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Abstract

We examine theoretically the transmission characteristics of the Single mode-Multimode-Single mode (SMS) fiber
structures when the spot sizes of the fundamental modes of the single and multimode fibers do not match. It is observed
that in such cases, the transmitted power becomes highly sensitive to the wavelength of operation and the length of the
multimode fiber used. The study should be useful in the design of efficient fiber optic microbend sensors and novel
wavelength filters using SMS structures.
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1. Introduction

Fiber optic sensors based on intensity modula-
tion are the easiest to realize, and amongst these,
microbend sensors have been studied extensively
[1-4]. In the conventional microbend sensors, a
large number of modes are excited, and the mi-
crobend induced loss is a measure of the power
coupled to the radiation modes. As a result, the
performance of the conventional microbend sen-
sors is highly dependent on the launching condi-
tions at the input end of the fiber.

Donlagic and Culshaw [5] have proposed a
novel microbend sensor structure consisting of two

identical single mode (SM) fibers axially spliced at
both ends of a multimode (MM) parabolic core
fiber. This structure has been called as the SMS
(Single mode-Multimode-Single mode) fiber
structure. It is reported that the typical power loss
for a given microbend structure and force is about
3-6 times larger in the SMS structure than in the
conventional microbend sensor structures. The
authors [5] have assumed that only the funda-
mental mode is coupled in (coupled out) at the
input (output) end of the multimode sensing fiber
section. Such a condition would be satisfied only
when the spot sizes of the fundamental modes of
the single mode and multimode fibers match ex-
actly and also there is no axial misalignment at the
splices. If either of the above conditions is not
satisfied, the higher order modes of the multimode
fiber would also be excited/coupled out at the
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input/output end of the multimode fiber. Further,
in a parabolic core fiber, since the propagation
constants of the various modes are almost equally
spaced, the power coupled to the lead-out single
mode fiber is expected to be extremely sensitive to
the phase difference developed between various
modes at the output end of the multimode fiber
section. Thus, the performance of the SMS fiber
sensor structure should be highly dependent on the
wavelength of operation and also on the length of
the multimode fiber.

In the present paper, we obtained the trans-
mission characteristics of a SMS fiber structure
assuming that the single and the multimode fibers
are axially aligned at each splice but have different
spot sizes for the fundamental modes. It is shown
that in such cases, the transmitted power is ex-
tremely sensitive to the length of the multimode
fiber section and wavelength of operation.

2. Analysis

We consider a SMS structure consisting of two
identical single mode fibers spliced (axially
aligned) at both the ends of a multimode parabolic
core fiber of length L (see Fig. 1). The transmitted
power through such a structure can be obtained as
follows. The power coupled from one fiber to the
other at each splice can be obtained by calculating
the overlap integrals between the guided modes of
the two fibers [6-8]. The fundamental mode-field
(normalized with respect to the whole cross-section
of the fiber) of the single mode fiber can be ap-
proximated as [8]

(1)

where wS represents the Gaussian spot size of the
mode, and in the case of step index fibers, it can be
approximated by
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where aS and VS represent the core radius and the
V-number, respectively, of the single mode fiber.
The above approximation is known to be an ac-
curate approximation (value of wS is within ~ 1 %
error) for the fundamental mode of a single mode
step index fiber [8]. We would like to mention here
that one can also use a more rigorous description
of the fundamental mode in terms of a series of
Laguerre Gaussian functions as suggested by
Meunier and Hosain [7]. This, however, will make
the mathematics more involved and increase the
computational time.

The multimode fiber in the SMS structure is
assumed to be a parabolic-core fiber characterized
by the following refractive-index profile:
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where n0 and «d are the core and cladding indices,
respectively. Further, aM and DM represent the
core radius and the relative core-cladding refrac-
tive index difference of the multimode fiber.

As mentioned above, we are assuming that the
axes of the single mode lead-in fiber and the mul-
timode fiber are perfectly aligned. In such a case,
power in the single mode fiber would be coupled
only to the first few circularly symmetric modes of
the multimode fiber. The modal field patterns for
such modes (normalized with respect to the whole
cross-section of the fiber) can very well be ap-
proximated by that of an infinitely extended par-
abolic media and are given by [8]:

li 1 '^'

Fig. 1. Schematic diagram for the SMS fiber structure.

In the above, LmðrÞ represents the Laguerre poly-
nomial of degree m and wM represents the Gaussian
spot size of the fundamental mode, and is given by
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where VM represents the V-number of the multi-
mode fiber. Further, the propagation constants of
the mth symmetric mode is given by [8,9]

bm =

where

a M = •
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At the first splice (i.e., input end (z = 0) of the
multimode fiber), the total field wðz = 0Þ can be
expressed as

The amplitude Am of the mth mode of the multi-
mode fiber can easily be obtained by the overlap
integral between the fields wSðrÞ and wmðrÞ which
corresponding to the unit power launched in the
single mode fiber is given by,

(9)

where l = WS=WM. Since different guided modes
travel with different propagation constants, the
total field w at the output end of the multimode
fiber of length L can be written as

At the second splice, now the power would couple
from various modes of the multimode fiber to the
lead-out single mode fiber. The power (PSM) cou-
pled to the lead-out fiber would then be given by

PSM — ðz = LÞrdr

ð11Þ

The output power PSM is expected to vary with
wavelength k and the fiber length L as discussed in
the following.

Case 1: fi= 1. In such a case, Ai ði P 1Þ is equal
to zero, and all the input power is coupled into the
fundamental mode of the multimode fiber and

subsequently coupled out in the lead out fiber for
all values of L.

