3% Ly = -4.9 dB
L 2.0 (-14.6 dB)
5 4.8
3 4 not measurable C3p = 4% L3 = -8.0 dB
1 17.0 (-14.5 dB)
2 5.0
n 3 0.3 Cyy = 16% Ly = -3.3 dB
2 Ly .o (-6.0 dB)
1 22.0

Input fiber signal: 140mV (obtained by plac-
ing detector at focal point of lens #2).

While the results obtained in this experiment are near the

same general value, perhaps something should be said about

the variance seen when using different input fibers. It is

likely that the factor most effecting this discrepancy was the
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critical alignment of the source beam and input fiber. The
inability to position the two exactly the same way for each
trial resulted in varying coupling efficiencies. The detec-
tor's alignment was also important, and because of the indi-
vidual fibers' fragility, the detector-to-output fiber dis-
tance could only be approximated (~imm), thus adding to the
non-uniformity of results.

In an attempt to determine the source of the weak signal
emitted from the coupled fiber on the input side of the cou-
pler (interface b in Fig. 12), consider the internal reflec-
tions present. In the coupled fiber, the two signals S¢ and

So are known from experimental measurement. The value of S,

\

input fiber

Fig. 12. Internal reflections in coupled fiber
must be found upon exit and compared to So. Using equation
(42), the reflective loss at any interface can be written as

r = (PL=12)2 . o.04 (146)

where ny is the refractive index of the core (= 1.5 in this
case), and n2 is the refractive index of the outside medium

(= 1.0 for air). At interface a, it is seen that

g



(5i)(r) =Sp (47)

and

sr + St = S‘i - (48)

Substituting for Si in equation (48) gives

Sr + St = §'i.x . (49)
Solving for Sy,
S
Sp = o - (50)
o

To compare.Sr outside the fiber to the measured So, the reflec-
tive loss at interface b must also be considered. Therefore,

Sy (outside) would be
Sr(outside) = Sy(1-r) . (51)

As an example, consider the data taken when fiber #2 was used

as the input fiber. In this case,

St =S3 = 4.8mV (52) j
and
So =S1 = 0.10mV . (53)
From equation (50),
Sy = _IE;QE!_ = 0.2mv : (54)
sor - 1

and from equation (51),

S p(outside) = (0.2mV)(1 - 0.04) = 0.19mV (55)
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Similar calculations done for the case where fiber #4 was the

input fiber result in the following:
So =S5 = 0.3mV (56)
and
Sf(outside) = 0,87mV . (57)

These figures indicate that the faint outputs observed are most
likely due to the internal reflections in the coupled fiber.

The measured output (So) was probably not as high as the pre-

dicted one (sr outside) due to other losses such as coupling

back into the input fiber (Ref 1:57).

Spectronics Star Coupler Evaluation

The second coupler evaluated is a radial one, or star cou-
pler fabricated by Spectronics, Inc., of Richardson, Texas (Ref
ki1111-126). It consists of eight input/output ports and employs
fiver bundles for its radial arms. Although this study was
intended to cover single fiber devices exclusively, it was
thought the testing of this presently available coupler would |
provide a good experimental basis in dealing with multi-port
star designs. Details of the coupler itself are shown in Fig.

‘»' 13.

front view side view
12 38 ¢ mirror

| 0o 6 o >ipno/:tust <.1 mix rod Ismm
* % & 97 g fiber l‘- 3cm->‘

bundles

' Fig. 13. Eight-port star coupler
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The set-up for evaluating this device's coupling efficiency

is essentially the same as that in the previous section, except
for the detector position (since all in/out ports are facing

the same direction as in Fig. 14).

lens ;2

& : 18em star
signal b‘ﬁtbO‘ . >0 coupler
detector e a——1
_ < " omm

Fig. 14. Star coupler place-
ment in test apparatus

In a tee coupler, where the rafio between the two output
ports can be véried. the important parameter is the tap ratio.
A star coupler, on the other hand, is evaluated for its uni-
formity of output, regardless of which port is used as the in-
put. Therefore, an important evaluation for a star coupler
will be in observing nearly equal outputs from all ports, and
determining whether or not that observed value changes when
varying the input ports. The above evaluation is made with
the help of the transmission factor which is defined as (Ref
bi51)

Ty = &%gnalat output port) ; (58)
(signal at input port)

This factor can be compared to the tap ratio in tee couplers.
A second measurement parameter dealing with the optical losses
of the coupler can be defined as the insertion loss (similar

to the excess insertion loss of the tee couplef):.

e = 10 log (total signal from all output ports) . (59)

6ignal at input port)
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The procedure used in this portion of the experiment is

as follows:
a) The coupler was placed in the optical set-up such
that port #1 was in the beam path.
b) The distance between the coupler and lens #2 was ad-
justed such that the spot size of the beam just
matched the diameter of the fiber bundle at port #1
(~1.5mm). This was done to insure uniform 3illumi-
nation of the entire bundle.
¢) The detector was placed in front of each of the other
ports, in turn, and the resulting signal recorded
from the oscilloscope.
d) The above procedure was repeated seven times, each
time using a different port as the input.
Results of fhe above coupler test are summarized in Table
II. Note that this table also supplies some published results
obtained from the same kind of star coupler (Ref 4:119,125).
The similarity between data is merely an indication that the
experimental set-up and proceedure used are viable in evaluat- f

‘ ing couplers of this sort.

