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The dependence of the performance of fused-taper multimode fiber couplers on the refractive index of the
material surrounding the taper region has been investigated both theoretically and experimentally. It
has been identified that for a 2 3 2 multimode fiber coupler there is a range of output-power-coupling
ratios for which the effect of the external refractive index is negligible. When the coupler is tapered
beyond this region, the performance becomes dependent on the external index of refraction and lossy. To
analyze the multimode coupler-loss mechanism, we develop a two-dimensional ray-optics model that
incorporates trapped cladding-mode loss and core-mode loss through frustrated total internal reflection.
Computer-simulation results support the experimental observations. Related issues such as coupler

fabrication and packaging are also discussed. r 1995 Optical Society of America
1. Introduction

For more than 15 years, many of the multimode
optical fiber couplers used in communication systems
have been fabricated with the fused biconical taper
method.1–4 Manufacturing a fused biconical taper
coupler involves bringing stripped fibers together,
fusing them by applying heat, and stretching them at
the same time. This is not only a relatively simple
and cost-effective process but also permits the produc-
tion of environmentally stable devices. The power-
coupling principle for multimode fiber couplers has
been studied elsewhere.5–9 Even though the depen-
dence of coupler performance on the refractive index
of the material external to the tapered region has
been investigated extensively for single-mode cou-
plers,10–14 little attention regarding this effect has
been given to multimode fiber couplers, but it is
equally important to coupler design, packaging, and
environmental stability.
In this paper we investigate the effect of the

external index of refraction on the performance of
multimode 2 3 2 fiber couplers fabricated with the
fused biconical taper technique. The results of this
study are intended to help understand the lossmecha-
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nisms of multimode couplers and to develop low-loss
and environmentally stable couplers.

2. Analysis

The loss mechanism of a multimode coupler is similar
to that of a single tapered multimode fiber, which
supports a large number of modes. For a particular
guided mode, the effective index satisfies

nclad , bi@k , ncore, 112

where bi is the propagation constant and k 5 2p@l.
Themodes whose effective indices are close to nclad are
the higher-order modes in reference to the lower-
order modes whose effective indices are close to ncore.
The electrical fields of the higher-order modes extend
more into the fiber cladding region than the fields of
the lower-order modes. In the tapering process, the
effective index of a higher-order mode approaches
nclad, and when they are equal, this mode becomes cut
off and is radiated, contributing to loss.
Unlike a single-mode fiber coupler, the core area of

a multimode fiber is larger than or at least compa-
rable to that of the cladding area. Because a large
number of modes are involved, it would be a laborious
task to analyze a multimode coupler with modal
theory. Therefore we propose a ray-optics model to
calculate somewhat quantitatively the effect of the
external index on multimode-fiber-coupler perfor-
mance. In this model, both the surrounding 1exter-
nal2 index of refraction and the cladding thickness are
considered. For simplicity, we use a two-dimen-
sional waveguide structure shown in Fig. 1. The
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core, cladding, and external indices of refraction are
ncore, nclad, and next, respectively. Normally, ncore .
nclad . next. The angle u gives us the numerical
aperture 1NA2:

NA 5 sin1u2 5 1ncore2 2 nclad221@2. 122

Angle a is the maximum angle for a ray undergoing
total internal reflection at the cladding–external-
medium boundary. The cladding thickness is d.
During tapering, the fiber becomes thinner and
higher-order modes are forced into the cladding layer
and bounded by the cladding–external-medium inter-
face.15 Hence the total throughput power has two
parts,

P 5 Pcore 1 Pclad, 132

where Pcore is the power bounded by the core–cladding
interface and Pclad is the cladding power bounded by
the cladding–external-medium interface. The shaded
areas in Fig. 1 include both guided core and cladding
power.

A. Power Loss of the Guided Cladding Modes

For given ncore and nclad,Pclad depends on the surround-
ing material 1next2. The cladding-mode power loss
can be depicted by the angle a shown in Fig. 1.
Mathematically,

a 5 sin211ncladncore2 2 sin211nextncore2 . 142

The assumption that next , nclad , ncore, next 5 1.0
corresponds to the minimum loss and next 5 nclad
corresponds to the complete loss of the cladding
modes. In the region 1.0 , next , nclad, the power
loss of the cladding modes may be expressed in
reference to the loss of next 5 1.0. The result is given
in Fig. 2.

B. Power Loss of the Guided Core Modes

If next , ncore, Pcore is insensitive to the external
medium. However, if next is very close 1nearly equal2
to ncore and the cladding thickness 1d2 is small 1a few
wavelengths2, Pcore would decrease dramatically, and
the core field would penetrate into the external me-
dium because of frustrated total internal reflection
1FTIR2.

Fig. 1. Multimode fiber taper waveguide.
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Mathematically, the power loss through FTIR may
be expressed by the transmission coefficient of a
core–cladding–core structure,16

T 5 1 2 0 Z2
2 2 Z1

2

Z1
2 1 Z2

2 1 2iZ1Z2 cot1k2zd20
2
, 152

where

Z1 5
1

ncore cos1g2
, 162

Z2 5
1

nclad cos1g82
, 172

for the component whose polarization direction is
perpendicular to the plane of incidence, and

Z1 5
cos1g2

ncore
, 182

Z2 5
cos1g82

nclad
, 192

for the component whose polarization direction is
parallel to the plane of incidence. Also

k2z 5
2p

l
cos1g82, 1102

where l is the wavelength and g8 is the refractive
angle in the cladding region. Because all rays
bounded in the core region undergo total internal
reflection at the core–cladding boundary, the angle g8

is a complex angle given by

cos1g82 5 i3ncore
2

nclad2
sin21g2 2 14

1@2

. 1112

The transmission coefficient expression Eq. 152 is a
function of the cladding thickness d. To calculate

Fig. 2. Dependence of the cladding-power loss on the refractive
index of the surrounding material.



this thickness dependence, we assume that l 5 633
nm, ncore 5 1.458, and nclad 5 1.429 1NA 5 0.292. The
range of the incident angle g is

sin211ncladncore2 # g #
p

2
. 1122

To simulate waveguide performance, 100 rays whose
incident angles are uniformly distributed across the
above range were selected. The average transmis-
sion coefficient of the perpendicular and parallel
polarization components is taken as the final transmis-
sion value, i.e., power loss. The numerical results
are shown in Fig. 3. The cladding thickness is
expressed in terms of the thickness-to-wavelength
ratio.

