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This paper presents a theoretical and experimental investigation of the transmission and sensing 
characteristics of the biconically tapered cladded multimode fibers. The beam propagation method 
was used to examine the transmission characteristics with various structural parameters. The results 
show that the transmission of the biconically tapered cladded multimode fibers is sensitive to the 
mode of the input optical beam and the refractive index of the external medium. A refractive index 
sensor for the external medium was proposed based on the theoretical analysis, and its feasibility 
was demonstrated experimentally.
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I. INTRODUCTION

Optical fibers are applied widely in sensor systems 
because they can be used simultaneously as both an 
optical signal path and sensor. In particular, cladding- 
removed multimode fibers may interact directly with 
the external medium through an evanescent wave in 
the core-exposed region of a multimode fiber. Its device 
applications in biosensors, gas sensors and chemical 
sensors have been studied extensively.[1-4] Several authors 
have proposed the tapering of multimode fibers as a 
means of improving the sensitivity.[5-6]. Tapering of the 
multimode fiber causes an increase in the evanescent 
wave, resulting in an increase in sensitivity to the ex-
ternal medium. However, removal of the cladding of 
silica multimode fibers is not easy due to the accompa-
nying etching process that requires careful control and 
the use of harsh chemicals. In addition, the tapering of 
etched fibers is very difficult because the etched region 
is more fragile.

The above-mentioned problems do not occur in the 
tapering of multimode fibers with cladding[5-6]. It has 
been reported that although the sensitivity decreases 
due to the remaining cladding, the device can be em-
ployed as an evanescent wave sensor using absorption 
spectroscopy of the external medium. However, to the 
best of our knowledge, the effects of the presence of 
fiber cladding, the refractive index of the external me-
dium surrounding the tapering region on the transmission 
and sensing characteristics are unclear. The transmission 
properties of a multimode fiber taper has been studied 
based on the geometric optics [7-8]. It is known that ge-
ometric optics are no longer available for calculating 
the transmission properties if the coupling between 
modes occurs.

The geometric analysis method is not effective for 
examining when the dimensions of the tapered fiber core 
are reduced to the order of single mode fiber or when 
the structure of core and the input beam profile are com-
plicated. In this paper, the beam propagation method, 
which is based on the wave optics approach instead of 
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FIG. 1. Schematic diagram of the cladded multimode 
fiber biconical taper.

(a)

(b)

FIG. 2. Beam propagation(left) and optical power 

variation(right) along the fiber taper, (a) 


 , (b) 




 .

the geometric optics, was adopted to analyze highly 
biconically tapered cladded multimode fibers. Although 
the beam propagation method requires a lengthy calcu-
lation time for three dimensional structures, it is easy 
to apply to various device structures and beam profiles 
of the optical source. In this paper, the behavior of the 
biconically tapered cladded multimode fiber is discussed 
in terms of the guided mode theory. Transmission loss 
according to the tapering structure, refractive index of 
the surrounding medium, and wavelength were measured 
and analyzed. The feasibility of the biconically tapered 
cladded multimode fiber as a refractive index sensor was 
demonstrated.

II. THEORETICAL CONSIDERATION

Fig. 1 shows a schematic diagram of the biconically 
tapered cladded multimode fiber. Here , , and  

are the refractive indices of the core, cladding and sur-
rounding medium, respectively.  and  are the core 

radii of a non tapered fiber and the waist of a tapered 
fiber, respectively.  and  are the cladding radii of a 

non tapered fiber and the waist of a tapered fiber, re-
spectively. L denotes the taper length.

The transmission characteristics of the device were 
analyzed using a beam propagation method based on 
the wave optic approach. In the simulation, a step index 
multimode fiber with a core diameter, cladding diameter, 
refractive index of core, core-cladding refractive index dif-
ference, taper length(L) and wavelength of 50 μm, 100  
μm, 1.46, 0.02, 2.5 mm and 1550 nm, respectively, were 
considered. The following were assumed:

1. the device structure is symmetric in the longitudinal 
direction; 

2. the core and cladding diameter of the multimode 
fiber were reduced at the same rate during tapering; 

3. the fiber is fully illuminated and all modes are ex-
cited with uniform optical intensity; and

4. the phases of each mode are distributed randomly.
Fig. 2(a) and (b) show the procedure for beam prop-

agation(left side) and the relative optical power(right 
side) along the fiber taper. It was assumed that the re-
fractive index of the external medium was equal to that 

of the fiber cladding. In this case, the device can be con-
sidered a biconically tapered multimode fiber without 
cladding because the refractive indices of the external 
medium and fiber cladding are equal. The total optical 
power confined in the core decreases gradually along the 
biconically tapered cladded multimode fiber. According 
to the guided mode theory, the total number of the guide 
modes is strongly dependent on the core diameter[9]. 
Higher order modes begin to leak into the cladding as 
the core diameter decreases along the fiber axis. There-
fore, the transmission loss is somewhat inversely propor-

tional to the tapering ratio(


).