Experimentally Fabricated Couplers

The foregoing analysis and experience gained allow the

fabrication and evaluation of several types of fiber optic
couplers. The geheral method of write-up for each coupler will
be (1) a description of materials used and fabrication tech-
niques involved, (2) a summary of data taken, andA(B) a dis-

cussion of results. The equipment and set-up used previously i
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Table II

Data taken from Spectronics Star Coupler

Input Output Output, mV T Tx Lx
Fiber Fiber (Peak-to-Peak) (Measured) (Published) (Measured)

1 2 0.55 : 0.03 0.02
2 0.40 0.02 0.05
0.45 0.02 0.04
5 0.55 0.03 0.04 -7.7 dB
6 0.40 0.02 0.05
” 0.50 0.03 0.02
8 0.30 0.02 0.03
2 1 1.40 0.07 0.02
3 3.00 0.15 0.02
L 0.35 0.02 0.02
5 3.00 0.15 0.04 -2.84 gB
6 1.50 0.08 0.01
Vi 0.02 0.01 0.07
8 0.80 0.04 0.03
3 1 0.75 0.04
2 0.35 0.02
L 2.00 0.10
5 0.20 0.01 -4.32 4B
6 1.20 0.06
7 1.25 0.07
8 1.30 0.07
L 1 0.14 0.01
2 0.32 0.02
3 0.12 0.006
5 0016 0.01 ’10-0 dB
6 0.35 0.02
7 0.08 0.004
8 0.60 0.03
5 1 0.50 0.03
2 o.go 0.03
2 0.40 0.02 .
0.50 0.03 -7.96 dB
6 0.30 0.02
? 0.30 0.02
8 0.20 0.01
l 6 1 1.80 0.09
' 2 2.00 0.10
\ a 1.60 0.08
1-60 0-08 '208“’ dB
5 1.00 0.05
7 0.90 0.05
8 0.70 0.07

(continued on next page)
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Table II
(continued)
Input Output Output, mV T Ty Ly
Fiber Fiber (Peak-to-Peak) (Measured) (Published) (Measured)
4 1 2.00 0.10
2 0.50 0.0
3 2.70 0.1
L 1.10 0.06 : -3.57 dB
5 0.40 0.02
6 1.00 0.05
8 1.60 0.08
8 1 0.15 0.01 0.03
2 0.30 0.02 0.02
3 0.30 0,02 0.03
L 0.35 0.02 0.02 ~10.46 dB
g 0.08 0.004 0.03
6 0.25 0.01 0.02
7 0.12 0.006 0.03

Input fiber bundle signal: 20mV

will again be employed in testing the devices made. The pa-

rameters used for evaluation will also be the same as described
L ~ above (tap ratio, transmission factor, and insertion loss).

Discussion of results will include possible reasons for optical
losses, problems in various methods of fabrication, and com-
parison between designs.

a) Directional Couplers (DC-1,DC-2)

The first device made was a directional coupler (one in-
put fiber and two output fibers) which employs a quartz mix-
ing rod. This coupler was made as a single unit in that the
? input and output fibers were pulled directly from a solid
| quartz cylinder, which served as the mixing rod. The limit-
ing dimensions on the coupler were obtained from equation (31),
using n = 1.5 (quartz) and NAy = 0.96. Since the fibers were

unclad quartz, the NAf was obtained'experimentally in the

3.
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following way:

a) A sample section of quartz fiber was placed such that
a focused laser beam entered one end.

b) A white card was placed perpendicular to the fiber's
axis at x = 12.7mm from the opposite end of the fiber,
such that the output of the fiber could be seen as a
bright circular spot on the card.

c¢) The radius (r) of the circular spot (from the center
out to the point where the intensity had diminished
by approximately 905) was measured to be 9.5mm as
showi: in Fige. 15.

d) The numerical aperture of the fiber was calculated

from equation (22):

NAp = nsin® = (1.0 )sin(tan—ii) =0. 00 (60)
Binho 0 R, quartz fiber
C ) <=
L T SR £ focused
233 beam
r< X ’ >

Fig. 15. Experimental measurement of NAf

According to the design equation (31) for this kind of

mixing rod, the ratio of length to width is

T _L(1.5)2 - (.60)2]“ =2.20 ., (61)

. 60

(=]

The above ratio is the limiting case for proper mixing rod
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operation. The actual dimensions used were governed by avail-
ability of materials and ease of fabrication. Therefore, the
coupler was made -beginning with a solid quartz rod 35mm long
and 2mm in diameter. The three necessary fiber ports were
drawn from this rod by typical glass working techniques using
an oxygen fed torch. A schematic of the finished product is
shown in Fig. 16. Dimensions of the individual fibers were
measured microscopically using the procedure outlined on pages

24 and 25.

fiber #2
diameter = 11,m
) i 4 ) |
| 2mm C
fiber i1 1 . ]

1’ il fiber #3
lameter = 1%'-(——33“““*' diameter = 12)\m

Fig. 16. Schematic of DC-1
Fig. 17 shows a photograph (taken through the microscope)
of the output side of the directional coupler (fibers #2 and
#3). Non-uniformity of the fiber's size and deformation of
the mixing rod can be attributed to glass working difficulties
in dealing with such a small device. Fig. 19 is a photograph
of DC-1 being tested in the experimental set-up. The procedure
for testing was as follows: :
a) The coupler was placed in the test set-up such that
the end of fiber #1 was located at the focal point of
lens #2.
b) The laser was turned on and the output from the other

two fibers was observed.
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Fig. 17. Output ¥ig, 18. DOutput
side of DC-1 side of DC-2

Fig. 19. DC-1 in experimental set-up

¢) The detector was placed at the end of fiber #2 and
fiver #3, in turn, and the output reading on the
scope was recorded.

d) The coupler was turned around and the output from

fiver #1 was recorded when usings fiber #2 and fiber

#3, in turn, as the input fiber.
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The resulting data is summarized in Table III.

