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Abstract

In this paper we propose the fabrication, implementation, and testing of a novel fiber optic sensor based on Multimode
Interference (MMI) effects for independent measurement of curvature and temperature. The development of fiber based
MMI devices is relatively new and since they exhibit a band-pass filter response they can be used in different
applications. The operating mechanism of our sensor is based on the self-imaging phenomena that occur in multimode
fibers (MMF), which is related to the interference of the propagating modes and their accumulated phase. We
demonstrate that the peak wavelength shifts with temperature variations as a result of changes in the accumulated phase
through thermo-optics effects, while the intensity of the peak wavelength is reduced as the curvature increases since we
start to loss higher order modes. In this way both measurements are obtained independently with a single fiber device.
Compared to other fiber-optic sensors, our sensor features an extremely simple structure and fabrication process, and
hence cost effectiveness.
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1. INTRODUCTION

The measurement of relative displacements and deformations as well as temperature is of great importance in many
fields such as aerospace, geophysics, and nanotechnology, in medicine for diagnosis, and in structural health monitoring.
Although the deflection of loaded structures is a basic parameter in the field of strength of materials, in practice this
quantity is quite difficult to measure [1]. Due to its relation with structural mechanical parameters such as strain, torsion,
and position, curvature measuring is of great interest. In spite of the great importance of curvature measuring, there are
only a few sensors that can actually measure it [2]. Temperature effects can also play a role for bending structures and it
completes the picture of the mechanical conditions under which the element of analysis is operating. Therefore, being
capable of measuring both curvature and temperature simultaneously is highly desired. Recently, due to the frequent
occurrence of this requirement, there has been a great effort to develop sensors that can measure simultaneously several
parameters such as pressure, strain, force, temperature, curvature, and refractive index. It was found that grating-based
fiber sensors are suitable for simultaneous-measuring tasks because of their sensitivity to several external parameters.
Particularly, Fiber Bragg Grating (FBG) based optical sensors have been extensively investigated and simultaneous-
measuring sensors for force-temperature [3], pressure-temperature [4], transversal load-temperature [5], and refractive
index-temperature [6] have been reported. FBG sensors for strain-temperature simultaneous measuring have been even
more widely investigated and several techniques have been developed in this area [7-8].

Although some FBG-based sensors for simultaneous measuring of curvature and temperature have been reported [9-11]
they still present some disadvantages. In general, FBG-based sensors are associated with complex and expensive
manufacturing procedures since they need special equipment to print the grating on the fiber; tilted-FBG- and SFBG-
based (i.e. super-structure fiber Bragg grating) sensors clearly need a more complex fabrication process since the grating
planes are sloped by an angle in relation to the longitudinal fiber axis and both FBG and LPFG are printed on the fiber,
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respectively. One problem commonly associated with LPG sensors is the low accuracy for measuring their resonant peak
shifts due to their large resonant bandwidths [12]. Since a FBG is sensitive to both temperature and strain, it is difficult
to determine whether the wavelength shift is introduced by temperature or strain when the FBG sensor is used in a
variable temperature environment. In spite of the numerous investigations that have been carried out to address this
problem the complete discrimination between thermal and bending effects has not been fully achieved.

On the other hand, sensors based on multimode fiber (MMF) have been previously investigated but there is a particular
effect that occurs in MMF that has not been explored for measurements of curvature and temperature. The multimode
interference (MMI) effect occurs in MMF and is related to the formation of periodic images of the field coupled into the
MMF that can be found at well defined locations. Devices based on MMI effects such as MMI optical coupler devices
[13], MMI splitters for sensing applications [14], and MMI switches [15] have been reported. Since MMI devices exhibit
a pass-band filter response the wavelength response can be used for sensing applications. Sensing devices based on MMI
effects have been used as displacement sensors [16], band-pass filters [17], as well as their use to provide single-
transverse-mode laser emission from multimode active fibers [18]. In this work we propose a novel fiber device based on
MMI effects for independent measurement of curvature and temperature with self-discrimination of thermal and bending
effects. Such device can be potentially used for simultaneous measurement of curvature and temperature since their
response to each parameter is uncorrelated.

