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(Abstract)

A novel coupler measurement station and technique for manufacturing fused biconical
tapered multi-port multimode couplers with improved uniformity among ports is
presented. Improvement in the uniformity of the couplers is achieved by diffusion of the
minimum taper region of the coupler. The phenomenon of dopant transport from the core
to the cladding (or from the cladding to the core) at high temperatures is known as
diffusion. Diffusion of a germanium-doped core results in the germanium dopants
migrating from the core into the cladding thus increasing the effective diameter of the core
which is accompanied by a decrease in the refractive index. The cores of individual fibers
in the minimum taper region are a few micrometers apart. Diffusion thus results in a
minimum taper region that has approximately uniform refractive index leading to better

uniformity among ports.

The experimental setup and results of diffusion tests on multimode fiber with different

core/cladding ratios are presented. A coupler station that is capable of making bi-



directional measurements of the coupler is demonstrated successfully. The coupler station
also enables a user to dynamically monitor the ports of the coupler during manufacture,

and can be adapted to manufacture star couplers ranging in size from two to sixteen fibers.
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1.0 Introduction

The need for transporting diverse information over local area networks (LANSs) has fueled
the rapid development of high bandwidth technologies and as a result optical fibers are
being increasingly used in communication systems. The development of low cost, low loss
optical fiber has led to the use of fiber optic systems as the preferred medium of
communication systems. Optical fiber has a greater information carrying capacity over
longer distances at costs lower than the conventional copper wire transmission systems.
Optical fibers are also used in point to point communication systems in addition to local

area networks with complex topologies such as star, ring, bus etc.
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Optical fiber LAN’s are being accepted as the technology for optical point-to-point data
transmission [1-4]. Optical fibers are also being installed in long-haul, short-haul
communication systems, broadcast networks etc.. Future broadband integrated service
digital network (B-ISDN) systems require interconnection of the existing fiber optic local
area networks [5]. Interconnection of these networks can be achieved by two means
either active or passive interconnection. A passive interconnection is one in which light is
split or combined without being converted into the electrical domain and is achieved
through devices such as star couplers, T coupler, and other coupler devices. Passive
interconnection of networks is more desirable compared to active interconnection because

it is superior in reliability and lower in cost [6].

Often for LAN applications, the signai must be split to several subscribers, or signals from
several lines have to be combined onto a single main line, or the fiber has to be used as a
bi-directional transmission medium. These operations can be performed on the optical
signal without conversion of the optical signal to electrical signal, by passive optical
devices such as optical couplers. Applications such as splitting or combining optical
signals, linking several transmitters and receivers together or bi-directional transmission of

information over one fiber, use fiber optic couplers.

Fiber optic star couplers are an essential component in various network topologies where
a signal has to be divided among several subscribers within a loop. An ideal star coupler is

one in which the signal on a particular arm is distributed equally among all ports. There
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are several methods for manufacturing star couplers but the most widely used technique
for manufacturing star couplers is the Fused Biconical Tapered (FBT) technique. FBT has
emerged as the most reliable and convenient technique for manufacture of couplers
because it is suitable for mass production of environmentally stable couplers. Moreover
FBT coupler manufacturing technique can be adapted to suite a wide range of applications
and specifications relatively easily. The most important drawback of these multimode
FBT couplers is that the port-to-port variations are very large because of the modal
dependency of the manufacturing technique. Distributed optical uniformity is important
for star couplers to enable the use of narrow dynamic range receivers which are generally

less expensive than wide dynamic range receivers.

The objective of this thesis is to develop less complex methods for manufacture of low
loss, high uniformity fiber optic couplers. Results are obtained from couplers
manufactured on a coupler station developed as a part of this thesis. Chapter 2 briefly
describes the theory of multimode fibers and the variation of bound power in the core of
the fiber with changes in radius. Chapter 3 discusses the diffusion phenomenon in fibers.
Chapter 4 includes details of the coupler station developed to conduct diffusion tests on
multimode multiport couplers. The results of the diffusion tests are presented in Chapter

5. Conclusions and future work are discussed in Chapter 6.
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1.1 Couplers

Fiber optic coupler is a passive multiport device that combines or distributes optical
power. Couplers are used extensively in optical fiber based communication systems.
Fiber optic couplers can be divided into four groups according to their characteristics [7].

« Three-Port Couplers

« Star Couplers

« Wavelength Division Multiplexers(WDM:s)

« Integrated optic couplers

1.1.1 Three-Port Couplers

Three port couplers or "Y' couplers are couplers in which light from one port is split
among two output ports. These couplers are also known as 'T' couplers if one arm of the
coupler splits only a small amount of light. These couplers are used for bus networks in
optical LAN systems to split the signal to individual nodes. Three port couplers are
manufactured by several different methods. The offset method, shown in Figure 1a, uses
an "overlapping" of the endfaces. The light from the input waveguide is distributed into
the output waveguide depending on the degree of overlap of the fibers. Couplers
manufactured by this method incorporate step-index fibers and have a high excess loss
because all light in the outgoing fiber is not coupled into the other fibers. Bi-directional

couplers can be fabricated using this method. The semi-transparent-mirror method, shown
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in Figure 1b, incorporates an angled surface, which is partially reflective placed in the
propagation path of the main fiber. The reflected light is collected by the other arm of the
three port coupler. Optical power in the input port is coupled into the output port . The
amount of power coupled into either of the ports depends on the thickness of the semi-

transparent mirror.

Another method of manufacturing the three port couplers is by the Fused Biconical Taper
(FBT) technique. Two fibers are twisted and then heated in the middle until they fuse
together as shown in Figure 1c. The FBT method is the most common method of

manufacturing couplers.

1.1.2 Star Couplers

Star couplers are used to divide the light from a single port to multiple ports. Star
couplers that distribute optical signals simultaneously to many nodes, are required in
optical data bus systems using duplex transmission. They are designed to be used in
multiple access networks and broadcast applications. There are four types of
manufacturing technologies for star couplers, mixer rod, etching, polishing and fused
biconical taper approaches [8-11]. Mixer rod couplers use end-fire coupling while the

etching, polishing, and fused biconical tapered couplers use mode coupling.
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Figure 1a. Three port coupler manufactured by the offset method.
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Figure 1b. Three port coupler made by the semi-transparent method.
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Figure 1c. Three port coupler made by fused biconical taper method.
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A mixer rod star coupler uses multi-reflection technique to obtain power distribution
among ports [12]. The mixer rod method has a thin mixer plate made of quartz glass to
ensure that light coming out of any fiber is divided equally among all the output ports.
The thickness of the mixer plate is equal to the thickness of the fiber and the width of the
mixer plate is the sum of the dimensions of the fiber that makes up the coupler. Two types
of couplers are made using this principle mixer rod, transmissive star and mixer rod

reflective star.