Table III

Data from Directional Coupler DC-1

Input Output Output, mV Tap Excess ;
Fiber Fiber (Peak-to-Peak) Ratio Insertion Loss
1 2 0.6 Ci2 = 0.3% Ly = -18.3 dB i
(-25.2 dB)
3 2.2 C13 = 1.2%
(-19.4 4dB)
2 1 1.6 Czq = 0.8%
(-20.7 dB)
3 1 . 0.25 C3q = 0.1%
(-28.8 4B)

Input fiber signal: 190mV (obtained by placing
detector at focal point of lens #2).

The data from coupler DC-1 indicates that, although cou-
pling was achieved, it was not very efficient. The primary
cause of this inefficiency was energy loss in the mixing rod
portion of the coupler. When fiber #1 was under excitation
by the laser, a large amount of light was seen to be escgping
the coupler at the point where the other two fibers joined the
mixing rod (Fig. 17). Two interrelated reasons for this loss
are probable. The first, stemming from the fact thaf the
quartz fibers and rod were unclad, was that the light rays
could travel at large angles of incidence with respect to the
the mixing rod axis. In other words, since the difference in

refractive index is greater for this quartz-air situation than
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it would be for a quartz-cladding situation, the critical angle
for total internal reflection is smaller, as indicated by equa-
tion (10), page 12. Therefore, rays traveling at fairly large
angles with respect to the coupler axis are allowed, and can
consequently escape at the end of the mixing rod, where the
walls are no longer uniform. The second reason for loss is

the actual non-uniformity of the coupler's fabrication. This
was clearly seen after the fabrication of a second directional

coupler, DC-2. Fig. 18 is a photograph of the junction where

the two output fibers join the mixing rod. The junction is
obviously not as smooth as it was for coupler DC-1, and test

results indicated much less coupling efficiency:

Tap Ratios: Cq2 = 0.1% (-32 dB) (62)
Cq3 = 0.02% (-37 dB) (63)
Insertion Loss: L, = -30.7 dB (64)

In an attempt to alleviate some of the loss problems with
these couplers, it was thought that some sort of reflective
coating on the ends of the mixing rod would help. Both couplers
were coated (on each end) with type 8010-271-9751 silver spray
paint and re-tested. Results in both cases were even less fa-
vorable than before, perhaps due to light absorption by the
paint.

b) Tee Coupler (TC-1) y

It should be mentioned that another coupleé of this design
was fabricated, although the results were poor. This coupler .

was of the tee variety, having two fibers drawn from each end

of its solid quartz mixing rod (Fig. 20). Because this coupler;
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TC-1, required fabrication techniques similar to the directional

couplers, the coupling efficiency was negligible and no further
discussion of its performance is necessary. It appears that,

for this kind of design to be feasible, extremely delicate and
difficult techniques are required for the actual pulling of the
fibers. The better results stem from smooth and uniform joints

where the two fibers meet at the end of the mixing rod.

; 2.5nm1l =

fe— 30mm ——>

Fig. 20. Schematic of TC-1
¢) Star Couplers (SC-1, SC-2, SC-3)

The next type of coupler fabricated and tested was of

the radial, or star variety. The general design of the first ;
three star couplers consisted of seven multimode fibers, a 3
length of quartz tubing filled with a transparent ce sy and ;
a reflective surface on one end of the tubing (Fig. 21). The ;

first two (SC-1 and SC-2) were prototypes put together using

readily available materials, their purpose being to determine
the feasibility of extensive design of this idea. The pre-
liminary results of these models were promising, thus permit-
ting the design procedure which follows.

The basic unit of the star coupler is the mixing rod, and

therefore its dimensions must be determined from equation (32):
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Fig. 21. General design of star coupler
using cement-filled mixing rod

D NAf

e [n2 - (NAf)Z]% ' i :

where in this case,

| D = inside diameter of the tube,
:; L = distance from the reflective surface to ‘
a the fibers,
NAf = numerical aperture of a single fiber, 1
‘n = index of refraction of cement.

The following materials were used:
a) 7 fibers:ADuPont PFX plastic, NAg = 0.53, core radius =
0.18mm
b) Mixing rod: quartz tubing, ng = 1.5, D=2mm, d = 3mm
c) Cement: Steven's Industries Adhesive and Sealing
Compound '
d) Reflective surface: aluminum foil, 3mm x 3mm
As can be seen from the above list, the only unknown on the
right-hand side of equation (32) is the index of the cement, n.
This value was found by a method similar to that described on
page 38. Here, a sample length of quartz tubing was filled with

the cement in question and placed in the experimental set-up

L




such that one end of the tube was located at the focal point

of lens #2. A white card was placed perpendicular to the axis
of the tube at a distance x = 10mm away from the end of the
tube. When the laser was turned on, the radius, r, of the spot

appearing on the card was measured (Fig. 22). Using equation

1 1:
’
’

y

,f
‘I
e ’
— e |
focused N !

beam cement fille N,
quartz tubin .
x ~>{

Fig. 22. Diagram of index measuring set-up

o
=

'’ (22) and relating it to the mixing rod (cement filled tube),

the following equation is obtained:

NAix rog= (1)sine = [n2 - nl%]% ; (65)

where
¥ sin® = sin [tan"i(-g)] . (66)
Solving for the unknown index,

2
n = {[sin(tan"l §)]2 + nlz}2 " (67)

