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ABSTRACT

The telecommunication by using an optical fiber as a transmission medium becomes widely
popular in several commercial fields and applications. The attenuation of the fiber is possibly lower
than 0.14 dB/km in which it is able to transmit the optical power to very long distance with very few
losses. There are two major types of the fiber; single-mode and multimode fiber. Single-mode fiber
carries only one mode of light to be transmitted through longer distance while multimode fiber can
carry several modes of light, but they are transmitted in shorter distance. The fiber type is selected
regarding to the appropriate factors of usage such as distance and environment. In addition, an optical
fiber is capable for the sensor application to the surrounding environment for the specific
measurement. Various sensor types have been developed to response the appropriate usage with the

lower price.

One of an interesting sensor type by using an optical fiber is the fiber grating. The fiber grating
is the fiber with its structure change at specific point with the period as a grating period along the
fiber axis. Fiber grating consists of two main types; fiber Bragg grating (FBG) and long-period fiber
grating (LPFG). FBG is also called short-period fiber grating where its period relies in submicron
level while LPFG has its grating period between 100 to 1,000 um. This research focuses only on the
LPFG with the single-mode fiber type. The development of the LPFG fabrication techniques on the
fiber has been studied all the time. The LPFG first observed as a mode coupling inside the fiber with
its periodic perturbation structure along the fiber axis. The mode coupling was detected as the
attenuation loss in the form of resonant wavelength. Later, an inscription of LPFG structure into the
fiber by using UV irradiation was performed to permanently alter the periodic index of the fiber. The
fabrication was then developed by using external device as a mechanically induced technique which

temporarily altered the fiber structure only when the fiber was perturbed by that device.

The LPFG fabrication by the perturbation of a 3D printed LPFG device on to the fiber is carried
out to observe the coupling characteristics in term of resonant wavelengths as conventional methods
did. The modern technology of three-dimensional printing has been increasing and it is benefit to
various applications with low cost, but high efficiency. The 3D printing technology inspires the
creation of an LPFG device in which the design of the 3D printed LPFG device is controllable. The
3D printed LPFG device has a general dimension of 4.0 cm long, 2.5 cm wide, and 0.5 cm thick. The
grating period of the LPFG device begins from 500 to 630 um with an increment of 10 um. The
perturbation process was taken by direct pressing the LPFG device on to the bare single-mode fiber

by using a digital force meter and the perturbation weight can be read as well. The broadband light



source with the maximum power at 1550 nm transmits the light pulse through the fiber and it is

received by an OSA.

The spectral output shows the amount of three to four resonant wavelengths for a single
perturbation and five resonant wavelengths for a simultaneous perturbation. Each resonant
wavelength corresponds to each coupling mode. All resonant wavelengths shift to the longer one
when the LPFG device with longer grating period is applied. The relationship between the resonant
shift and the grating period is linear function. The constant value referring to that relationship is the
differential effective refractive indices between core and cladding mode. From the single
perturbation, three resonant wavelengths have the constant value of 1.2857x107, 1.5287x1073, and
1.9406x1073, respectively. All resonant shifts have the linearity over 0.99 as determined from the
coefficient of determination (R?). In addition, the 550 pum grating period of the LPFG device is
slightly expanded by tilting the device from its initial axis. Practically, the fiber is rotated with the
support of fiber rotator every 5 degrees. The constant values of three resonant shifts are 1.2666x1073,
1.4843x10°3, and 1.8194x10°3, respectively and all of them have the linearity higher than 0.99 as well.
Those constant values are lower compared with the single perturbation due to larger induced
refractive index and smaller grating expansion from tilted LPFG device. The perturbation of the
LPFG device with the different specification of the fiber or different surrounding environment

especially temperature may result to different results of resonant wavelengths.

Besides the experiment, the characteristic of coupling mode is simulated to observe the electric
field distribution through the grating structure along the propagation axis. The finite-difference time-
domain (FDTD) technique is used to simulate an electric field in term of TE mode in FUllWAVE
(Synopsys Inc.) software. The dimension of the fiber is shrunk to few microns and the index
difference is setup to very high to decrease the simulation time, but still remain the clear resolution
of the simulation results. Four examples of grating period; 5.2, 5.5, 5.8, and 6.1 um, together with an
amount of three grating pitches. The simulation results show that the coupling begins when the light
passes the first grating pitch, but not every grating pitches as seen from the contour. The coupling
characteristic shows that when the coupling to cladding mode happens, the magnitude of the field
inside core layer decreases. When the electric field is in phase with the position of the grating pitch,
the coupling at that grating pitch occurs. This causes the LPFG to have many grating pitches to
increase the coupling strength. If any parameters are changed such as refractive indices of core and
cladding layer, even the grating pitch, the distribution of an electric field will be changed or no

coupling occurs on that structure.