Couplers are made by the etching approach by twisting the fibers that make up the
coupler, and etching the cladding with hydrofluoric acid until the desired coupling takes
place. In the polishing approach, cladding of the fibers is polished for a length of 2 mm
until the desired coupling takes place. In the fused biconical tapered coupler process, the
fibers are twisted, heated and pulled. The resultant fused section provides the coupling.
The fused biconical tapered method relies upon the coupling of the higher order
propagation modes into the other fibers and is thus highly mode dependent. This modal
dependence results in high port-to-port variations when compared to couplers made by

mixer rod principle.
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1.1.3 Wavelength Division Multiplexing Couplers

Wavelength Division Multiplexing (WDM) couplers are used in wide band and integrated
services transmission systems to improve transmission capacity of an optical fiber cable.
These type of couplers are made by either diffraction gratings or dichroic filters [8]. The
diffraction grating couplers have a grating on a graded index lens at the opposite end of a
coupler as shown in Figure 2a. The light from the fiber is incident on the grating and each
wavelength is reflected at a different angle. This light is coupled into particular fibers
which are placed at appropriate angles to the grating. In the dichroic filter process the
fibers are inserted in v-grooves in a glass block and are polished at an angle. The filter
metals are directly coated onto the endface eliminating the need for a lens, thus decreasing

the excess loss.

1.1.4 Integrated Optic Couplers

Integrated optic couplers employ waveguides to achieve power transfer rather than optical
fibers. These couplers are made in two configurations: multi-layer planar structure and
dual side-by-side channel waveguides. Coupling between the two waveguides is caused
by optical tunneling. The waveguide technique results in optical interfaces within the
coupler that could produce reflections. These interfaces result in long term reliability

problems, due to the misalignment between the substrate and optical fiber.
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1.2 Fused Biconical Tapered Couplers

There are several methods for manufacturing couplers as listed in section the 1.1.
However with an increase in the demand for passive fiber optic couplers fused biconical
tapered technique has emerged as the most reliable technique. The widespread use of the
fused biconical tapered technique can be attributed to the fact thaf it is a convenient
method of manufacturing couplers and suitable for mass production of environmentally
stable couplers. Moreover fused biconical tapered technique can be adapted to a wide
range of applications and specifications relatively easily. FBT couplers of up to 100 ports

have been manufactured in the past [4].

The couplers are manufactured by twisting a bundle of fibers depending on the port count
as shown in the Figure 2b. The twisted bundle is then heated to very high temperatures
and tapered by applying axial tension on the bundle. The tapering of the bundle reduces
the radius of the individual fibers and the core itself, thus reducing the normalized

frequency number of the fiber. The normalized frequency of the fiber is given by

V= ZTMNA, (1.5)

where NA is the numerical aperture, ‘a’ is the radius of the core, and ‘A’ is the wavelength
of operation. The number of bound modes traveling in the core of a step-index fiber is

given by
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Figure 2a. Diffraction grating coupler with grating on a graded index lens.
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Figure 2b. A fused biconical tapered coupler.
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eV (1.6)
-

Since the number of bound modes traveling in the core is directly proportional to the
normalized frequency number (V-number) of the fiber, the total number of bound modes
in the core decreases with a decrease in core radius. The higher-order modes are no
longer supported in the core, thus enabling power transfer into the other fibers. The
tapering thus serves two purposes, that of reducing the distance between the cores,

allowing for greater coupling and reducing the power guided in the throughput core.
1.3 Coupler Parameters

The parameters describing the optical couplers are described below. The transmission
efficiency is the ratio of the total amount of output power in all ports to the total amount

of input power.

21 (1.1)

where 7 is the efficiency of coupling

2 0;is the sum of the power in the output ports’, and
J

2.1; is the input power in the throughput port before coupling.
J

1.0 Introduction 11



The fraction of power lost can be expressed in terms of efficiency of coupling

A=1-n, (1.2)
which is used to find out the excess loss of the device.

L = -10log n, (1.3)
where A is the fraction of power lost and L is the excess loss. The uniformity of the
coupler is given by

Uniformity = IL,, —IL ;. (1.4)

where IL is the insertion loss of the coupler given by 10log(Pow/Pin).

1.4 Uniformity improvement techniques

The fusing and tapering of fibers in the fused biconical tapered technique however does
not remove all of the guided power from the input core. The throughput fiber has about
50% more power propagating in the core after the coupler is manufactured when
compared to the other cores because the lower-order modes are still confined to the core.
For a one hundred port star coupler low excess loss was achieved but uniformity variation
was 8 dB [4]. This non-uniformity among ports is a problem that has to be overcome in

order to efficiently distribute optical power.

The one obvious problem of the fused biconical tapered couplers is that the port-to-port
variations are very large because of their modal dependency. For star couplers, distributed

optical power uniformity is important to enable using narrow dynamic range receivers,
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which are usually cheaper than wide range receivers. Various methods have been
demonstrated in the past in order to decrease the modal dependency of the couplers.
Murphy [13,14] demonstrated the improvement in the uniformity of the multimode
couplers by modifying the minimum taper region. Three modifications described below

are aimed at decreasing the bound power in the throughput core.

1) Push-pull method.
In this method the fibers are fused and tapered to form the minimum taper region. The
minimum taper is then pushed together to form a ball in the taper as shown in Figure 3,
and then pulled apart. The push-pull technique helps in improving the uniformity of the

coupler by reducing the bound power in the throughput core.

2) Score and break method.
The coupler is cleaved at the minimum taper region. The two halves of the coupler are
then aligned and fused together. This method misaligns the core of the throughput fiber,

so that the throughput core is no longer the core with the maximum power.

3) S-Bend method.
This modification involves the forming of a s-bend in the minimum taper region by pushing
the coupler tapering stage together after the minimum taper region is formed as shown in
Figure 4. This s-bend causes losses in the throughput core which is then coupled into the

other fiber cores.
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Another form of improving uniformity of multimode multiport couplers is by the mixer rod
method [10]. The fibers are fused and cleaved in the middle of the minimum taper region
and a grin lens is placed in between the two sections of the coupler as shown in Figure 5.
The light traveling in the injected port travels as cladding and core modes in the
contracting taper and as the radius of the core decreases along the taper, modes confined
in the core are converted to cladding modes. The converted modes are mixed in the
contracting taper and the mixer rod and reconverted in the expanding taper. The light in
the mixer rod is redistributed evenly into all ports. The non-converted modes are mixed in
the mixer rod and coupled into the expanding taper as both core and cladding modes in all
ports of the coupler. The cladding modes are coupled into the other fibers as they

propagate in the expanding taper.
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Figure 3. Push-pull method for improvement of uniformity (from Murphy [14]).
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Figure 4. The s-Bend method for improvement of uniformity of couplers (from Murphy

[14]).
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Mixer rod

Figure 5. The mixer rod method for uniformity improvement (from Ohshima [10]).
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2.0 Theory

The analysis of graded-index multimode fibers using the ray approach, power coupled into
the core and cladding of the fiber, and distribution of the power in the core and cladding as
the fiber is tapered are discussed in this chapter. The ray equations of motion for general
graded-index fibers are described. The ray equations are solved to obtain ray paths and

the eigenvalue equation for parabolic profile.