Now, with x = 10mm, r = 6mm (measured), and ny = 1.5, the index

of the cement is n = 1.58. Using equation (32), the dimensions

e Sobh i ) oo b b et ossniel ks N o

of the mixing rod should be

Bl - SR
L ]}1.58)2 - (0.53)¢]2

With an inside diameter of D = 2mm, the length of the mixing

= 0:78 (68)
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rod would be

Assembly of SC-3 proceeded as follows: : |

a) The

ends were sanded perpendicular to the axis of the tube.

b) The
the
the

¢) The

and
d) The
the

appear in the cement. By pushing the fibers a bit
farther into the tube, most of the bubbles disappeared.
The set-
essentially the same as that used for the Spectronics star cou-
pler (page34), with the exception of the second lens. Because

of the coupler's location in relation to the detector, a longer

focal length

#3 (F = 22cm). The following test procedure was then used:

a) The
end
#3.
b) The

pler under excitation were made.

¢) The

of each of the other fiber ends, in turn, and the

e qnmuwmmm—!ﬂ-!F!H'-UHl--!'l--"F--.'-.-.-U--..“

s 2mm _ o i
L=oms =2 78mm (69)

quartz tubing was cut to a 10mm length and its

seven fibers were inserted in one end such that
distance from their ends to the opposite end of
tube was 3mm. *
3mm length was filled with the transparent cement
capped with the aluminum foil.

assembly was allowed to set for three hours; at

end of this time, some small bubbles began to

up for testing the coupling efficiency of SC-3 was

lens was needed, i.e., lens #2 was replaced by lens

coupler was placed in the set-up such that fhe v |

of fiber #1 was located at the focal point of lens

laser was turned on and observations of the cou-

detector was placed approximately imm in front

L6
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corresponding outputs were recorded.

d) The above procedure was repeated six times, each time

using a different fiber as the input fiber.

The data obtained is summarized in Table IV. It should
be noted that in obtaining the transmission factor (T#) and
insertion loss (Lx), the input fiber signal was chosen so that
the results would be independent of the fibers used, and would
be strictly an indication of the performance of the coupler
itself. This method corresponds to that prescribed by Ref
15:5, wherein the input reference is obtained by recording the

output of a single fiber as it is excited by the laser.

Table IV
Data from Star Coupler SC-3

Input Output Output, mV T Ly
Fiber Fiber {Peak-to-Peak)

1 2 0.60 .019 (-17.3 dB)
2 0.22 .007 (-21.6 dB)

0.12 .004 (-23.9 dB) -11.65 dB
5 0.36 .011 (-19.5 dB)
6 0.75 0023 ("16v3 dB)
7 0.14 .004 (-23.6 dB)
2 1 0.24 .008 (-20.9 dB)
2 0.12 004 (-23.9 dB)

0.20 .006 (-22.0 dB) -14,56 dB
5 0.16 .005 (-23.0 dB)
6 0.32 .010 (-20.0 dB)
Vi 0.08 .003 (-26.0 dB)
3 1 0.28 .009 (-20.6 dB)
2 0.16 .005 (~23.0 dB)

L 0.08 .003 (-26.0 dB) -13.23 dB
6 0.48 .015 (-18.2 dB)
7 0.12 .004 (-23.9 dB)

(continued on next page)
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Table IV

(continued)
Input Output Output, mV Tsx Ly
Fiber Fiber (Peak~to-Peak)
L 1 not measurable
2 0.12 004 (-23.9 dB)
3 0.08 .003 (-26.0 dB) -17.27 dB
5 0.12 004 (-23.9 dB)
6 0.14 .004 (-23.6 dB)
2 0.14 .004 (-23.6 dB)
5 1 0.26 .008 (-20.9 dB)
2 0.12 .004 (-23.9 dB)
2 0.20 .006 (-22.0 dB) -11.21 @B
0010 0003 ("'2501 dB)
6 1.50 047 (-13.3 dB)
7 0.24 .008 (-20.9 dB)
6 1 0.40 .013 (-19.0 dB)
2 0.42 .013 (-18.8 dB)
0.18 .006 (-22.5 dB)
5 1.20 .038 (-14.3 aB)
7 0.20 .006 (-22.0 dB)
7 1 0.08 +003 (-26.0 dB)
2 0.08 .003 (-26.0 dB) -15.5 dB
0.10 .003 (-25.1 dB)
1 5 0.36 .011 (-19.5 dB)
6 0.20 .006 (-22.0 dB)

Input fiber signal: 32mV (obtained by
output of a single fiber when excited

recording the
by the laser).

satisfactory, but not exceptional.

S

As seen from Table IV, the coupling efficiency of SC-3 was
Observation of the coupler
under excitation revealed significant loss coming from the mix-
ing rod. Two primary sources of thié loss were the reflecting
surface at the end of the rod, and the inconsistancies of the

cemenrit inside the rod. The first was most likely due to the

non-uniform surface of the aluminum foil, and CUuld be reduced

by using a more planar reflecting surface.

The second, which

included scattering of the light off of air bubbles in the

: us-’




cement, could be eliminated by using a transparent adhesive
which would prohibit the formation of bubbles. This bubble
formation was obsérved to . increase as the cement continued

to harden, perhaps the result of air pushing through the tube,
between the fibers. Several types of epoxy cements were tested
in an attempt to obtain better results, but none hardened with-
out the formation of air bubbles.