When the refractive index of the external medium is 
less than that of the fiber cladding, the external medium 
plays the role of second cladding of the fiber taper. As a 
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FIG. 3. Calculated transmission of the multimode fiber 
taper in accordance with the refractive index of the external 
medium.

(a) (b)

(c) (d)

FIG. 4. Beam propagation and optical power variation for different modes; (a) fundamental mode, (b) 5th
 order mode, 

(c) 10th order mode, (d) 15th order mode.

result, there are two types of modes. One is the core mode, 
which is guided in the fiber core. The other is the clad-
ding mode, which is confined to the fiber cladding. Some 
of the core modes are converted to the cladding mode 
with decreasing core size in the left side(first half region) 
of the tapered waist region. The cladding modes may 
re-couple into the core modes with increasing core size 

in the second half region of the fiber taper according 
to the mode evolution process[10-12]. The re-coupling phe-
nomenon does not occur in the biconically tapered mul-
timode fiber without cladding.

Fig. 3 shows the dependence of the transmission on 
the refractive index of the external medium for several 
different tapering ratios. Here, the transmission indicates 
the optical power ratio between the input and output 
ends.

The simulation shows that the transmission is quite 
sensitive to the refractive index of the external medium. 
The dependence of the transmission on the nex of the 
biconically tapered cladded multimode fiber is more com-
plicated than that of the uncladded device. In order to 
explain the behavior of the biconically tapered cladded 
multimode fiber, using the mode theory, the device was 
modeled into a two dimensional multilayer planar wave-
guide taper and the transmission characteristics for sev-
eral modes were examined. Fig. 4 shows the beam propa-
gation and optical power for several modes, including 
the fundamental mode, 5

th
 mode, 10

th
 and 15

th
 mode, 

were examined for two typical media with a high and 
a low refractive index, nex=1.444 and nex=1.360 with 

fixed tapering ratio(


) of 0.25

For the fundamental mode, an optical beam can pro-
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FIG. 5. Image of the waist of the multimode fiber taper, 
(a) before tapering, (b) L=5.0 (c)=7.5 mm.

pagate through the tapered region with negligible trans-
mission loss regardless of the refractive index of the ex-
ternal medium, as shown Fig. 4(a). In this case, only the 
mode size changes. This suggests that the multimode 
fiber taper can be used for beam focusing of the Gauss-
ian beam with the proper beam size. However, for the 
5

th
 and 10

th
 mode, the transmission losses are different 

for the two cases, as shown Fig. 4(b) and 4(c). When 
nex=1.444, the fiber core no longer confines the modes 
as the core size decreases. As a result, the mode leaks 
into the external medium. The 10

th
 order has larger trans-

mission loss than that of the 5
th
 mode. However, when 

nex=1.36, the lower refractive index of the external me-
dium prevents the 5

th
 and 10

th
 modes from leaking, result-

ing in no transmission loss. In this case, the modes change 
from the core mode into the cladding modes at the right 
side of the taper. However, the cladding modes are still 
bound by the external medium. It is important that the 
optical power distributed in the fiber cladding be grad-
ually confined into the core as the core size increases, 
as shown in Fig. 4(b) and (c). That is, the modes are con-
verted from the cladding mode into the core mode again. 
It should be noted that the evanescent wave of the only 
cladding modes has access to the external medium.  For 
the 15

th
 mode, the mode shows transmission loss, even 

though nex=1.36, as shown in Fig. 4(d). The total number 
of the guided modes in the waist region of the fiber taper 
and the total transmitted power depends on the refractive 
index of the external medium when all the modes are ex-
cited. Therefore, it can operate as a refractive index sensor.