Case 2: fi^= 1. In this case, higher order modes
of the MM fiber are also excited, and PSM will
depend on the amplitudes and relative phase of
various modes of the MM fiber at its output end.
The variation of PSM with wavelength can be un-
derstood by calculating the phase difference de-
veloped between the successive modes in length L.
This can be calculated quite accurately by retain-
ing only the first three terms in the binomial ex-
pansion of the right-hand side of Eq. (6), giving

(2m+l)y
/2AM (2m+l)2AM
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aM

ð12Þ

Using above expression the phase difference (DU)
developed between the successive modes in length
L is given by

A$=(pm-pm+1)L

2DM 4ðm þ \)A M LI.
aM

ð13Þ

The above equation shows that DU changes line-
arly with wavelength. Thus one expects that the
output power should vary periodically with
wavelength with a period (Dk2p) over which DU
changes by 2p. This can easily be calculated using
Eq. (13) and is given by

ð14Þ
2DML

3. Results and discussion

Using Eqs. (9) and (11), we have calculated
theoretically the output power from the lead-out
single mode fiber corresponding to unit power
launched in the lead-in fiber. We have used the
following values for various fiber parameters.

For single mode fiber: DS = 0:002379; aS = 2:2
lm ; VS ðat k = 0:6328 lmÞ = 2:2.

Here, DS is the relative core-cladding index
difference of the single mode fiber and is defined
similar to DM (Eq. (3)).

For multimode fiber: DM = 0:008, AM = 25:0 lm.
In both the fibers, cladding is considered as

pure silica, whose refractive index is calculated at
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Fig. 2. Variation of the Gaussian spot sizes of single mode and
multimode fibers with wavelength.

each wavelength by using Sellemeier's formula
(e.g., see Chapter 6 of Ref. [8]).

We first obtained the wavelength at which the
spot sizes of the SM and MM fibers match. Fig. 2
shows the variation of Gaussian spot sizes wS and
wM of the fundamental modes of SM and MM
fibers with wavelength. The two spot sizes match
at wavelength k0 (= 1:21 lmÞ and differ at other
wavelengths. Fig. 3 shows the variation of the
modal power carried by first five modes of the
multimode fiber as a function of wavelength, when
unit power is launched in the input single mode
fiber. Powers carried by the higher order modes
are negligibly small and are difficult to show in the

present figure. This figure indicates that most of
the input power is carried by the first few modes of
the multimode fiber. In our calculations, however,
we have considered first thirty excited modes of the
multimode fiber, which carries more than 99.99%
of the incident power for the entire wavelength
range considered.

Fig. 4 shows the variation of the output power
(PSM) as a function of the wavelength for 2 m
length of the multimode fiber. We have chosen the
wavelength range such that the expression (Eq. (2))
for the Gaussian spot size for the single mode step
index fiber holds valid. As expected, this figure
clearly shows periodic variation of the output
power with wavelength having high transmission
peaks. The first two peaks are separated by
0:276 lm, which is very close to the value
0:283 lm predicted by Eq. (14). This figure also
shows a wide wavelength band of high transmis-
sion around X= 1:21 lm, at which spot size of the
fundamental mode of the multimode fiber matches
with that of the single mode fiber. As a result, all
the input power is coupled from the lead-in fiber to
the fundamental mode of the MM fiber at the first
splice and then couples out to the lead-out fiber at
the second splice irrespective of the length of the
multimode fiber.

In order to show that the spacing between the
various peaks is inversely proportional to the
length of the MM fiber (as predicted by Eq. (14)),
we calculated the wavelength response for another
length of the MM fiber. Fig. 5 shows the variation
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Fig. 3. Variation of fractional modal power in the first five
modes of the multimode fiber with wavelength.
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Fig. 4. Variation of output power (PSM) as a function of
wavelength for L = 2 m.
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Fig. 5. Variation of output power (PSM) as a function of
wavelength for L = 4 m.

of the output power (PSM) as a function of the
wavelength for 4 m length of the multimode fiber.
The average value of Dk2p obtained from this fig-
ure comes out to be 0:139 lm while Eq. (14) pre-
dicts 0:142 lm. It is clear that the wavelength
spacing between the various peaks is now de-
creased by a factor of 2, indicating that Dk2p is
inversely proportional to L.

We would like to mention that wavelength ðk0Þ
at which the two spot sizes match could be tailored
by selecting the fiber parameters accordingly. For
example, if one wants to shift K0 towards a higher
wavelength, the parameters of both single and
multimode fibers can be selected in such a way that
spot sizes of the fundamental modes match at that
wavelength. This can be achieved either by de-
creasing the wS or by increasing the value of w
(see Fig. 2), by selecting the parameters of the SM
or MM fiber appropriately keeping Eqs. (2) and
(5) in mind. The above results show that one can
design a SMS structure to act as band-pass
wavelength filter around any desired wavelength
or as a comb filter to transmit wavelengths sepa-
rated almost equally with each other. Such a
structure can also be used as a sensor to sense any

physical parameter (such as temperature, strain)
which can change L and hence Dk2p.

4. Conclusions

We obtained theoretically the transmission
characteristics of the SMS fiber structure when the
spot sizes of the fundamental modes of the single
and multimode fibers do not match. It is found
that in such cases, the transmitted power becomes
highly sensitive to the wavelength of operation and
the length of the multimode fiber used. The pos-
sible applications of such structures as sensors and
wavelength filters are discussed.
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