3. Experiments

For the purpose of discussion, we show the experimen-
tal setup in Fig. 4. He–Ne laser light was coupled
into one of the two 100 µm@140 µm graded-index
multimode fibers manufactured by SpecTran. The
indices of the core and cladding are 1.458 and 1.429,
respectively. The ports of the coupler are labeled 1,
2, 3, and 4; the excitation port was port #1. The
reason for using a He–Ne laser source is that the
output-light-intensity pattern can be observed and
the launch conditions may be easily adjusted and
monitored to permit the excitation of lower-order
modes and ensure that the far-field speckle pattern is
uniform. Because the performance of multimode
fiber couplers is essentially wavelength indepen-
dent,6,9 the outcomes of this study can be considered
as general results.
Two technical terms, excess loss and percentage

power, are frequently used in this paper and are
defined below:

excess loss 1dB2 5 210 3 log101P3 1 P4

P1
2 , 1132

percentage power 1port #425
P4

P3 1P4
3 100%, 1142

Fig. 3. Transmission coefficient 1power loss2 because of FTIR.
where P1, P3, and P4 represent the power in ports #1,
#3, and #4, respectively.

A. External-Index Dependence for a 3-dB Coupler

The fibers were fused and stretched until the output-
power-splitting ratio approached approximately 50@50
1actually 53@472. The taper waist section, whose
cross-sectional area is shown in Fig. 5, was sub-
merged into various liquid solutions with different
indices of refraction, and the corresponding excess
losses were recorded. Figure 6 shows the experimen-
tal results.
We performed this experiment by carefully cleaning

the fiber taper section with alcohol every time a
solution of a different refractive index was applied.
It is evident that the excess loss of the 3-dB multi-
mode coupler increases exponentially as the external
refractive index changes from 1.0 1air2 to a value equal
to or greater than the fiber cladding index.

B. External-Index Dependence for a Range of Splitting
Power Ratio of 100@0 through 50@50
To determine how the external index affects the
excess loss of a multimode coupler at different stages
in a tapering process, alcohol 1refractive index 5 1.362
was applied to the taper waist section, and the output

Fig. 4. Experimental setup.

Fig. 5. Cross-sectional area of the multimode coupler taper
waist. The diameter of the taper is 47 µm. The cladding thick-
ness is 5.1 µm and the thickness of layer between the two cores is
approximately 2.5 µm.
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powers P3 and P4 for both air and alcohol as the
surrounding materials were recorded. Alcohol was
chosen in this experiment because it could be easily
vaporized, and the tapering process could go on until
the intended splitting ratio was reached. Figure 7
shows the experimental data. The excess loss is less
than 0.2 dB before the percentage power coupled into
the secondary fiber reaches nearly 40%, regardless of
whether air or alcohol is used as the surrounding
material. Tapering beyond this point, the coupler

Fig. 6. Excess loss as a function of external refractive index 1at
47% power in port #42.

Fig. 7. Excess loss as a function of power percentage in port #4 for
different external indices of refraction.
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excess loss increases dramatically and hence becomes
external index dependent.

4. Conclusions

We have studied experimentally the effect of the
external index of refraction on a 23 2multimode fiber
coupler by changing the surrounding material at
different steps during the tapering process. It has
been identified that at the initial tapering stage 1up to
40% power percentage in the secondary fiber2, coupler
power loss is insensitive to the surrounding material.
When the coupler region is stretched beyond this
point, the power loss increases as the external me-
dium changes from air to another index-matching
material with a higher index of refraction. The loss
increases exponentially when the external index ap-
proaches the fiber core index, and the cladding-layer
thickness becomes a few wavelengths.
Theoretically, we developed a ray-optics model that

recognizes that the total guided power in the coupler
waist region consists of the bounded core power and
the trapped cladding power. The decrease of the
latter is obvious as the external index increases from
1.0 to that of the cladding index, in which case the
cladding rays are completely unguided. The external-
index dependence of the former may be depicted by
the FTIR phenomenon when the external index of
refraction reaches nearly that of the core, and the
cladding-layer thickness is no more than a few wave-
lengths. Computer simulation has been performed,
and the results agree with the experimental findings.
One direct application of the effect of the external

index on multimode-fiber-coupler performance is in
coupler packaging. Unlike a 3-dB single-mode cou-
pler where, for a short taper length, the power loss is
very small 1less than 0.1 dB2 and independent of the
surrounding material, the performance of a multi-
mode coupler with a 50@50 splitting ratio may be
sensitive to the external index. Thus directly pot-
ting epoxy onto the taper region to enhance the
mechanical strength as well as to isolate the fiber
taper from the external environment may affect cou-
pler outputs. However, for amultimode fiber coupler
with splitting-power ratios other than 50@50, it is
possible that its performance is not affected by the
external index of refraction.

The authors would like to thank M. F. Gunther and
R. Crotts for useful discussions regarding coupler
fabrication. This research work was sponsored in
part by the Virginia Center for Innovative Technology.
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