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Abstract— This paper discusses the properties of modal
interference (MI) for fiber optic sensor (FOS). The
performances of the devices had been reviewed based on the
structures and the splicing techniques. The structures are based
on the standard fibers, polarization maintaining fiber (PMF),
photonic crystal fiber (PCF) and fiber Bragg grating (FBG).
Meanwhile, the splicing techniques can be categorized as the
core mode mismatch, offset splicing, waist enlargement and
collapse region. This paper also reports the experimental result
of core mode mismatch splicing technique of the SMF-SMF and
SMF-MMF-SMF. The response of the power received using
various operation wavelengths has been examined. At 1530nm
operating wavelength, both structures recorded the highest
reading of 59.839uW for SMF-MMF and 62.397uw for SMF-
MME-SMF.

Index Terms— Fiber Optic Sensor; Modal Interference;
Splicing Technique; Structures.

. INTRODUCTION

Optical fiber sensor has received great attention in recent
years due to their specialty of sensitivity, size, and immunity
to electromagnetic interference in the biological, chemical
and environmental industries [1]. Recently, researchers
applied the interference phenomenon in many high precision
measuring systems, filters, modulators, and sensors [2]-[3].

Interference is an effect of constructive or destructive of
electromagnetic wave [4]. Recently, researchers applied the
interference phenomenon in many high precision measuring
systems and sensors. Optic wave interference is the effect of
interference between two optic waves. When using fiber optic
as the waveguide, it is known as the fiber optic interferometer
(FOI)

FOI is a device that can be used to control and analyze the
optical signal [5]. The resultant wave can be analyzed in
terms of phase modulation, intensity, power loss, extinction
ratio and phase shifting [6]. FOI induced the Michelson
interferometer, Fabry-Perot interferometer (FPI), Mach-
Zehnder interferometer (MZI) and Sagnac interferometer (SI)
for fiber optic sensor (FOS). The applications of FOI as
Michelson interferometer for temperature sensor [7],
refractive index sensor [8] and for the velocity sensor in [9]
have been reported. Meanwhile, the applications of FPI as the
refractive index sensor in [8], simultaneous temperature and
refractive index sensor in [10] and pressure [11] have been
reported. Next, MZI is used for high-temperature sensor [12]
and liquid level sensor [13]-[14]. Finally, the application of
S| as the refractive index sensor has been reported in [15].
However, the fabrication needs special tools and devices are
very fragile.

Modal Interferometer (MI) is another structure of FOI as
FOS. The simplicity in signal recovery is the superior
property of this structure [16]. MI is a device in which
different modes interact with each other and generates an
interference pattern that can be in periodic or non-periodic.

There are three sections of the optical fiber M1 which are
Lead-in, Sensing-area, and Lead-out as shown in Figure 1.
Lead-in area allows the optical source to pass through while
the Sensing-area responses to the ambient environment. The
Sensing Area can be varied in terms of the structures or the
types of fiber used. Next is the Lead-out area which acts as a
combiner of the received optical signal. The basic physical
principle of the device is that optical signal transmitted
through the fundamental mode of the Lead-in and coupled to
the several modes into the Sensing-area and recoupled to the
fundamental mode of the Lead-out section.

This paper describes the differences and the similarities of
MI parameters based on the structures, operation principles
and the corresponding sensitivity Ml as the sensor devices.
Furthermore, this paper also reports an experimental result of
splicing by using structures SMF-SMF and SMF-MMF-SMF
by applying mismatch technique that successfully applied the
MI concept.
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Figure 1: Basic schematic diagram of M|

Il. OVERVIEW OF MODAL INTERFEROMETER
STRUCTURES

This section describes the structures which have been used
as Ml as FOI reported by previous research. The structures
used such as standard fiber, polarization maintaining fiber
(PMF), photonics crystal fiber (PCF) and fiber Bragg grating
(FBG) applied to the Sensing-area. In fact, different type of
structures will generate different sensitivity response. All the
details about the sensitivity are recorded in Table 1.

A.  Standard Fibers (SMF/MMF) Based Structures

Single mode fiber (SMF) is a fiber that can carry an optical
Single mode fiber (SMF) is a fiber that can carry an optical
signal while multimode fiber (MMF) allows multiple modes
to propagate along the core. Normally SMF has smaller
diameter core compare to the MMF. Jun Su et al. in [17] used
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multimode-multimode-multimode (MMF1-MMF2-MMF3)
structure fiber for the Sensing-area that cleaved in the SMF
and produce three dips at 1555.63nm, 1560.48nm, and
1550.12nm. The sensitivity of the temperature and the
refractive index examined by using a linear fitting method
through the changes of the dips. Next, Jing li Fan et al. in [18]
used a combination of SMF and MMF as the Sensing-area
with different structures of fiber to produce a high extinction
ratio about -27dB at dip 1573nm. From that, the structure was
able to enhance the sensitivity to temperature more than 800°C
. Jing-Jing Zhu et al. in [19] used a thin core fiber (TCF) as
Sensing-area cleaved into the standard SMF as high
temperature optical sensor. The highest temperature can
reach 850°C with a simplest etching process.