2. MULTIMODE INTERFERENCE SENSOR

The fabrication of the MMI sensor is quite simple. The only components required are a MMF, which is spliced between
two single-mode fibers (SMF), as shown in Fig. 1.

SMF MMF SMF
Figure 1. Schematic of the MMI sensor.

The operation of the MMI filter is as follows. The key component is a MMF that supports several modes (> 3). After the
supported modes are excited by launching a field using the input SMF, the interference between the modes propagating
along the MMF gives rise to the formation of self-images of the input field along the MMF. Therefore, the length of the
MMEF has to be precisely cleaved in order to have a self-image right at the face of the output SMF. The MMI effect has
been previously studied and the length of the MMF can be calculated using

In the previous equation L, is the beat length, which is defined as follows:

L” — 477MMF D]%/[MF (2)
3

Where nymr and Dyyr are the refractive index and diameter of the MMF core, respectively, and A, is the free-space
wavelength. As shown in Eq. (1), self-images should be periodically formed along the MMF. However, due to the nature
of the MMI effect, the true images of the input field are given at every fourth image. The images formed at other
locations are known as pseudo-images, and although they resemble the input field they exhibit higher losses. Therefore,
we operate our MMI sensors at the fourth image.

If the length of the MMF is properly calculated, the transmitted intensity against wavelength exhibits a band-pass
response. The experimental result of a MMI sensor is shown in Fig. 2. The filter response is due to the fact that images
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are formed wherever the phase accumulated by the modes is a multiple of 27, and this occurs at the peak wavelength of
the filter. As we deviate from this wavelength, the images are formed before or after the MMF-SMF interface, resulting
in a reduced signal coupled to the SMF output.
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Figure 2. Experimental wavelength response of the MMI fiber filter using No-Core fiber.

In order to use the MMI as a sensor, we take advantage that the propagation angle of the modes in the MMF can be
modified by bending the fiber. As the fiber is bended the amplitude of the modes is reduced, and since the image is the
result of the interference of such modes, thus the image will exhibit lower peak intensity. As shown in Eq. (2), the peak
wavelength is determined by both the wavelength and the structural characteristics of the fiber and the peak wavelength
remains the same during bending. When the fiber is heated, structural as well as refractive index changes will occur that
can modify the peak wavelength response of the MMI sensor. Therefore, temperature can be monitored by following
changes in the peak wavelength response of the MMI device.

3. EXPERIMENTAL SETUP AND RESULTS

In our experiments we used a special fiber known as No-Core fiber, which is basically a 125 um MMF with air as its
cladding. The advantage of this fiber is that it provides a narrower band-pass response, due to the higher refractive index
contrast between core and cladding (air). The MMI sensor was characterized using a tunable laser (wavelength range
from 1460 to 1580 nm) and a photodetector connected to a digital multimeter. The whole setup was fully controlled
using LabVIEW. In the case of temperature measurements, a standard ring laser cavity was built to further narrow the
MMI response and being able to detect the peak wavelength shifts.

3.1 Curvature Sensing

Bending of No-Core MMF was tested by using two translation stages (i.e. one fixed and one movable), with the sensor
attached to both stages, as shown in Fig. 3. The fiber was carefully aligned to avoid twisting during bending and it was
fixed so that the section of MMF remained in the middle of the setup while bending the fiber.

) —
Tunable Laser Photodetector
1 OSA

1460 — 1580nm
S

i% i %E

Figure 3. Experimental setup for curvature measurement.
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In the previous configuration the curvature (or the radius of curvature) can be calculated using,

1 2
PPR (@) - ®

where d is the vertical displacement of the fiber with respect to the horizontal line defined when the fiber is not bent, and
L is half of the separation distance. The distance between the translation stages was 300 mm. The No-Core MMF was
evaluated in the range of curvature from 0 to 1.059883m™, which corresponds to a vertical displacement from 0 to
12 mm. The response of the No-Core sensor in the wavelength range from 1460-1580 nm for the previous curvature
range is shown in Fig. 4(left). The inset in Fig. 4 (left) shows a zoom of the peaks; as explained before, it can be clearly
seen that the peak wavelength only varies on its intensity.
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Figure 4. Experimental results of curvature measurements (left), and Intensity versus inverse radius of curvature (right).