A typical optical fiber has a high refractive index (RI) core surrounded by a cladding of
lower refractive index. There are various refractive index profiles (RIP) such as are step-
index, graded-index profile, W-clad profile, and others as shown in Figure 6. The step-

index fiber has a profile in which the RI of the core is uniform, and the cladding RI is
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lower than the RI of the core. The graded-index fiber has a RI in the core that decreases
from a maximum in the core to a constant at the core-cladding interface. The power law

relationship is used to construct the refractive index variation in the core. The variation of

L2
nry "1!1 ' ZA&) }] @.1)

nl(1_A)1/2

the refractive index in the multimode fiber with the radius for different power law profiles

is shown in Figure 7 [15].

The profile of the core has an effect on the distribution of the power guided in the core
and on the overall loss encountered in the fiber. The propagation constants of the various
modes traveling in the fiber are dependent on the profile of the core. The parabolic profile
of the fiber nearly equalizes the group velocities of the propagating modes. In analyzing
multimode fibers we make the following assumptions:
i) The index profile is circular symmetric.
ii) The core diameter measures hundredths of wavelengths and so a great number
of modes can propagate.
iii) Index variations within the distance of a wavelength are negligible and the
geometric optics apply.
iv) An ideal case of uniform loss, absence of coupling, and simultaneous excitation

of all propagating modes at the input.
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Figure 6b. Refractive index profile of graded-index fiber.
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Figure 7. Variation of refractive index profile of the fiber for various 'a' profiles (from G.

Keiser [15]).

2.0 Theory 21



2.1 Ray Analysis of Multimode Fibers
Consider the scalar wave equation
Ay + kKn*(r)y = 0, 2.2)
where
k is wave number,
n(r) is the refractive index, and
w is the transverse field component.
For very small wavelengths, i.e. large 'k’ solutions for ¥ are of the form

w(r, 0, 2) = y,(r, 6, z) %3, (2.3)
where ¥, and s are assumed slowly varying over a wavelength of radiation. Substituting
Equation (2.3) into Equation(2.2) we get an expression that has a k? term, which becomes
the dominant expression for small wavelengths. The resultant expression is:

(Vs)* = n(r), 24
which is known as the Eikonal equation [16]. This equation determines the propagation in
the geometrical optics application since the surfaces S(y,0,z)=const. are the phase fronts.
Following Adams [16] let 's' be the distance along the ray path to the point 'r', then the unit

vector

dr (2.5)
ds

>
Il
|
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is tangential to the ray and normal to the phase fronts. We also obtain a vector
perpendicular to the phase fronts by taking the gradient of 'S' and from Equation (2.4) we

get vector v = Vs of length ‘n’ which is,

n-d—r = Vs, (2.6)
ds
Differentiating both sides of equation (2.6) with respect to 's' and simplifying yields:
ds\ ds/ 2n
Hence the ray equation that defines the path taken by the ray in the core is:
d ( drj _ (2.8)
ds\"ds) ~ va.

The eigenvalue equation can be obtained by writing the ray equation in cylindrical polar
co-ordinates and simplifying. Writing the above equation in cylindrical polar co-ordinates,

and since 'n' is a function of 'r' only the above equation reduces to

d n(ﬁ} +r%% 4 E’z) = 921', (2.9)
ds ds ds ds dr

where T, 6, z are unit vectors in the r, 8, z direction respectively. Equating the 'z’

component on both sides of the equation we get:

o]

W ~ (2.10)
n(r) g5 - constant = B (assume).

Figure 8 shows the ray components in a graded-index fiber that enables us to calculate the

ray invariant B in terms of refractive index [16].
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From Figure 8 it can be seen that ‘)’ is the angle between the z axis and the ray direction.

Substituting this relationship into Equation (2.10) we get

B = n(r) cosy . (2.11)
Equation (2.11) can be written as
4 _Ba 2.12)
ds ndz

The Eqn. (2.10) becomes

Bla
&|&
N
R
i

|

n dn. (2.13)
——T.

p dr

The derivatives with respect to 'z’ of unit vectors T, 8, z should be known to solve the

above equation for . fand 6 can be written in terms of i and j, cartesian unit vectors,

cosfi + sin0 j
-sinBi + cosfj.

Dor=»

(2.14)

Differentiating Eqn.(2.14) with respect to 'z' and substituting the resulting expression into
Eqn.(2.12) we get

ndn.

ndn. (2.15)
B dr

fE+2700 +r66 -1t

By separating the r and ® components in Equation (2.15) and integrating the 6 component

we obtain the second ray invariant:

rzé = const. =

™|,

(assume).

(2.16)
From Figure 8 above we have
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Figure 8. Ray components in a graded-index fiber (from Adams [16]).
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dn 2.17)

A differential equation for the ray trajectory can be obtained by substituting Equation

(2.17) into Eqn. (2.15)
_ [Ia]?- 1 1 dn2 (2.18)
r-{iil=| —m= = — —]»
B)  2p% o
where 1 and B are the constants of motion. Integrating Equation (2.18) with respect to 'r'

we get

2 2 (2.19)
U =
r

where c is a constant of integration. The constant ‘c’ can be solved for by observing from

Figure 8 that

dr = ds siny sin¢

= dz tany sin¢ (2.20)

Solving Equations (2.17), (2.11) and (2.19) we obtain a value for ¢, which is -1. Equation

a1}, __2_a_T *
E;—ﬁ:[n(r) / (’” @2.21)

Combining Eqns. (2.21) and (2.16) we get:

(2.19) can be written as
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- ~a? (2.22)
6 al[ _ (a
—=—n2(r)-ﬂ2-[—]]
dr

2
r r

The ray invariants B and [ can be written in terms of modal components.

{3 - l% , (2.23)
| = x
Thus Equation (2.22) can be written in terms of modal components,
(2.24)

172
o 1 {5, , (1Y
E'}E[k“(’)'ﬁ'(?)]'

The Equations (2.22) and (2.24) can be used to calculate the ray paths in graded-index

fibers. We define

2 2.25
qz - kznz(r) - ,32 _ (_l_] ( )

yE
The function 'q' has zeros at radii r{ and rp which are known as the caustic radii, and
which define the inner and outer caustics. For a bound ray the projection of the ray path
on the (r,0) plane remains in between the caustic surfaces as shown in Figure 9 [16].