It should also be noted that the results varied, depend-
ing upon which fiber was used as the input fiber. Microscopic
observation of the fibers revealed small variations in their
outside diémeter from one fiber to the next. If the light con-
ducting cores also varicd, this could be one reason for the
inconsistancy of the data. Another possibility lies in each
fiber termination. The fibers were cut by scribing and break-
ing, thus allowing variation in the amount and angle of light
entering and exiting the fibers.

Other losses to be considered are the packing fraction
loss at the fiber-miking rcd boundary, the reflective losses
at each interface, and the absorption loss introduced by the
aluminum mirror.

An analysis of these losses will now be made, following
the input signal from its entrance into the coupler to its
exit from a single output fiber. Because of the method used
in measuring the input reference signal, the value of 32mV in-
put has allowed for the reflection loss at each end of the in-
put fiber. Therefore, the first reduction of that value occurs
at the cement interface. Using equation (42) the reflectivity

at this interface, ry, is given by
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Y
rg = (2D, (70)

where n = g%. ny = the index of air = 1, np, = the index of the
cement = 1.58. Substituting these values gives

ry = 0.05 . (71)

The next surface encountered by the signal is thgt of the alu-
minum foil at the end of the mixing rod. The reflectivity of
this surface, rp, was measured spectrographically at 6328% to

be
ro = 0.70 . (72)

After traveling back through the mixing rod, the signal expe-

riences the packing fraction loss given by equation (43):
= Af
Lp.f. 5 K; . (43)

For fiber core radii of 0.18mm and the mixing rod inside radius

of 1.0mm, this packing fraction becomes

Lp.f, = 0.23 . (73)

When considering the output of one individual fiber, the added

reduction of the signal strength by 1. 0.143 must also be in-

7
cluded. Finally, the reflective losses at each end of the out-
put fiber are needed. The first interface is a cement/fiber
one, and again using equation (42), the reflectivity, rj, of

this boundary is

rg = 0,001 , (74)

50

e g e, A




the index of cement = 1.58 and n2 =

where in this case, nj

the index of the fiber = 1.49. The second interface is a fiber/

air boundary, which gives a reflectivity, ry, of
r, = 0.04 , (75)

where ny = the index of the fiber = 1.49 and np = the index air
= 1. Combining the above losses as they degrade the original

input Vi, reveals a theoretical output, Vgyut, of
Vout = Vin(1 - ry)(r2)(Ip,£,)(0.143)(1 - r3)(1 - ry). (76)
Substituting the values obtained above,

Vout = 32mV(-95)(-70)(-23)(.143)(;999)(.96) = .67imv. (77)

This gives a Ty of 0.021, which is a signal reduction of -16.78
dB. As a comparison to experimental results, the average value

of Ty calculated from Table IV is

The difference in the two values can be attributed to the lossy
mixing rod described previously.

d) Star Coupler (SC-4)

This design for a star coupler employs a solid quartz
mixing rod which has been coated on one end and on its sides
with a reflective material. The input/output fibers are butted
against the opposite end and the unit is held together with
heat-shrink tubing (Fig. 23). The following materials were
used in its fabrication:

a) 7 fibers: DuPont PFX plastic, NAg = 0.18mm
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quartz rod heat-sﬁrink tubing

2 ek g NG é%gg::ﬂ t2
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Fig. 23. Diagram of star cou-
pler with solid mixing recd

b) Mixing rod: solid quartz rod, D = 1.3mm, L = 5mm,
n=1.5
c) Reflective coating: silvering solution (Ref 13:407-
409)
d) Heat-shrink tubing: inner diameter = 1.6mm, length
= 10mm
Design parameters were again obtained from equation (32),
which gives a diameter-to-length ratio using the materials

above of

2(0.53)
[(1.5)2 - (0-53)2]%

For a diameter of 1.3mm, the resulting minimum length for the

= 0.76 . (79)

Hio

mixing rod would be

& 1.3mm

o e

= 1.7imm . (80)

Due to the glass working problems of handling such a small de-
vice, the length was chosen to be a managable 5mm. After the
rod was cut to length, its ends were fire-polished to make them

optically transparent (Fig. 24).
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Fig. 24. Microscopic photo-
graph of mixing rod for SC-4

Actual fabrication began by inserting the quartz rod 3mm
into the heat-shrink tubing, thus keeping 2mm of the rod ex-
posed. The seven.fibers were then inserted in the other end
of the tubing until they contacted the mixing rod. The tubing
was then heated, securing the fibers and rod into one unit.
The exposed section of quartz rod was then dipped into the
silvering solution for twenty minutes, such that a uniform
reflective coating was deposited on the quartz. The silvering
solution had been made earler using the following materials:

a) 2.380z cane sugar

b) 3.0ml nitric acid

c) 500ml distilled water

d) 5.0gm silver nitrate

e) 2.5gm potassium hydroxide

f) 15.0ml ammonium hydroxide
Preparation and mixing of these chemicals is described in Ref

131408,
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The foliowing procedure was used in evaluating the .ef-

ficiency of SC-4:

a) Using the same set-up as that for SC-3, the coupler

was placed such that the end of fiber #1 was located

at the focal point of lens #3.

b) The laser was turned on and observationsrof the cou-

pler under excitation were made.

¢) The detector was placed approximately imm in front

of each of the other fiber ends, in turn, and the

corresponding outputs were recorded.

d) The above procedure was repeated six times, each

time using a different fiber as the input fiber.

The data obtained is summarized

in Table V. The input

fiber signal was measured as described on page .