B. Polarization Maintaining Fiber (PMF) Based
Structures

PMF is also known as high birefringent fibers (HBFs)
which linearly polarized planes of light waves [20].
Therefore, the polarization fiber needs a special standard
operating procedure in order to maintain the polarization [21].
Hua Ping Gong et al. in [22] reported the waist enlargement
splicing PMF between two SMF within specific length the
device able simultaneously measured the liquid level,
temperature, and refractive index.

C.  Photonics Crystal Fiber (PCF) Based Structures

The PCF is also called as the micro-structured fiber. It
consists of numerous air holes within a silica host. Jinesh
Mathew et al. in [23] spliced PCF as Sensing-area between
the SMF to detect dew formation sensor. Other than that, it
also responses to the ambient humidity and temperature. Tao
Li et al. in [24] cleaved PCF as Sensing-area between the
SMF to sense simultaneous strain and temperature. In
addition, the PCF was cascaded with long period fiber grating
(LPFG) to investigate the different response through the
spectral response. Next, Sandipan M. Nalawade et al. in [25]
construct a sensor for strain and temperature by splicing PCF
as the Sensing-area between SMF and MMF.

D. Fiber Bragg Grating (FBG) Based Structures

FBG was designed by alteration of the wavelength
periodically in the fiber. The diffraction is able to confine the
optical signal in the core of fiber within the core and cladding
[20]. As mention previously in PCF based structures about
ref. [24], the PCF was cascaded with FBG to compare the
sensitivity response of temperature and strain. The sensor
device successfully reduces the complexity of the device.
Later, Xiujuan Yu et al. in [26] inscribed FBG in the SMF for
simultaneously measured RI and temperature. This device
aims to overcome problems in chemical industry,
biochemical analysis and also medical diagnostic.

Table 1
Overview of various MI fiber structure for their application, range and the sensitivity.
Sensing-area Structures Application Range Sensitivity Ref
MM-MM-MM (Standard Fiber) Refractive Index 1.34-1.39 108.23nm/RIU [17]
Temperature 20°C-70°C 0.152nm/°C
SMF (Standard Fiber) Refractive Index 1.33-1.37 -64.889nm/RIU [18]
Temperature 20°C -80°C 73pm/°C
TCF(Standard Fiber) Temperature 0°C -850°C 18.3pm/°C [19]
PMF Liquid level 0mm-28mm - [22]
Refractive Index 1.335-1.382 0.516nm/ nm
Temperature 25°C-75°C 0.126mm/°C
PCF Temperature 20°C -60°C 9.5pm/°C [23]
humidity 20%-100% -
Strain 180° 79.83pm/° [25]
PCF and LPFG Strain - -2.3pm/pe (MI) [24]
-0.37pm/ pe (LPG)
Temperature 30°C -100°C 3.2pm/°C (M)
86.1pm/°C (LPG)
FBG Refractive Index 1.33-1.39 -26.22nm/RIU [26]
Temperature 20°C -100°C 46.5pm/°C

1. SPLICING TECHNIQUES

This section describes the splicing techniques to construct
structures of Sensing-area for MI. The splicing techniques
such as core mode mismatch offset splicing, waist
enlargement and collapsed region as reported by previous
research. The optical source passed through the Lead-in and
approaching Sensing-area and at the Lead-out area will
collect a received optical signal from the Sensing-area.
Different type of structures caused different pattern
propagation of the optical modes.

A Core Mode Mismatch

Core mode mismatch is formed when the fiber optic core
diameter of the Lead-in and the Lead-out are different from
the Sensing-area. Jun Su et al. used MMF-MMF-MMF
structure for the Sensing-area [17] as shown in Figure 2

MMF1 and MMF3 have the same diameter core of
105/125um and 5mm length while MMF2 has a core
diameter of 50pum/125um with 30mm length. The Lead-in
and the Lead-out area used standard SMF-28 while the
Sensing-area used TCF with core diameter 1.5 pm with a
varied dimension of L about 2cm and 4cm. Meanwhile,
MMF1 the optical power coupled to the core and the cladding
due to the mode field mismatch and produce multiple core
modes and cladding. Then at the MMF3 multiple core modes
interfere with cladding modes and core modes of MMF2 due
to the phase matching conditions. Next, Jing-Jing Zhu et al.
used a TCF structure for the Sensing-area [19] as shown in
Figure 3. A high order fiber cladding modes will be excited
at the starting edge of Sensing-area. The excited fiber
cladding modes will interfere with the core mode due to the
relative phase displacement. The output signal is a series of
interference signal superposition.
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Figure 3: Schematic diagram of TCF