The fabrication of an LPFG structure by using 3D printed LPFG device has a potential to filter

out partial wavelength from the broadband signal inside an optical link. The advantage of using the



LPFG device is that it temporarily changes the fiber when it is only perturbed on the fiber in which
the fiber is able to be used for another purposes. The perturbation of a 3D printed LPFG device can
be applied to the tunable filter as it can control the resonant wavelength. Moreover, it is also suitable

for weight sensor to the object or an intruder sensor when someone approaches the sensor area.

Keywords: long-period fiber grating, 3D printed LPFG device, perturbation, resonant wavelength,

coupling, electric field distribution
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CHAPTER 1 INTRODUCTION

1.1 Background

Optical communication plays a big role in world-wide connection as it transports fast data
transmission from a transmitter to a receiver at very far distance, so called telecommunication. Optical
fiber is selected for a medium to carry the light as a carrier from one side to another side. It comes
together with the development of optoelectronics technology. Back into 1970, scientists from Corning
Glass Works successfully produced the first low-loss single mode fiber with its attenuation less than
20 dB/km [1]. It was the revolution of transporting information in form of optics through the optical
fiber for the telecommunication. Several years later until the present era, the possible minimum
attenuation of the optical fiber is 0.14 dB/m for the ultra-low loss optical fiber reported by Hasegawa
et al. in 2018 [2]. Optical fiber consists of two major types, a single-mode fiber and a multimode
fiber. Their characteristics follow their name as the single-mode fiber lets the only single mode of
light ray travel along the fiber and the multimode fiber allows several mode of light ray propagating
along the fiber simultaneously. Regarding to the single-mode fiber, not only the low attenuation of
the optical signal can be transported along the fiber, but also higher bandwidth can travel for a long
distance comparing with the multimode fiber because the single-mode fiber has less modal dispersion.
The single-mode fiber has more efficiency to be selected as a transmission medium for the

observation of optical band spectrum for any situations occurred on the optical fiber.

Apart from the telecommunication, sensors based on the optical fiber become widespread in
many fields of application such as mechanical measurements [3-7], chemical properties and
biosensors [8-10], temperature sensors [11-13], and medical applications [14-16]. The dimension of
an optical fiber is compact to replace at any structure and anywhere. Some fiber types are also patient
to the harsh environment. Any faults or any changes occurred on that structure can be detected from
the movement or an alteration of an optical fiber. In addition, several light waves can be transmitted
through the fiber from the broadband light source. Some of its wavelengths are considered as noises
or interference to the transmission performance. There are methodologies to change the fiber structure
to such a kind of sensor to perform as a light wave filter, controllable filter, in which it is commanded
to filter out the specific light wavelength from the broadband range. The aforementioned structure of

the fiber is called fiber grating.

Fiber grating is a kind of fiber that contains altered structure at specific points along the fiber

with the same period. It is used as a sensor to several physical phenomena for both measurement and



detection. The fabrication of the fiber grating structure on to the optical fiber has been developed to
increase its sensing accuracy to the target environment. The technology of fiber grating fabrication
becomes simpler and uses fewer equipment to perform the grating structure on the optical fiber.

Further details of fiber grating are described in a following section.

1.2 History of fiber grating

In 1978, Hill et al. discovered the photosensitivity in the germanium-doped silica fiber to find
out the non-linear effect inside the optical fiber at Canadian Communications Research Center (CRC)
in Ottawa, Canada [17]. The procedure was taken by irradiating an Argon-ion laser with its
wavelength of 488 nm into germanium-doped fiber’s core layer. The refractive index of the fiber core
was permanently changed from the high intensity of the laser and then formed as a grating index
inside core layer. When the light was transmitted through this fiber, the intensity of reflected light
would be increased. This is called self-induced grating [18]. Later in 1981, Lam and Garside studied
the relationship between the magnitude of refractive index change inside core layer and the square
power of Argon-ion laser with its wavelength of 488 nm [19]. In 1987, Stone reported the
photosensitivity of an optical fiber from the concentration of germanium-doped into the optical fiber’s

core layer [20].