The radii of the caustic surfaces can be obtained by solving Eqn.(2.25), and are given by:

2

g u? + (u4 - 4v212)1/2

a 2v2

(2.26)

The eigenvalue equation can be obtained by geometric optics derivation. Following Gloge

and Marcatili [18] the ray traveling in the core experiences a phase change every time it
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changes direction. The total transverse phase change in one ray period should be an

integral multiple of 2x:

3 (2.27)
2Iq dr-6-6,=2Nx(N=0,1,2.),

where 81 and &, are phase shifts suffered by the ray at the caustic surfaces and 61= 8o=

n/2. The Eigenvalue equation thus becomes [16]:

7 2} 2.28
I[kznz(r)-ﬂz- l—zj dr=[N+ %}z (N=01,2 .). @28

r

By solving the above Eigenvalue integral with the integration limits from Eqn.(2.26) [16]
we obtain:

u? = 2v(2N + | +1), (2.29)
where N=0,1,2,.. and | = 0,1,2,... The total number of modes propagating in the core of
the graded-index fiber can be estimated from the above equation. The Figure 10 given
below is a plot of I/v and N/v from Eqn.(2.29) [16]. The total number of guided modes is
given by the area enclosed by the cut-off line u/v = 1. Figure 11 shows the propagation

constant of the modes as a function of normalized frequency [19].
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Figure 9. Cross sectional projection of a ray in a graded-index fiber (from G. Keiser [15]).
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Figure 10. Plot of I/v and N/v (from M.J. Adams [16]).
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Figure 11. Propagation constant of the modes as a function normalized frequency (from

Gloge et al. [19]).
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2.2 Variations in Bound Power with Normalized Frequency

The relation between the portion of power bound in the core, normalized propagation
constant, and normalized group delay can be obtained from Brown's Identity [17]:

1 [ n’s, dxdy (2.30)
vv, do’ & |s dxdy’

g P

1 dp’

where Vg and p denote group and phase velocity respectively, n is refractive index, and
S is the axial component of the time averaged Poynting vector. Normalized propagation

constant is given by:

_ (/K - n @31)

2 2
n, -n,

B

Following Krumbholz et. al.[17] the left hand side of Brown's Equation can be written as

dp? dg p 1 d(VB) (2.32)
Y "o @ T2 Ty B

n, 2

The right hand side of Brown's Identity can be written as:

[ n2s. dxdy [ [sr drdp  (233)

_J—— = n? + nl - 2An2—ﬁ‘—,
Sz dXdy lpeore lpclad 1 SZR de¢

where R = r/a is the normalized radial coordinate and
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J. S, dxdy

— core = PCOI'C
pcore JSZ dXdy P, s
J. (2.34)
S, d
clad ’ Xdy P<:lad
pclad = - = 5
' S, dxdy P,
Using Equations (2.34) and (2.32) we obtain:
’] JS,R** dRd (2.35)
1 [ d(VB) ] a I wjr he 4
Peore = 7 +B|+
2 dV core + Pchd

The fraction of power in the core can be calculated by eliminating the integral in the above

equation and can be achieved by considering the scalar wave equation:

1 d{ dF . g 12} (2.36)
—_—— —_— - + — =
RdR(RdRJ + (u v'R R 0, .

where F(R) is the radial dependence of the electric field which is of the form:

F(R)

F(‘(l) exp('jﬂz) . (2.37)

E = E, cos(lp)

Multiplying equation (2.36) with R2(dF/dR) and integrating within the limits 0<R<1, and

eliminating terms by making use of the characteristic equation:

[lﬁ] _ _gpha(®) (2.38)
F dR jp =y ki (W)
we arrive at:

_ a+2d(VB) _ a-ZB. (2.39)

Peore = = " ar 20

For a parabolic profile fiber a=2, therefore Eqn.(2.39) becomes:
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_ d(vB) (2.40)
Pcore av_

Normalized propagation constant B is defined as

2 2.41
B=1-2%. 241)
v .

Differentiating the above equation with respect to v we get [19]:

dBY) _ 2wl | 2udu | (2.42)

dv v2 v dv
Differentiating Eqn.(2.29) with respect to v we obtain the following Eqn.

du _ (I+2m+1) (2.43)
dv u '

Combining the Equations.(2.43) and (2.44) we obtain a relation between the fraction of
the power bound in the core and the normalized frequency number. Figure 12 shows the
power flow in the core versus the normalized frequency. When light is launched into a
fiber it travels both in the core and the cladding. As can be seen from Figure 11 the
number of modes propagating in the core decreases with a decrease in the normalized
frequency number of the fiber. As the coupler is tapered the radius and V-number of the
fiber decreases thus reducing the number of modes confined to the core. This is in turn
reduces the amount of bound power traveling in the core of the fiber as can be seen from
Figure 12. The modes that are no longer supported in the core because of the reduced
radius, are converted to cladding modes and propagate in the cladding. The converted
modes are coupled back into the remaining cores in the up-taper region thus causing

coupling.
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Figure 12. Power flow in the core versus the normalized frequency number (from

Krumbholz et al [17] for a=2).
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3.0 Diffusion

Optical fibers are typically made of either glass, plastic or sapphire. Plastic optical fibers
are used in short distance applications which do not need low-loss fibers and in harsh
environments where the strength of plastic fibers have an advantage over the use of glass

fibers. Glass fibers due to their low attenuation are used for long-haul applications.

Glass which is made by fusing mixtures of metal oxides, sulfides or selenides is a randomly
connected molecular network rather than a well defined ordered structure as in crystalline
materials. Because of its molecular structure glass does not have a definite melting point.

Glass retains its structure upto a several hundred degrees centigrade and if the temperature
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is increased further it forms a viscous liquid. The melting point of glass is an extended
range of temperatures. Glass composed of pure silica is referred to as either silica glass,
fused silica, or vitreous silica. Optical fibers are made of glass consisting of either silica or

silicate. The principal raw material for silica is sand.

Glass optical fibers are made with oxide glasses, the most common of which is silicon
oxide (SiO5) which has a refractive index of 1.458 at a wavelength of 850 nm. Optical
fibers have two distinctive areas, the core and the cladding which have different refractive
index but are generally made up of the same basic material to give the fiber its guiding
properties. The silica has to be doped with certain impurities in order to raise or lower its
refractive index to get the two distinct core, cladding regions. Dopants such as fluorine or
other oxides such as germanium, phosphorus , raise or lower the refractive index when
added to pure silica. As shown below in Figure 13 the refractive index of the core
increases when germanium or phosphorus is added and decreases when fluorine or barium
oxide is added [15]. The optical fibers are produced with different compo‘sitions and
combinations of dopants. The primary dopants are:

1) Ge0y-SiO7 core ; SiO7 cladding,

2) P205-Si0 core ; SiO7 cladding,

3) SiOy core ; B203-Si0; cladding,

4) GeO2-B»03-5i07 core ; Bo03-SiO7 cladding, and
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Figure. 13 Variation in refractive index as a function of doping concentration in silica

glass (from Keiser [15]).
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5)Ge05-Si0 core ; F-SiO2 cladding.