B.  Offset Splicing

Offset splicing (OSJ) is formed due to misalignment of the
three sections of MI. Tao Li et al. in [26] used FBG as
Sensing-area which was spliced between the SMF as shown
in Figure 4. The TCF with 9/125um core diameter was lateral
splice offset of 2 um, 4 um, and 5.5 pum y-axis. The OSJ1 will
excite multiple co-propagating modes, while the OSJ2 will
recombine modes. The optical power passed through the FBG
will be coupled to the cladding and core mode. The power
mode reflected at a particular wavelength in the core mode of
FBG. A series of interferences fringes will be produced out
of the non-reflected core mode. This is because core mode of
FBG and the cladding modes travel through the different
optical paths. Subsequently, Jingli Fan et al. cascaded 45mm
length SMF and varied length MMF as the Sensing-area by a
combination of core mismatch and OSJ techniques in [18] as
shown in Figure 5. The varied length of MMF are 1mm,
2mm, and 3mm.The Sensing-area was set up with lateral
offset splicing about -4 pum, 4 um and 2.8284 um along the
x-axis and -4 um along the y-axis. The sensor depends on the
interference between the core mode and the cladding modes
in the Sensing-area. The cladding modes are excited due to
the lateral mismatch. Optical signal from the SMF Lead-in
successfully excites the energy to the sensing SMF, and the
optical signal is coupled to the core mode and cladding
modes. Then, a part of the core mode and cladding modes will
be coupled back to the guided modes of the MMF, before
coupled to the fundamental mode of the lead-out SMF

C. Waist Enlargement

Waist enlargement is produced when two tips of fiber
merged into one fiber tip by the arc discharge. Hence due to
the large overlap and push force between the fiber tips with
the fiber waist enlarged [13]. Huaping Gong et al. in [22]
spliced SMF with PMF consist two waist that will be enlarged
by fiber tapers as shown in Figure 6. Length of PMF used was
35mm with mode field diameter of 10.5 um.

The waist was enlarged to 165 pm from 125 pum and the
taper length of 275 um. The optical signal propagates in the
core through the first waist of enlarged fiber taper, and then
the optical signal is coupled to the cladding and core layer of
the PMF because of the mismatch diameter. Later at the
second waist-enlarged fiber taper, the two optical signal

recombine and are partially recoupled back into the core of
the Lead-out SMF.
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D. Collapse Region

Collapse region happens during splicing of microstructure
fiber which is the PCF. The air holes of the PCF at the splicing
regions are fully collapsed. Figure 7 shows the excitation and
recombination mode in the hole of the collapsed region based
on Tao Li et al in [24]. It used standard SMF-28 with 17mm
length solid core PCF (LMAL10) as the Sensing-area. The
modes propagate through the PCF until reaching the cleaved
end and produce reflected optical signal. When the reflected
modes re-enter the collapsed region the modes will further
diffract. The cladding modes and core mode generates a
phase difference when they are propagating along the PCF.
The cladding modes of the PCF will couple back into the core
of the Lead-out area
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Flgure 7: Schematic diagram of collapse region
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V. SPLICING RESULT

The response of the power received using various operation
wavelength have been examined. Figure 8 shows the
schematic diagram splicing between SMF-SMF with L; and
L, are Im length. Figure 9 shows the schematic diagram for
SMF-MMF-SMF with Ls and Ls; are 2m and 0.14m
respectively.

This paper used standard SMF-28 and graded MMF with
62.5/125 pm. This paper used WSL-100 and OSA MS9740A
as tuneable wavelength source and the spectrum analyzer.
The operating wavelength was set in the range of 1530nm to
1600nm with an interval of 10nm. This experiment used 5mw
as the input power supply. Figure 10 shows the power output
graph displayed in uW for each configuration. Then the
graphs pattern are almost the same but slightly different at
1590nm. In addition the SMF-SMF structure shows lowest
transmission power output compared to SMF-MMF-SMF.
This is due to the property of MMF that can carry more
signals compared to the SMF. It can be seen that at 1530nm
operating wavelength both structures of SMF-SMF and SMF-
MMF-SMF show the highest reading with 59.839uW and
62.397uw respectively.

Figure 8: Schematic diagram splicing of SMF-SMF structure
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Figure 9: Schematic diagram splicing of SMF-MMF-SMF structure
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Figure 10: Transmission power output

V. CONCLUSION

This paper has discussed the MI device in terms of the
structure and the splicing techniques. A different
configuration of the MI device depends on the applications.
Meanwhile, there were a variety of techniques applied in
order to construct the MI device sensor, but core mode
mismatch structure is the most effective splicing technique
due to the flexibility of the splicer machine.
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