The self-induced grating fabricated by Hill et al. had its inscribing Argon-ion laser at the
wavelength only 488 nm or it was called Bragg wavelength. That wavelength was not compatible
with the usage at communication range. The Bragg wavelength came from Bragg grating which was
named after William Lawrence Bragg formulated the conditions for X-ray diffraction [21]. In 1989,
Meltz et al. solved the problem by proposing new fabrication technique by using UV irradiation at
the wavelength of 244 nm. Two coherent beams induced the periodic modulation of the refractive
index of the core layer by exposing the interference pattern. This was the grating formation from
outside the fiber called transverse holographic method [22]. This method was flexible for writing the
grating structure on the fiber at any period by controlling the angle between two coherent UV beams.

After Meltz et al. proposed the external writing to grating structure on the fiber, several methods
had been developed to fabricate the grating structure. It was found out that interferometric method
had more flexible setup to create the fiber grating. The setup supported both amplitude-splitting and
wavefront-splitting to fabricate the interference of the photosensitive fiber. The amplitude-splitting
was selected to fabricate several grating periods by adjusting an angle between two interfering beams.
The wavefront-splitting was selected to create the grating structure inside an optical fiber, but this
method used fewer equipment than the amplitude-splitting one.



The interference method was inspired to study the photosensitivity of the fiber such as prism
interferometer [23] and Lloyd’s interferometer [24]. Later, new techniques to fabricate the grating
structure were proposed such as phase mask technique [25,26], femtosecond laser technique [27,28],
and point-by-point technique [29]. All fabrication techniques, however, the target of fiber grating was
to reflect partial light out of an optical link. Further details of conventional techniques of fiber grating

will be described in Chapter 2.

1.3 Fiber grating categories

Fiber grating structure is the periodic change of the refractive index of core layer inside an
optical fiber. Generally, it contains two major types, fiber Bragg grating (FBG) and long-period fiber
grating (LPFG).

1.3.1 Fiber Bragg grating (FBG)

Fiber Bragg grating (FBG) is also called the short-period fiber grating. Its periodic grating
structure or grating period relies in sub-micron unit. The purpose of FBG structure is to reflect back
the partial wavelength of light while the rest of wavelength can transmit through the fiber. The
fabrication of FBG inside fiber’s core layer is done by UV irradiation. The reflected wavelength at
specific position is called Bragg wavelength (1g) [30]. Bragg wavelength can be defined by the
relationship with grating period in Eq. 2.1.

Ag =2n4A (1.1)

where N and A represent the effective refractive index of core layer inside a single-mode fiber and

grating period, respectively. The wavelengths other than Bragg wavelength have weak reflected
power because of the phase mismatch over grating length. Bragg wavelength is shifted when the
effective refractive index of the core layer is changed. The FBG structure is shown in Fig. 1.1.
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Figure 1.1 The structure of fiber Bragg grating [31].
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1.3.2 Long-period fiber grating (LPFG)

In 1983, Youngquist et al. observed the mode coupling in the birefringence fiber by creating
the periodic perturbation on the polarization axis of the birefringence fiber [32]. The periodic structure
was made by the crystalline plastic as its shape was a comb. The experimental results showed the
relationship between the attenuated wavelength and the periodic structure. Later in 1986, Blake et al.
discovered the coupling of linear polarized (LP) light between fundamental mode LPo: and coupled
mode LP1: by the use of grating structure from a copper wire with its diameter of 0.25 mm [33]. The
characteristic of coupling mode was in the form of attenuation loss inside an optical fiber. In 1990,
Hill et al. found out the new grating fabrication method by using UV laser for the point by point
writing on the side of the fiber [34]. In addition, in 1991, Bilodeau et al. could observe the coupling
from LPo1 mode to LPo; mode with the narrow bandwidth of the attenuation loss [35]. After the
observation of mode coupling inside an optical fiber was proposed, it came up with the new type of
fiber grating as long-period fiber grating (LPFG). In 1996, Vengsarkar et al. proposed the first LPFG
with its period ranging between 100 and 1,000 um [36]. The LPFG structure brought to the
attenuation loss in form of resonant wavelength. The relationship between the resonant wavelength

and the grating period is expressed as

A= [neff core n::ff clad JA (1.2)

where n and nl. ., represent the effective refractive index of fundamental core mode and

eff ,core eff ,cla

coupled cladding mode at ith order, respectively. The A refers to the resonant wavelength from each
coupling of ith order cladding modes. The LPFG structure is displayed in Fig. 1.2. In comparison
with FBG structure, LPFG structure has lower insertion loss, easier fabrication method, and better

wavelength tenability.
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Figure 1.2 The structure of long-period fiber grating [37].