The phenomenon of migration of dopants when the fiber is heated to very high
temperatures is known as diffusion. This phenomenon is attributed to the differential mass
transport of the core glass and the undoped cladding glass or the doped cladding glass
depending on the optical fiber used. Diffusion of dopants is increased by the axial stress
that is applied to the fibers during fusing and tapering. When fibers with dopants in the
core are diffused, the dopants from the core spread out into the cladding thus lowering the
effective refractive index of the cladding. The migration of dopants results in an increase
in the diameter of the core. When fibers with dopants in the cladding are diffused the
dopants diffuse into the core thus reducing the effective diameter of the core. Diffusion of
dopants either increases (or decreases) the core diameter, and refractive index difference
depending (on whether the dopants are in the cladding or the core) on the concentration
and composition of the dopants in the fiber. The concentration of the dopants in the fiber
during diffusion depends upon the y which is the product of diffusion constant K, the time

of heating t and is given by the equation [20,21],

c=ag+ %an O(ar)exp(—azy) (r<b), 3.1

a
where a, is the expansion coefficient, J, is the Bessel function of 0 order, r is the radius

and b is the cladding radius. The diffusion constant K itself varies with temperature as

K = KOexp('%), 3.2)
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where K, and g are obtained by fitting to experimental data. y can then be calculated from
K. Extensive work in dopant diffusion of single mode fibers and couplers has been done

in the past.

Krause et al. [22] studied diffusion in fibers of different concentrations. A sample of
Ge0»-Si0, core with a At of 0.25% and depressed index deposited cladding of F-P7O5-
SiOy with a A= of 0.12% was used for studying the phenomenon. When the fiber is heated
to high temperatures the germanium diffuses out of the core and the fluorine diffuses into
the core, each phenomenon serving to decrease the refractive index of the core. The
effect of diffusion on the refractive index profile of silica core and depressed clad fiber is
shown in Figure (7) of [22]. shown below in Figure 14. It can be seen in the figure that as
the temperature increases Fluorine diffuses into the core and germanium diffuses out of
the core thus decreasing the effective refractive index of the core. This phenomenon was

identified as a contributing factor for splice loss.

McLandrich [23] established that the core size and RIP of the fiber is altered during the
process of manufacturing couplers. A GeOj doped SiO7 fiber was used to conduct
experiments. The Table 1 and Figure (2) from [23] are shown below. As the time of
heating the fiber and tapering increase the concentration of GeO» in the core decreases.

Figure 15 shows the measured GeOy concentration as the function of the radial distance
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from the center of the fiber. This phenomenon effectively decreases the relative index

difference in the fiber while increasing the core radius at the same time.

C.W.Pickett et al. [24] related the losses in a coupler to dopant diffusion. In stress
induced high birefringence fibers dopant diffusion occurs with tapering at high
temperatures and simultaneous axial tension. The experiments were conducted on fibers
with varying conditions of initial birefringence. The Figure 1 for refractive index change
from [24] is given below in Figure 16. Fiber P has a higher concentration BoO3 of 12.3
and fiber O has a concentration of 9.4. In [24] the core diameter was observed to increase
as the taper was formed because of the Ge dopants diffusing out and increasing the
refractive index of the surrounding area. Thus if dopant transports are considered
separately, BoOj5 increases the core radius and PpO5 decreases the core radius. But when
both are presént in the core the increase or decrease in the core radius depends on the

concentration of dopants.

The technique of expansion of the core using thermal diffusion of dopants is finding
widespread use in fields of optical communications and optical sensing. Localized
expansion of the core is being used for efficient coupling between singlemode fibers,

between fibers and laser diodes, and in optical isolators and filters [30]-[32].
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Figure 14. Refractive index profile of silica core fiber. Unheated (1), heated at ~1950° C

for 6s (2), for 25s (3), and for 40s (4) (from Krause et al. [22]).
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Figure 15. Measured GeO, concentration as the function of radial distance

from the center of the fiber (from McLandrich [23]).
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Figure 16. Refractive index change as a function of taper length (from Pickett et al. [24]).
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4.0 Coupler Station

Optical couplers are made by fusing two or more fibers together. The output of the ports
are monitored and fusing is stopped once the desired splitting ratios are achieved. This
process can become laborious if the port count exceeds three. The coupler station that is
described in this chapter was developed in order to ease the manufacture of couplers. The
coupler station helps in cutting down the cost and time involved in making multiport
couplers. Different parts of the coupler station, and the process of the making of the

couplers are discussed in this chapter.
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The block diagram of the coupler station is shown below in Figure 17. The coupler
station has three primary components, the source/detector arrays, the CPU, and the

coupler tapering stage.

4.1 Source/Detector Array.

The source/detector array serves a dual purpose of injecting the light into the multimode
fiber and detecting the light when the other end of the fiber is injected. The
source/detector array is broken down into five different entities, and will be described in
detail in the following sections:

4.1.1 The light emitting diode(LED) lens alignment,

4.1.2 Beam splitter,

4.1.3 Fiber lens alignment,

4.1.4 Reference detector, and

4.1.5 Throughput detector.

4.1.1 The Light Emitting Diode (LED) Lens Alignment
A light emitting diode (LED) at 860nm was used as a source in the system because LEDs
are inexpensive, compact, easily portable, highly reliable, and require no maintenance.
The LEDs are mounted with a spherical lens that focuses the light beam which is of

importance to the system.
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Figure 17. Block diagram of coupler station.
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The LED emits a slightly collimated beam which has to be collimated further in order to
obtain optimum injection into the fiber. The collimation is achieved with the help of a
graded index (GRIN) lens. The GRIN lens is placed at a particular distance from the
LED, which is measured in terms of focal length. The GRIN lens has to be placed at a
working distance from the LED in order to achieve the necessary collimation. GRIN
lenses are identified by their pitches and lens of various pitches are manufactured for
different applications. A 0.11 pitch GRIN lens with a 3mm diameter was chosen because
it collimates a point source into a 3 mm beam. The distance between the lens and the
LED surface can be calculated by the following equation:

1 4.1)
No x AY2 x tan(Al/2 « 2)

Working Distance (L) =

where the parameters
No = index of refraction,
A" = Quadratic gradient constant (mm"),
Z = Length of lens (mm),
P = Pitch of lens,
N,(A\) = 1.5477+(6.37x 10° /1),
N,(830) = 1.5986,
1

A" = 2339+ (7.643%x10° /2 +(9.757x 10" /1" = 0.202 mm ™

Z=27P /A" =3.42 mm, and
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L =3.7457 mm.