III. EXPERIMENTS AND ANALYSIS

A multimode fiber with a core diameter, cladding 
diameter and numerical aperture of 125 μm , 50 μm and 
0.02, respectively, was used for the experiments. The 
multimode fiber was heated with flames from two micro 
torches and was tapered by pulling. The core and cladding 
diameter was controlled by the tapering length. Two 
types of biconically tapered cladded multimode fiber 
with different tapering lengths(2L), 10 mm and 15 mm, 
respectively, were prepared. Fig. 5 shows an image of 
the waist region of the multimode fiber taper. Practically, 
the shape of the fabricated tapered fiber is slightly dif-
ferent from the theoretical model. The tapering length(2L) 

and tapering ratio(


) of the fabricated device are 

longer and larger than those of the theoretical model. 
In the center of the waist the cladding diameter was  
more smoothly changed than theoretical The cladding 
diameter was kept uniformly within several millimeters 
along the fiber direction in the center of the waist. After 
this process, the sample was mounted on a U shaped 
quartz tube, 40 nm in length, using an UV curing 
epoxy. Since one side of the quartz tube is opened, the 

empty volume of the quartz tube can be filled with an 
external medium. Hence, the tapered region of the device 
is surrounded by the external medium. Several types 
of liquids were prepared as external media. The refractive 
indices of these materials were measured using a prism 
coupler at a wavelength of 1550 nm. The prepared ma-
terials were made from water and glycerin. The experi-
mental set-up consisted of a white light source made 
from a halogen ramp, DUT(device under test) and spec-
trum analyzer, which was used to detect the transmission 
dependence on both the external medium and wavelengths.

Fig. 6 shows the experimental results. In this exper-
iment, the multimode fiber without tapering, whose length 
is equal to the DUT(device under unit), was used as a 
reference multimode fiber for the transmission. The trans-
mission is the difference between the output spectrum 
of reference fiber and DUT. The higher tapered device 
shows higher transmission loss for the same external 
medium. As shown theoretically, the transmission loss 
increases with increasing refractive index of the external 
medium. Therefore, biconically tapered cladded multimode 
fiber may be used as a refractive index sensor. The ex-
perimental results also show the refractive index sen-
sitivity increases with increasing wavelength. For a low 
refractive index external medium, such as air and water, 
the transmission loss is somewhat flat against the wave-
length. On the other hand, for an external medium with 
a high refractive index, the transmission decreases with 
increasing wavelength. The wavelength dependence of the 
device in transmission is dependent on several parameters. 
The experimental results may be explained from the fact 
that the total number of modes guided in the fiber core 
and cladding at the waist region decreases step by step 
with increasing wavelength and refractive index of the 
external medium. Using the spectra corresponding to two 
refractive indices of external mediums 1.441 and 1.426 
in Fig. 6(a), it can be estimated that near a wavelength 
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(a)

FIG. 6. The measured transmission of the biconically 
tapered multimode fiber, (a) L=5.0 mm, (b)L=7.5 mm.

of 1550 nm, an about 3 dB change in transmission is 
made by a change of 0.015 in refractive index. Although 
the experimental results could not be properly compared 
with the simulation results due to the difficulties in 
measuring the exact taper, measured behaviors of the 
device agree with the theoretical expectations. In spite 
of the fact that the tapering ratio of the fabricated 

device(


) was higher than the theoretical model, the 

measured transmission loss of the fabricated devices 
was higher as shown in Fig. 6(b). We thought that this 
result was attributed to the long tapering length of 
fabricated devices.

It was reported that unlike the biconically tapered 
cladded multimode fiber considered in this paper, the 
transmission of a single mode biconically tapered fiber 
device[13] using evanescent wave coupling with an ex-
ternal medium exhibits no leaky loss when the refractive 
index of the external medium is much lower than that 
of fiber cladding. it was demonstrated experimentally 
that the device can operate as a refractive index sensor 
for an external medium, especially for low index material.

IV. CONCLUSION

The transmission and sensing characteristics of a 
biconically tapered cladded multimode fiber were analyzed 
using the beam propagation method. The effect of cladding 
on the transmission and sensing characteristics was ex-
plained in terms of mode coupling between the core and 
cladding modes. The transmission loss is dependent on 
the number of cladding modes bounded by the external 
medium. The transmission of the multimode fiber taper 
is quite sensitive to the refractive index of the external 
medium, which makes it possible to use as a refractive 
index sensor. The refractive index sensitivity is dependent 
on the device structure and optical wavelength. We ob-
served that about 3 dB change in transmission was 
caused by a change of 0.015 in refractive index. In 
addition, we expect that the device can be also used 
for evanescent wave absorption sensor for spectroscopy 
because the cladding mode can be re-coupled into core 
mode.
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