Fundamentally, the correlation between the resonant wavelength and the grating period is
clarified as a phase matching curve as plotted in Fig. 1.3 which is the phase matching curve of an
LPFG in SMF-28 model single-mode fiber. The largest dA/dA, the highest order of cladding mode



has the highest sensitivity [38-40]. Under the same grating period inside an optical fiber, the
fundamental core mode can be coupled to several cladding modes simultaneously resulting to
different resonant wavelengths corresponding to each of coupled cladding modes. From the phase
matching curve, the slope dA/dA progressively decreases from lower order mode to higher order

mode, so the shorter grating period results to the higher coupled mode.
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Figure 1.3 Phase matching curve of SMF-28 single-mode fiber [41].

1.4 Scope of research

Only the fiber grating type of LPFG is conducted in this research. Several conventional methods
to fabricate LPFG structure on to a single-mode fiber used many equipment and tools for the setup
and fabrication procedure. Moreover, those fabrication methods permanently altered the fiber
structure from the laser irradiation which means that the fiber could not be used for another purpose
anymore. The major outline of this research focuses on the simpler method to create an LPFG
structure on to a bare single-mode fiber by using a specific designed LPFG structure device which is
called three dimensional (3D) printed LPFG device. The characteristics of resonant wavelengths from
the perturbation of the device are observed in term of attenuation magnitude and resonant wavelength
shift trend. In the another word, the term of perturbation in case of this research is performed by
directly pressing on the fiber of the device. The 3D printed LPFG device also contains several grating
periods from the tilt angles of the device respect to the fiber axis. Therefore, resonant wavelength

shift can be observed from these various grating periods.

The main objective of this research is the presentation of the new method to create the LPFG

structure inside the fiber which integrates with the technology of the 3D printing material. The



resolution of the 3D printing is brought to very few microns and it meets the condition to create the
LPFG device at the resolution of hundred microns. The big difference from conventional
mechanically induced techniques is that the dimension and the unique grating period of the LPFG
device can be customized to the appropriate size for the right usage. Moreover, the formation of the

LPFG structure on the fiber is temporary when the 3D printed LPFG device is only pressed.

Resonant wavelength is the characteristic of power attenuation at specific wavelength from
broadband wavelength as a spectral dip. It is resulted from the coupling from the core mode to the
cladding mode. The simulation of electric field distribution along the fiber axis is observed by
FullWAVE (Synopsys Inc.) software to see the characteristic of coupling at each grating pitch. The
structural size of the optical fiber and the grating period needs to be adjusted in the simulation due to
the limitation of the computer’s performance to reduce the unnecessary simulation time. Moreover,
the input light is available only for individual wavelength, so the resonant wavelength from the
experiment is selected for the input light wavelength. The main factor is the refractive index
difference (An) that affects the intensity of field distribution when the light reaches the grating pitch.

1.5 Organization of the dissertation

This research presents the mechanically induced technique to produce the LPFG structure on
the optical fiber by using 3D printed LPFG device. The benefit of this device is the temporary LPFG
structure can be created on the optical fiber. Resonant wavelengths from various situation by the
perturbation of 3D printed LPFG devices are observed to figure out its trend for the selective optical
wavelength filter. In addition, those resonant wavelengths from the experiment are selected for the
simulation of the electric field distribution through the LPFG structure designed in FullWAVE
(Synopsys Inc.) software as the distribution of electric field profile yields the attenuation of an optical

power passing through LPFG structure.
This dissertation is composed of six chapters as follows.

Chapter 1 Introduction, sensor based optical fiber has been used widely and rapidly in few
decades. The history of fiber grating and development is described in this chapter. There are two main
types of the fiber grating, FBG and LPFG. The scope of research targets to the characteristics of
LPFG and its fabrication by using 3D printed LPFG device.

Chapter 2 Literature review on the fabrication of LPFG, this research is motivated from the
conventional method on fabricating LPFG structure into the fiber structure. They are point-by-point,
phase mask, femtosecond laser, CO> laser, arc discharge, and etching discharge technique. Those

conventional methods permanently changed the fiber structure after the fabrication. There is also

6



another method that temporarily changes the fiber structure when the LPFG structure is applied, it is

mechanically induced technique.

Chapter 3 Coupling theory of LPFG, this chapter presents the corresponding parameters and
formulas to the coupling mode of the fiber from the applied LPFG structure. In addition, the graphic
of linear polarized (LP) are also displayed. These mode coupling characteristics are in the form of

resonant wavelengths in practical way.