Therefore the lens has to be placed at a distance of approximately 3.5 mm from the source
to achieve good collimation. The lens and LED are inserted in a brass barrel and the
distance between the two was set at approximately 3.5 mm as shown in Figure 18. The
LED was held in place with the help of 24 hr. curing Bi-Pax Tra Bond epoxy. The lens is

fixed to the barrel by Ultra Violet curable adhesive that is optically clear.

4.1.2 Fiber Lens Alignment

This fiber lens alignment makes use of a graded index lens, a large core (200 micron)
optical fiber and a brass barrel. The function of the large core diameter is to act as the
injecting fiber for the ports of the coupler. The light that is emitted by the LED, and
collimated by the GRIN lens has to be coupled into the large core fiber with the minimum
loss. This is achieved with a GRIN lens that receives the collimated beam from the source
and converts it to a point source on the endface of the fiber. The distance between the
lens and the fiber endface has to be calculated for optimum coupling into the fiber.
Equation (4.1) is used for calculating the distance between the two. All parameters except
the length of the lens remain unchanged. Substituting Z=7.80 mm and, tan (A'”2 x2Z)=
tan(n/2) = oo into Equation (4.1) we get L = 1/o0o = 0 mm. Therefore for maximum
coupling of light into the fiber the lens should be touching the fiber endface. The fiber is

potted in a ferrule with the help of Bi-Pax epoxy and polished. The GRIN lens and the
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ferrule are placed in a brass barrel. The lens is held in place with blue epoxy and the
ferrule is fixed to the barrel with the Bi-Pax epoxy. This assembly is shown in Figure 19

below.

4.1.3 Detectors
The source/detector array has two detectors. One of these acts as the reference detector
and the other acts as the throughput detector. The Silicon detector was chosen due to the

highest quantum efficiency of n =0.9 at an operating wavelength 860 nm.

The function of reference detector is to monitor variations in the optical power at the
source while the function of the throughput detector is to measure the amount of power
being coupled into one port of the coupler. The voltages across the throughput detector,
corresponding to the optical power incident on it after the input power into the fiber is
split by the coupler, are too low to be read by the A/D card. A trans-impedance amplifier
was used to increase the voltage to a 0-5 volt scale which is required by the A/D card.
Figure 20 below shows the circuit of the trans-impedance amplifier used. Figure 21 shows
the plot of output voltage of the trans-impedance amplifier versus the incident optical
power for the throughput detector. Figure 22 shows the plot of output voltage of opamp

and incident optical power with LED drive current for reference detector.

The source/detector system is formed by fitting the LED/lens barrel and the fiber/lens

barrel into the opposite ends of a DelrinTM box while monitoring the output of the fiber
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Figure 20. Circuit of the trans-impedance amplifier used for detectors.

4.0 Coupler Station

33



as shown in Figure 23 below. A beam splitter is inserted into the box in between the two
barrels. The barrels are adjusted in the box till the optimum power is injected into the

fiber.

The function of the beam splitter is to split the light beam from the source so that a part of
the beam is incident on the reference detector to detect source fluctuations. It also splits
the throughput beam from the fiber so that a part of the light beam from the port of the
coupler is incident on the throughput detector. The reason for choosing a beam splitter
instead of a coupler is that a beam splitter is modally independent while FBT couplers are
not. If the coupler inside the system transmits the higher order modes only, then the
uniformity of the coupler being manufactured would be modally dependent. The box that
houses all these components is made of thermoplastic (Delrin™) and was used because of

its insulating property and easy machinability.

The most critical test of the source/detector array is the modal dependency of the system.
The power injected into the fiber from the source/detector array has to be equally
distributed among all modes. The importance of the modal power distribution is to
provide a source for the coupler that is modally independent so that the coupler
manufactured is modally independent. The assembled source/detector system was tested
for modal dependency by the experimental setup shown in Figure 24. Since the diameter

of the injecting fiber was larger than the coupler multimode fiber, more modes in the
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Figure 21. Plot of output voltage of the trans-impedance amplifier versus the incident

optical power for the throughput detector.
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Figure 23. The source/detector system with the LED/lens barrel and the fiber/lens barrel.

4.0 Coupler Station 37



coupler multimode fiber are excited compared to the injecting multimode fiber. Figure 25
shows the graph of modal power distribution of a particular system. The Gaussian shaped

plot of the modal power distribution indicates that all the modes of the fiber have been

excited equally.

4.2 Coupler Tapering Stage

The coupler tapering stage has two positioners on which the fibers can be fixed and
twisted. These positioners are controlled by a DC motor. The function of the DC motor
is to pull the stages apart tapering the bundle of fibers after they are heated. The coupler

tapering stage is shown in Figure 26.

4.3 Software

A computer is used to acquire data, with the help of two data acquisition cards,
DT2801™ and DT2814™, from the detectors. The software controls the switching of
LED:s so that only one LED is on at any instant of time and also selects the detectors to be
sampled. The software has five subroutines listed below, which have to be executed

before making the coupler.

i) Direction of Coupling
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The direction of the coupling will have to be chosen to be left or right, since the coupler
station is capable of making bi-directional measurements on the coupler. The units of the
coupler station are numbered 1 through 16, units 1 through 9 make up the left side of the
system and units 9 through 16 comprise of the right side of the system. When the
direction of coupling is chosen to be left side source/detector arrays 1 through 9 act as the

sources, while source/detector arrays 9 through 16 act as the detectors.

The photodiode dark current is the current that continues to flow through the bias circuit
of the device when no light is incident on the photodetector. The dark current arises from
the electrons and/or holes which are thermally generated in the pn junction of the
photodiode. The measurements made on the coupler will not be accurate if the dark
currents are not taken into account. The errors due to the dark currents can be eliminated
by measuring them and subtracting from the measured power reading. The dark currents
of all the detectors are measured and stored in a look-up table for reference and

compensation each time a measurement is taken.

ii) Normalization
The detectors of the sixteen units have to be normalized. This is done by switching on a
common LED and taking power measurements on the throughput side of the fiber at all
detectors. All the detectors in the system are normalized with respect to the lowest
reading. These factors are stored in an array and are accessed every time a measurement

is taken. When a throughput voltage is measured, the measured voltage is multiplied by
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the normalization factor to obtain a correct reading. The reason for doing normalization is
to make sure that the voltage recorded by the computer reflect variations due to the

coupler and not due to different sources and detectors.

iii) Throughput Measurements
The fibers are placed in the v-grooves in between the corresponding units for e.g. 1 is
connected to 9 etc. A direction of coupling is chosen and each LED is turned on and the
output of the fiber at the respective detectors is measured in terms of voltage. The
direction of coupling is changed and the throughputs for the fiber on the other side are
measured and recorded. The throughput power is recorded as voltage in a lookup table.