Table V

Data from Star Coupler SC-4

Input Output Output, mV Tx Lx
Fiber Fiber (Peak-to-Peak)
1 2 0.16 .005 (-23.0 dB)
E 0.08 .003 (-26.0 dB)
0.24 .008 (-21.2 dB) -16.13 dB
5 0.20 .006 (-22.0 dB)
6 0.04 .001 (-29.0 dB)
7 0.06 . 002 (-27.0 dB)
2 1 0.16 .005 (-23.0 dB)
2 0.08 .003 (-26.0 dB)
0.20 006 (-22.0 dB) -16.9 dB
5 0.10 .003 (-25.1 dB)
6 0.08 .003 (-26.0 dB)
7 0.04 .001 (-29.0 dB)
(continued on next page)
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Table V
(continued)

Input Output Output, mV Ty Ly
Fiber Fiber (Peak-to-Peak)
3 1 0.08 .003 (-26.0 4B)
2 0.08 .003 (-26.0 dB)
L 0.20 .006 (-22.0 dB) -17.3 dB
5 0.12 .004 (-23.9 dB)
6 0.08 .003 (-26.0 dB)
7 0.04 .001 (-29.0 dB)
L 1 0.24 .008 (-20.9 dB) ;
2 0.20 .006 (-22.0 dB) ‘
3 0.12 .004 (-23.9 dB) -15.1 dB
6 0.14 004 (-23.6 dB)
7 0,08 .003 (-26.0 dB)
L 1 0.10 .003 (-25.1 dB)
2 0.02 .001 (-32.0 dB)
3 0.04 .001 (-29.0 dB) -19.7 dB
0.16 .005 (-23.0 dB)
6 0.02 .001 (-32.0 dB)
7 not measurable
6 1 not measurable
2 0.02 .001 (-32.0 dB) ‘
2 not measurable -26.0 dB :
0.06 .002 (-27.3 dB)
5 not measurable
7 not measurable
7 1 0.02 .001 (-32.0 dB)
2 0.02 .001 (-32.0 dB)
2 0.02 .001 (-32.0 dB) -25.1 dB
0.04 .001 (-29.0 dB)
5 not measurable
6 not measurable

Input fiber signal: 32mV (obtained by recording the .
output of a single fiber when excited by the laser).

Table V indicates that for SC-4, coupling was achieved,
although it was not very efficient. When observing the cou-
pler under excitation, it was noted that some light was escap-
ing the mixing rod, from both the silvered surface and the in-

put side of the rod. The former observation indicated that
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{ the silvering process did not cover the quartz rod uniformly,
while the latter was a reflection off the fiber/mixing rod
interface.

A loss analysis similar to that involving SC-3 can now be

made for SC-4, again following the input signal as it traverses

the coupler. The first interface encountered by the signal as
it leaves the input fiber is that of the quartz rod. Using

equation (42) with n = g%, ny = the index of air =1, and np =
the index of the rod = 1.5, the reflectivity, Ty at this sur- ]

face is

e E i (81)

r1=(n+1

The signal then encounters the silvered end of the mixing rod, 3

which has a reflectivity at 6328%, rp, of (Ref 17:568)
Py = 0.95 . (82)

Next, after traveling back through the rod, the packing fraction

loss given by equation (43) is then considered. Since the
quartz rod has a radius of 0.65mm and the fibers have core

radii of 0.18mm, the packing fraction is then

L = 0.54 . (83)

p.f.

Now, because the output of a single fiber is desired, another
reduction in the signal by % = 0.143 must be included. The
last.two losses occur at the ends of the output fiber. These
are reflective losses and equation (42) applies. The first of
these is the quartz/fiber boundary ﬁith ng = 1.5 and ny = 1.49

which, because of the similarity in index, gives a negligible

-




loss. The second boundary is the fiber/air one, where ng =
1.49 and np = 1.0. Substitution into equation (42) gives a

reflectivity, r3, of

ry = 0.0k ' .(84)

Combining the above losses with the input, V jn, yiélds an out-

put value, Vout, of
Vout =Vin(1l - r1)(r2)(Lp,£,)(0.143)(1 - r3). (85)
Substituting the values obtained above,
vout.= 32mV (.96)(.95)(.54)(.143)(.96) = 2.16mV. (86)

This output gives a Ty of 0.068, which is a signal reduction
of -11.71 dB. As a éomparison to experimental results, the

average value of Ty calculated from Table V is
T*(aVe) = 00003 = "2552 dB . (8?)

Other than the observed light losses mentioned earlier, the

primary reason for such a large difference between predicted
and actual performance may lie in the fiber/mixing rod inter-

face. It can be seen from the photograph of the rod (Fig. 24)

that the ends are slightly rounded (most likely due to fire

polishing). This surface shape could cause much of the light

from the fibers néar the outside edge of the rod to be reflected
off at an angle, thus significantly reducing the'coupler's ef-

fectiveness. In addition, the ends of the fibers were not

E perfectly flat, a factor which would also effect the signal's

transfer from the input fiber to the mixing rod. In order for
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the design to be feasible, then, improved techniques of cutting
and polishing are required for both the fibers and the mixing
rod. 4

e) Star Couplers (SC-5, SC-6)

The next design investigated for this experiment was a
seven port star coupler fabricated by thermally fusing the

fibers to themselves, forming a mixing rod (Fig. 25). Due to

C s 1

2

: < %
fused fiber — 4
mixing rod c 2
z g

Fig. 25. Schematic of
fused fiber star coupler

time constraints and available materials, fabrication was
done on a purely qualative basis, employing no specific design
criteria. However, the mixing rod design equation (22) could
be used, defining the fiber/mixing rod interface as that point
where the fibers are no longer individuals, but fused into a
solid rod (Fig. 25).