Chapter 4 Experimental setup, results and discussion, all related equipment and machines to
create an LPFG structure on the single-mode fiber are described. Moreover, the experimental setup
and the procedure to apply the perturbation on the optical fiber with several grating periods are also
described. The 3D printed LPFG devices with several grating periods at every 10 um and with the tilt
angles are applied on the fiber to observe resonant wavelengths. Lastly, experimental results and
discussion are clarified to claim the usage of 3D printed LPFG device.

Chapter 5 Electric field distribution along grating structure, resonant wavelengths from the
coupling modes inside an optical fiber relates to the optical attenuation when the light transmits
through an LPFG as the optical power leaks from the core layer to the cladding layer. The magnitude
of electric field and the direction of field distribution when the field passes each grating pitch are

observed. The discussion is also described in this chapter.

Chapter 6 Conclusion, the summary of both experiment and simulation of LPFG are described
that they reach the research scope and it is useful for the sensing application device. The suggestion

of the future work by using this device is also guided in this chapter.
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CHAPTER 2 LITERATURE REVIEW ON THE FABRICATION
OF LPFG

2.1 Introduction

An optical fiber mainly consists of two layers: core layer and cladding layer. The light transmits
through only inside the core layer to reach the destination at another side of the fiber. In some cases,
broadband wavelength of light contains partial wavelengths as noises that deteriorate the signal
transmission performance. The fiber structure needs to be physically altered to become a partial light
wavelength filter. One of the common structure of the fiber is an LPFG. Theoretically, the structure
of an LPFG structure is the periodical change of the refractive index of core layer inside an optical
fiber which has a longer period than the initial FBG. Those periodic changes of the refractive index
lead to the coupling modes of light from fundamental core mode to cladding modes [1], so that partial
wavelengths of light are filtered out regarding to each of coupling modes while the rest can pass
through the LPFG structure. Practically, the fabrication of an LPFG structure into the optical fiber
keeps developing for not only the higher accuracy of its performance, but also the simpler technique
which uses fewer equipment for the fabrication process and has a lower cost of operation.

Several techniques to fabricate an LPFG structure on to the optical fiber have been proposed in
many researches. It began from the usage of UV exposure method such as point-by-point technique
[2] and amplitude phase mask technique [3,4]. Some examples of the light source for a UV laser
consisted of KrF excimer emitting at the wavelength of 242-248 nm [5,6], the second harmonic
radiation of a continuous wave Ar ion laser emitting at the wavelength of 244 nm [7], nanosecond
pulses from ArF excimer laser emitting at the wavelength of 193 nm [8], frequency quadrupled and
tripled Nd:YAG lasers emitting at the wavelength of 266 nm and 355 nm, respectively [9,10], etc.
Another type was the usage of non-UV exposure method such as CO; laser radiation [11,12], electric
arc discharge [13,14], femtosecond laser pulse radiation [15,16], etc. In term of non-UV laser
exposure method, it could induce higher refractive index changes inside core layer and it was more
suitable technique to write an LPFG structure in any kind of silicon (Si) fibers. In the other hand, the
average refractive index of cladding layer was increased resulting to higher loss and this method

required more equipment to fabricate an LPFG structure.

The process of fabrication techniques has been developed for better LPFG structure and
requires fewer equipment. They were also developed from a permanent fabrication to become a

temporary fabrication, so that the fiber is able to be reused for another purposes.



2.2 Fabrication techniques of LPFG structure

The fabrication techniques of an LPFG structure from using the irradiation method to the optical
fiber until using the external grating devices to perform a grating structure on the fiber are discussed
in following sections. Various equipment setup for the fabrication process of an LPFG structure not
only show the variety of the fabrication performance, but also side effects from the implementation.
The purpose of the fabrication is to alter the refractive index of fiber’s core layer to become a periodic

refractive index difference.