These throughputs are used to calculate the parameters of the coupler once it is made.

Once all the preliminary steps are completed, one of the LEDs is turned on and the fibers
are fused and tapered. A dynamic display of the power coupled into ports during fusion of
the coupler is displayed. The power coupled into each port obtained from the following
equation is displayed in dBs.

VC,
P, =10/o ﬁ)
VT,

i

(4.2)

where VC; is voltage measured at detector of port j after coupler is made,
VT, is the throughput voltage measured with port i as the injecting port,

and P;; is the power coupled into port j with port i acting as the injecting port.
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The input power is monitored by the reference detector and if there is a fluctuation of
>2% in the source the sofiware updates the throughputs by the same amount. After the
fusing is complete the remaining LEDs are turned on sequentially, output power at each
port is recorded. Power coupled into the ports due to fusion is calculated and displayed.
A matrix is built displaying the input ports and the corresponding output powers. An

example of the table is shown below in Figure 27. The uniformity and the insertion loss

are calculated and displayed.
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5.0 Results

This chapter discusses the experimental setup and results of the tests conducted. The first
section presents the results obtained by performing the push-pull modification technique
and are compared to the data obtained by performing the diffusion technique, on 8x8
multimode couplers to improve uniformity. The results of several diffusion tests
performed are presented in Section 5.2 and the tradeoff between the excess loss and

uniformity with diffusion is demonstrated.

5.1 Push-Pull Technique

Multimode fiber with 100/140 core/cladding diameter micrometers was used to
manufacture the couplers. The fiber has a germanium doped core and an undoped
cladding. Couplers were manufactured by the push and pull technique to obtain data for
comparison. The method of manufacture of couplers by this technique is shown in Figure

28. Fibers are first stripped in the center, cleaned and loaded onto the coupler tapering
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stage. The ports of the coupler are placed in the corresponding v-grooves and
throughputs are recorded. The fibers are heated and tapered with the help of an oxy-
propane torch till a reasonable uniformity is achieved. Table I shows the transmission
matrix recorded by the computer, and as can be seen from the table the uniformity for the
coupler is very high. The tapering is stopped and the push pull technique is applied, and
Table II shows the transmission matrix for the coupler. The uniformity of the coupler is

improved from 3.5dB to 1.1dB by the push-pull technique.

5.2 Diffusion Technique

The diffusion techniques were attempted on couplers made out of two different fibers each
having a different core/cladding ratio. The 62.5/125 micrometer core/cladding fiber has a
core/cladding ratio of 0.5 and the 100/140 micrometer core/cladding fiber has a

core/cladding ratio of 0.7.

5.2.1 Results of 100/140 Multimode Fiber Couplers

All experimental data presented for the 100/140 micrometer core/cladding diameter
multimode fibers is for 8x8 couplers. The fibers are first stripped in the middle, cleaned
and loaded onto a coupler manufacturing station developed by us. The fiber bundle is then
fused at temperatures from about 1500°C-1700°C and tapered. The transmission matrix
of the coupler at this point is shown in Table III. Tapering of the coupler reduces the
separation of the individual cores in the minimum taper region allowing for coupling to
take place. As can be seen from Table III the throughput port is always at least 2dB

greater than the other ports and uniformity of the coupler is 3.3dB.
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Figure 28. Push-pull method.

5.0 Results 68



gp ut sonjeaA iy

gp ¢ = Anuwuojiuf)

801 - ¢Cl- % ovl -

1284 B I'1- 8yl - 0¢l -

el - YA 101 - 6'¢tl -

Tyl - vel - 9vI - 190 B
S - ¢el- gtl- I'vl-
vyl - 66" Svi- 6Vl -
6er- | szi- | O Tyl -
vyl - el - vyl - |

0T 6l 8l Ll 14 t [4 I

suod nduj

juswaAoduw ANULIOHUN 910J2q 19]dNOD Y3 JO XLIJEUI UOISSTUSURI] ‘| 9|qeL

8l

Ll

suod
ndinp

69

5.0 Results



gp ¢'7 = Anuuojiun

€p Ul sanfea ||y

L€l - ¢l - €l - €Vl -

8yl - 8'€l- 'Sl - €¢I -

9°¢l - 8cl- | 9€I- I'vl -

9yl - L€l - 8yl - 8'pl -
Il - 6'CI - I'pl- vyl -
S¥l- | €€l 6'vi- 1'61 -
€Vl - 0¢l- oyl - Syl -
8vl - vEl - 9yl - Lyl -

0z 61 81 L1 14 € z 1

pandde s1 anbruyoa) [ind-ysnd Joye 191dnos oY) Jo xujew UOISSTWSURI], I 9]qBL

suod induj

0T

61

81

L1

S110d
ding

70

5.0 Results



dp Ul 918 SaN[BA [V
8- 8°0I- I- 8°01- Lot- 'L £0l1- I'ti-
zor- €'8- Lot- Lot- v'o1- 601- ot1- 8'0l-
01- vol- 98- vor- zol- 9'01- 86- 9°01-
o1- sor- 9°01- I'8- gol- 80l 66" 9°0I-
¢£or1- 90t1- 9°0I- LOl- b'8- 801~ 1ol- 601-
ol- v or- yol- g oI- zol- 8- 86 901-
9'01- I1- - II- 60l1- I'1l- 8'L- I'11-
66" €ol- v'o1- gol- 1'01- §ol- L6 L8

8 L 9 S L4 3 4 I

suod indug
"anbruys9) JuswaAocidun Auojiun 210J9q J9[dnod Jy3 Jo XUBW UOISSTWSURI] T[] 9[qeL

91
Sl
14!
€l

Il
01

suod inding

71

5.0 Results



The minimum taper region is then diffused at a temperature of about 1300°C to improve
the uniformity of the coupler. Diffusion in this case results in the migration of the
germanium dopants into the cladding resulting in an increase in the effective size of the
core and at the same decreasing the refractive index of the core. Diffusion thus helps in
reducing the separation of the cores enabling uniform power transfer into the other cores.
Table IV shown below shows the transmission matrix of the coupler after diffusion, and
the uniformity of the coupler after diffusion is 1.8dB. Table V shows the improvement of
uniformity of the coupler, with port 1 acting as the injecting port, at various times for

another coupler. Table VI summarizes the results of diffusion tests on 8x8 couplers.

As can be seen from Table VI there has been a noticeable improvement in the uniformity
of all the couplers but this improvement has invariably been accompanied by an increase in
excess loss. C.W.Pickett et al. [24] related the losses in singlemode couplers to dopant
diffusion. Krause et al.[23] related splice loss of single mode fiber to diffusion. A similar
phenomenon is noticed in multi-mode couplers and as a result of diffusion the excess loss
of the coupler also increases. Figure 29 shows the tradeoff between excess loss and
uniformity with time and the optimal point at which diffusion can be stopped for the

coupler diffused at 1350°C.