The equipment used in fabrication was the following:

a) 7 fivers (SC-5): ITT PS-08-10

b) 7 fibers (SC-6): Corning glass

¢) 2 glass cylinders, the inside diameters of which

approximately matched the cross-sectional diameter

of seven fibers. The length of each cylinder was Ucm.
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d) Polyurethane epoxy remover: Spec. MIL-R-81294A

e) Oxygen fed torch

The procedure used in fabrication was the following:

a) The plastic coating on the ITT fibers was stripped off
after letting them éoak in the epoxy remover for a
period of ten minutes. Since the mixing rod in this
device requires that the light-carrying fiber cores
be in contact, the thin cladding on each fiber was
also removed. Since the cladding was plastic and
the core was glass, this was done by burning. Al-
though this method seemed to make the fibers more
brittle, other attempts using chemical étrippers were
unsuccessful. Removal of the cladding on the Corning
fibers was also accomplished by burning. Both sets

of fibers were then cleaned using methanol and dis-

tilled water.

b) Each set of seven fibers was then inserted into
separate glass cylinders in preparation for fusion.
Preliminary tests which consisted of holding the
fibers directly over the torch indicated that the
fibers were too thin for this method of fusing.
Therefore, by placing the fibers inside the glasé

Z tubing, the whole unit could then be held in the
flame, the individual fibers being protected by

1 the sheath of glass.

i ¢) Each unit of seven fibers surrounded by the glass

tubing was then held in the torch flame until the

T

fibers were observed to melt into each other. A
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microscopic photograph of each mixing rod was taken

and can be seen in Fig. 26 and Fig. 27.

Fig. 26. Photograph
of SC-5: ITT fibers

Fig. 27. Photograph of
SC-6: Corning fibers

Qualitative testing of both couplers was done by placing
them in the experimental set-up and focusing the laser beam
at the end of the mixing rod. Observation of the individual
fibers' ends revealed very little or no transmission of the
light. The couplers were turned around and the beam was focused
on each end of the fibers, in turn. Observation of the mixing
rod indicated that some of the fibers allowed the light to
reach the end of the rod, while others appeared to have broken

off near the front of the rod. This most likely occured during
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the heating process. Another problem encountered during heat-
ing was the deformation by melting of the rod after the fibers
had been fused. Since the rod was then not perfectly straight,
light entering the rod would not be totally contained in it,
but rather escape at the bends. Because of the poor observa-
tions made on these two fusion attempts, no further develop-

ment of them into star couplers was made.

ITT Fused Star Coupler Evaluation

The final coupler tested employed a set of seven fibers
which had been thermally fused for a given length by ITT. The
design is similar to that attempted in the previous section
except that the fiber cores had been heated directly (no glass
tubing was used) By a small, hydrogen fedltorch. When placed
in the experimental set-up, a silver coated mirror was placed
ad jacent to the end of the fused section, making a crude star

coupler (Fig. 28). The fibers used were ITT PS-08-10.

fused fused

fibers meta} fibers
] covering

exposed exposed

| e V///////

frle—s55mm  —fe— 50mm  —>4 " | ?
2mm

~J o
OV

Fig. 28. Star coupler made
from ITT fused fibers i

The procedure used for coupling efficiency evaluation was

as follows:

a) The coupler was placed in the experimental set-up
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such that the end of fiber #1 was at the focal point
of lens #3.

b) The laser was turned on and observations of the cou-
Pler under excitation were made.

c) The detector was placed approximately imm in front
of each of the other fibers' ends, in turn, and the
corresponding outputs were recorded.

d) The above procedure was repeated six times, each
time using a different fiber as the input fiber.

. e) The coupler was removed from the set-up and replaced
by a single ITT PS-08-10 fiber such that one end was |
at the focal point of lens #3. |

f) With the laser on, the output from the other end

of the fiber was measured, thus providing an input

reference signal from which Ty and Ly could be cal-
culated.

Results of the evaluation are summarized in Table VI.

Table VI

Data from ITT Fused Fiber Star Coupler

; Input Output Output, mV Ty Ly

’ Fiber Fiber (Peak-to-Peak)

; 1 2 0.20 013 (-19.0 dB)

: Z 0.12 .008 (-20.9 dB)

f 0.12 .008 (-20.9 ¢B) -13.23 dB
] 5 0.10 .006 (-22.0 dB)

, 6 0.12 .008 (-20.9 dB)

f 7 0.10 .006 (-22.0 daB)

(continued on next page)
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better than previous designs. Note also that the outputs were
fairly uniform for a given input fiber. This indicates that

by proper fusion of the fibers, a better mixing rod (in terms

of uniform distribution of the signal) is obtained. Observation
of the coupler under excitation revealed some light loss at the
mixing rod/mirror interface. Improved transmission factors
might be obtained if the entire mixing rod was reflectively
coated.