The filter response clearly shows a similar waveform for all cases and the peak wavelength remains at the same value.
On the other hand when the curvature increases the intensity of the peak decreases. By plotting the peak intensity versus
inverse radius of curvature we can notice that we obtain a linear response within some range of curvature, as shown in
Fig. 4(right). Nevertheless, the sensor exhibit very low sensitivity for small curvatures (i.e. less than 0.17 m™). This can
be corrected by inducing a pre-bending to the fiber so it can detect the smallest changes.

3.2 Temperature Sensing

When a fiber is heated we can expect some modification to the fiber dimensions (diameter and length) due to the thermal
expansion coefficient, as well as refractive index changes as a result of the thermo-optic effect. All these effects can be
taken into account by using the following equation, which is based on Equations (1) and (2),

M:p[(mAn)(DMD)Z}_% | W

L+AL

where AL=LoAT and AD=DoAT are the increment in length and diameter respectively, with An=c4T as the refractive
index change. The thermal expansion coefficient (a=0.5x10-6/°C) and thermo optic coefficient (6=7x10-6/°C) are used
for a silica fiber [19]. As will be later shown, the dominant term is the thermo-optic effect.

Since the thermo-optic effect is very small, we do not expect a huge peak wavelength shift. According to Eq. (4) a shift

of no more than 5 nm is expected with a temperature of 400 'C. Therefore, an MMI sensor with a peak wavelength of
1550.08 nm was placed inside a standard ring cavity laser with Erbium doped fiber as the gain media. The MMI sensor
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acts as a filter, and lasing is achieved at the peak wavelength. This effectively narrows the bandwidth, and allows for
detection of small temperature changes. The output of the ring laser is monitored using an Optical Spectrum Analyzer
(OSA). In order to uniformly increase the temperature around the MMI sensor an aluminum channel surrounding the
fiber was used. The temperature is controlled with a hot plate and a maximum stable temperature of 375°C was obtained.
The temperature is monitored with a thermocouple and the MMI sensor, as well as the thermocouple, are not in contact
with the aluminum channel. Measurements were made in a temperature range from 25°C to 375°C and the spectrum was
taken at every 25 °C temperature interval. As shown in Fig. 5 (left), there is a wavelength shift of approximately 4.5 nm
when the temperature reaches 375°C. We should also notice that the wavelength is increased, which corroborates that
the dominating term is the thermo-optic effect. By plotting the peak wavelength as a function of temperature, we can
also notice that we have a nice linear response, as shown in Fig. 5 (right). We also show the response as calculated from
Eq. (4), see red line.
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Figure 5. Sensor response for different temperatures in the operation range from 25-375°C.

We should highlight that the peak intensity does not exhibit a significant change as the temperature is increased. This is
important since curvature is measured by following intensity changes in the peak wavelength. This provides a simple
way to measure both curvature and temperature not only at the same time but both measurements are decoupled from
each other.

4. CONCLUSION

A novel self-discrimination fiber optic sensor based on MMI effects for independent measurement of curvature and
temperature has been proposed, implemented, and tested. The operating mechanism of the proposed sensor is based on
monitoring of the peak wavelength shift and its intensity when the temperature and curvature are modified, respectively.
Curvature and temperature measurements have been independently performed due to the fact that the amplitude of the
peak wavelength varies with the curvature while the peak wavelength remains at the same value; and, on the other hand,
the peak wavelength shifts when temperature varies while the intensity remains invariant. Furthermore, operating ranges
were the sensor exhibits linear responses were defined for both curvature and temperature measurements. Compared to
other fiber-optic curvature and temperature sensors, our sensor features an extremely simple structure and fabrication
process, and hence a very low cost and reproducible sensor. Since we can have a different peak wavelength by just
changing the MMF length, multiplexing and several-point remote sensing are straightforward. By using an appropriate
material, high temperature sensor should be also feasible.
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