Figures 30 and 31 show improvement in uniformity, and increase in excess loss of
couplers diffused at various temperatures respectively. It can be seen from Figure 31 that
uniformity improvement occurs faster at higher temperatures, because the dopant
transportation increases with an increase in temperature. The uniformity for a coupler
diffused at 1500° C decreased from 3 dB to 0.6 dB in 2 minutes. The uniformity for a
coupler diffused at 1300° C decreased from 2.5 dB to 1.4 dB in about 12 minutes. The

5.0 Results 72



uniformity for a coupler diffused at 1100° C decreased from 3.2 dB to 1.35 dB in 32 mins.
Diffusion of the coupler at high temperatures is accompanied by a rapid increase in the
excess loss of the coupler. The excess loss for a coupler diffused at 1500° C, 1300° C,
1100° C increased by 0.6 dB, 0.5 dB and 0.9 dB respectively. Couplers thus have to be
diffused at temperatures that will result in better uniformity , low excess loss and at the
same time be manufactured within a reasonable time so as to get .a high yield on the
process. It can be seen from Figures 31 and 32 that the ideal temperature to perform

diffusion on the coupler is 1300° C.

5.2.2 Results of 62.5/125 Multimode Fiber Couplers

Preliminary experimental data presented on 62.5/125 micrometer core/cladding multimode
fiber couplers is for 2x2 couplers. The fibers are first stripped in the middle, cleaned and
loaded onto a coupler manufacturing station. The fiber bundle is then fused at a
temperature of 1500°C-1700°C, and tapered to a length of 0.8 cm and the coupler is then
diffused. The transmission matrix of the coupler after tapering and during diffusion is
shown in Table VII. It can be seen from the Table VII that the excess loss for the coupler
is very high but there is a definite improvement in the uniformity. The transmission matrix
_ of the coupler with a taper length of 0.5 cm. after tapering and during diffusion is shown

in Table VIII. Excess Loss for the coupler is 1.6dB.

Modal power distribution of the throughput port before fusion, after fusion and diffusion,
and the modal power distribution of the tapoff fiber after fusion and diffusion are shown in
Figures 32, 33, 34 respectively. It can be seen from Figures 34 and 35 that the power is
being coupled into all modes uniformly for both the throughput fiber and the tapoff fiber.
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Table V. Improvement in uniformity of the coupler with time.

Time
0 sec 325 sec 405 sec
9 -8.7 9.4 -9.9
10 -11.1 -10.8 -11.2
11 -10.6 -10.2 -10.7
12 -10.9 -10.6 -11
Output Ports 13 -10.6 -104 -10.8
14 -10.6 -10.4 -10.7
15 -10.8 -10.5 -11
16 -11.1 -10.7 -11.1
Uniformity -24 -1.3 -1.2
Inject;oln Port All values in dB

Temp. 1350°C
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Table VI. Results of diffusion tests on 8x8 couplers.

Before Diffusion After Diffusion
Coupler# | Uniformity EL Uniformity EL
1 3.3 1.45 1.8 1.75
2 42 1.21 1.77 3.5
3 45 1.08 1.95 1.91
4 4.12 1.57 1.6 271
5 3.54 1.18 0.86 1.96
6 3.01 2.05 0.6 2.65
7 2.47 1.34 1.34 1.98
Average 3.59 1.41 1.41 235
All values in dB
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Figure 29. The comparison of tradeoff between excess loss and uniformity with time.

The optimal point at which diffusion can be stopped for the coupler diffused at 1350°C.
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Table VII. Transmission matrix of coupler with a taper length of 0.8 cm during diffusion.

Taper Length =0.8 cm

Diffusion Time(Sec) Portl Port2
0 1.07 8.26
30 2.8 5.91
60 2.87 5.69
90 3.18 5.15
110 3.89 4.34
130 4.1 4.15
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Table VIII. Transmission matrix of coupler with a taper length of 0.5 cm during diffusion

Taper Length = 0.5 cm

Diffusion Time(Sec) Portl Port2

0 9.4 -1.9
15 -7.6 -2.3
30 -73 -2.4
92 -7.2 2.8
117 -6.67 -3.1
137 -6.5 -3.2
162 -5.7 3.5
182 4.5 4.7
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Figure 32. Modal power distribution of throughput fiber before fusion.
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Figure 33. Modal power distribution of throughput fiber after diffusion.
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Figure 34. Modal power distribution of tapoff fiber after diffusion.
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6.0 Conclusions

A coupler measurement station, which simplifies the process of coupler manufacturing and
greatly reduces the time taken for manufacturing a coupler, has been developed, fabricated
and tested. The measurement station is capable of making bi-directional measurements
and gives the user the capability of dynamically monitoring the output ports of the coupler

during the process of manufacturing of the coupler.

It also has been shown that diffusion of dopants in the minimum taper region of the
coupler improves the uniformity among the coupler ports. This technique can be
employed to improve uniformity of multimode couplers irrespective of the core/cladding
ratio. However, improvement in uniformity is accompanied by an increase in the excess
loss of the coupler. The amount of diffusion the coupler is subjected to is thus a tradeoff
between improvement in uniformity and increase in excess loss. It is also dependent on

the temperature at which the coupler is diffused. The ideal temperature for diffusion,
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which will yield couplers that meet the specifications of uniformity and excess loss has
been identified. The preliminary results of 62.5/125 micrometers diameter core, cladding
multimode fiber couplers are very promising. The excess loss of the couplers can be
decreased with controlled thermal diffusion of the dopants. Manufacturing 62.5/125
micrometers diameter core, cladding multimode fiber couplers by diffusion process will do

away with the messy process of etching the cladding.

The diffusion technique presented in this thesis has its advantages when compared to the
other techniques of uniformity improvement. This technique lowers the skill level of the
operator required to manufacture couplers. Diffusion technique further introduces the
possibility of developing automated systems to manufacture multimode couplers with low

excess loss and good uniformity.

Future work could include complete automation of the coupler station by automating the
fusion process. This can be achieved by replacing the oxy-propane torch with a mini high
temperature furnace. Another step towards complete automation would be controlling the
speed of the motor that tapers the coupler and controlling the temperature of the furnace
by software. The excess loss and uniformity could be tracked to determine the optimum
point at which diffusion can be terminated. The use of a furnace instead of an oxy-
propane torch for diffusion will give better control over thermal diffusion and definitely

yield couplers with low excess loss and better uniformity.
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Future work could also include more experiments on low core/cladding ratio fiber
couplers. Another method of manufacture that could be investigated is diffusion of
individual fibers without tapering so that the core/cladding ratio decreases and
manufacturing the coupler. Work has been done in expanding the core size of singlemode

fibers by subjecting them to thermal diffusion [25-29].
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