A loss analysis for this coupler can be made, similar to
that done for SC-3 and SC-4. However, because of the fused
nature of this device, the only reflective interfaces to be
considered are the mirrored surface and the output fiber/air
boundary. In addition, the packing fraction loss is approx-
imately 1.0 (0.0 dB), since the combined cross-sectional areas
of the fibers form the cross-sectional area of the mixing rod.
Therefore, taking the reflectivity of the mirror to be 0.95,
the index of the fiber cores to be n = 1.46, and remembering
the % = 0.143 reduction at the mixing rod/fiber interface, the

output expected from one fiber giﬁen an input of 16mV is
Vout = (16mV)(.95)(.143)(.96) = 2.087nV . (88)

This output gives a T, of 0.130, which is a signal reduction
of -8.85 dB. As a comparison to experimental results, the

average value of T, calculated from Table VI is
T* = 00010 = "20.0 dB . (89)

The difference in the two values can be attributed to the losses

observed at the mirror.
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SUMMARY, CONCLUSION, AND RECCMMENDATION

Discussions found in the foregoing sections have dealt
with the design and evaluation of coupiers for a fiber optic
data transmission system. Following a brief summary of theo-
retical approach to waveguide energy propagation and a look

at the design parameters involving fiber optic couplers, ex-

perimental concentration was centered on single strand, step
index, multimode fibers. Experience in working with coupler

. operation and efficiency measurement was gained by the eval-

! uation of two available couplers, thé Hughes Laboratories
single fiber tee coupler and the Spectronics, Inc. fiber bundle
t star coupler.

Fabrication of devices specifically for this project
began with two directional couplers and one tee coupler, all i
formed by employing glass pulling techniques in conjunction |
with solid quartz mixing rods. Results of this effort were |
not substantial.

Because of the inherent advantages of a single star cou-
pler over several tee couplers in a short range data bus sys-
tem (centralized location and less reflective losses at each
terminal), the main emphasis was then shifted toward various

star coupler designs. The primary element for design consider-

ation was the mixing rod, and this project dealt with three
different types: a transparent cement-filled tube, a solid

quartz rod, and fiber fusion.

The two basic evaluation parameters used in comparing the

above-mentioned designs are the transmission factor (Ty), defined

-




by equation (58), and the insertion loss (L.), defined by equa-
tion (59). Table VII provides a summary of these two parameters
for each of the three designs, listing both the predicted value
and the experimentally measured value. The latter is the av-

erage of that which was actually measured for each device.

Table VII

Comparison between Star Couplers

Sosprer pred?gted m2§§3¥§3 pred?gted m22é3¥§3
-3 e, (502 an)  -9-00 a5 -12.83 dB
it (-1i???aa) (-52?3. R o
Hue? (8782 am) (<500 ap)  -1-06 dB -12.35 dB

Looking only at the experimentally measured results,
Table VII shows that SC-3 and the fused fiber coupler had sim-
ilar efficiencies; while the performance of SC-4 was not as
good. It is interesting to note, however, that the predicted
values indicate a different situation. These figures indicate
that SC-4 should perform better than SC-3. The reason for this
discrepancy probably lies in the fabrication techniques used
in coupler construction. As discussed in the experimental
section, the fibef/mixing rod interface is critical in the
production of reflective losses. Whereas SC-3 wés made such
that the fibers contacted an initially liquid cement, the SC-4
fibers were merely held against a solid quartz rod by way of

heat-shrink tubing. Because the fiber ends and the end of the
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mixing rod were not perfectly flat at their junction. the latter

design allowed more reflective losses. Perhaps an index match-
ing cement sealing the fibers and mixing rod to each other
would have improved the performance of SC-4.

The predicted values for the fused fiber star coupler in-
dicate that a very good coupling efficiency is possible. In
fact, primarily because of the elimination of reflective and
packing fraction losses at the fiber/mixing rod interface, the
fused fiber design could approach an optimum coupling efficiency.
The main source of internal loss for this case lies in the

mirror surface absorption and, for the experiment described

on page 61, the primary external loss of energy occured at the
Junction of the mixing rod and mirror. A better method of
fabrication would involve coating the mixing rod with a highly
reflective surface, thus eliminating the majority of these
losses.

Results of this project, then, enable the recommendation
of a single-strand, multimode fiber star coupler whose mixing
rod is formed by fusion of the individual fibers and which is
coated with a substance that provides maximum reflectivity in

the region of the signal's wavelength.

SO,
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Appendix

DETECTOR LINEARITY MEASUREMENT

In order to determine the variation of voltage detected

with the amount of power reaching the detector, the following

equipment was used:

a)
b)
c)
a)
e)

HeNe laser: Spectra Physics (power measured to be 1.4mW)
Chopper: Bulova 150Hz

Neutral density filters: Optics Technology, Inc.
Detector: HP p-i-n photodiode, 5082-4205

Oscilloscope: Tektronix type 555

The set-up used is indicated in Fig. 29. Various combinations

o | |

neutral
density
-chopper filters detector

| By

i(- 50n->'.<— 26cm —)k___ 30cm _).

‘Fig. 29. Set-up for detector linearity measurement

of the neutral density filters were placed in the beam path

and the output from the detector was read from the oscilloscope.

The data obtained is recorded in Table VIII. Since the neutral

density filters are such that #1 allows 10% transmission of

power, #2 allows 1% transmission of power, #3 allows 0.1%

transmission of power, and #4 allows 0.01% transmission of

power, the graph in Fig. 30 of measured voltage versus percent

of power transmission was drawn. This plot indicates that the

voltage measured by the detector, Vp, is linear with the power,
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Table VIII

Detector Output for Neutral Density Filters

Neutral Density Output, mV
A (Peak-to-Peak)
i 5600.0
2 L4o.o0
2+1 47.0
L L.o

P, it receives, i.e.

¥ & KBy _ (90)

where K is some constant of proportionality. Such a relation
allows the valid use of equations (45) and (59), i.e., dB
values can be calculated directly from the detector output

as power ratios:

aB = 10 log{gd) . (91)
power 2
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