2.2.1 Point-by-point technique

Point-by-point technique was the first technique to create the periodic change of the refractive
index inside a fiber’s core layer. This technique was performed by using a UV irradiation as a fiber
mode converter [17]. The periodic change of the refractive index of the core layer inside a fiber by
point-by-point technique uses focused pulses from a UV laser relatively moving along the fiber axis
with a step of time. The focused pulses from the laser source are adjusted to pass through a slit
resulting to increase the refractive index of the core layer at the section of shooting point. The grating
pitch appeared on the fiber structure depends on the size of a slit and focusing lens. Partial region of
an optical fiber is transformed to a grating structure inside a core layer with a specified period along
the fiber axis. The advantage from the fabrication by point-by-point technique is that it is easy to
adjust Bragg grating parameters such as the grating period, the size of grating pitch, and the grating
length. Therefore, the spectral response corresponding to fabricated LPFG can be controlled by
adjusting those related parameters [18,19]. The equipment setup for the fabrication of an LPFG by

point-by-point technique is shown in Fig. 2.1.
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Figure 2.1 LPFG fabrication by point-by-point technique [20].
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2.2.2 Phase mask technique

Phase mask technique was developed and proposed six years later after the fabrication by point-
by-point technique was carried out by Vengsarkar, et al. in 1996 [9]. The equipment setup for the
fabrication process is illustrated in Fig. 2.2. The main point of an implementation is the usage of a
UV laser beam impacting on to the optical fiber through the phase mask device. The phase mask
contains an array of windows guiding to the diffraction of laser beams with a period of Ag on the
fiber. During the fabrication, a UV laser beam transmitting through the phase mask device is
diffracted into various orders overlapping and optically interfering with each other in the mask
vicinity. The UV laser beam interference creates alternating zones of low and high laser intensity
where the space between those intensities is equal to the phase mask period or half of its period
depending on the exposure geometry. The relationship between the phase mask period (Ap) and the
grating period fabricated on the fiber (Ag) is derived in the following equation [21].

A, =2A, (2.1)

UV excimer laser beam

Phase mask

Optical fiber

+2. order 2. order

Diffracted Diffracted
order order

+1. order -1. order

0. order

Figure 2.2 LPFG fabrication by phase mask technique [22].

2.2.3 Femtosecond laser technique

The fabrication by using a UV irradiation as a laser induced in the region of visible light and
infrared were not successful because they had low photon energy. Only Ge-doped fibers were
applicable to the LPFG fabrication by using UV laser irradiation. The photoinduced refractive index
change in different types of glasses by using femtosecond laser was proposed by K. M. Dauvis, et al.
in 1996 [23]. The wavelength of 810 nm beam was used to induce the refractive index change of high
silica, borate, and soda lime silica glasses. The damaged points, but not cracked, from the induction
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by a femtosecond laser were observed at the focal point of the laser in glasses after the irradiation.
The damage point in the bulk glass presented higher refractive index than the surrounding glass of
the focus point. Moreover, the characteristic of a femtosecond laser could be expressed in term of the
two-photon absorption. In 1999, the fabrication of an LPFG structure on the fiber by using
femtosecond laser technique was proposed by Kondo, et al. [15] for the first time. The temperature
during the fabrication process was found to be stable at higher than 100 °C and the grating structure
inside the fiber was more durable than the one fabricated by UV irradiation method.

The experimental setup to fabricate an LPFG structure by using femtosecond laser technique is
shown in Fig. 2.3. The femtosecond laser has its wavelength at 800 um and a single-mode fiber is
used as a medium for the process of fabrication. The femtosecond laser is transmitted through a
computer control shutter and controlled by microscope objective lens where the focal point lies on
the core layer of a fiber. The optical fiber is fixed with a 3-dimensional translation stage (XY Z-stage)
controlled by the same computer used with the shutter. The charge-coupled device (CCD) camera is
located to detect the laser beam transmitted from the femtosecond laser to the fiber’s core layer. While
the translation stage is moving along the axis of fiber alignment, the femtosecond laser transmits the
laser beam periodically to the fiber’s core layer in step with the opening of the shutter. This process
results to the periodical refractive index change of the core layer inside a single-mode fiber. The
grating period from this process can be measured from the moving step of the translation stage.
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Figure 2.3 LPFG fabrication in single-mode fiber by femtosecond laser technique [24].
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Another types of an optical fiber also have a potential to become LPFG by using femtosecond
laser technique such as photonic crystal fiber (PCF) and photonic bandgap fiber (PBF). PCF structure
requires a very short pulse and a high energy of the femtosecond laser for the fabrication process of
an LPFG structure. Fig. 2.4 shows the experimental setup of an LPFG fabrication to the PCF by using
femtosecond laser. The gratings appeared in the PCF are created by the periodic physical damage
such as microholes inside the fiber. The femtosecond laser is transmitted through a computer control
shutter and incident on the fixed PCF aligning on the translation stage. The femtosecond laser beam
is focused by a microscope objective, so that the focal point of the laser beam relies on the center of
the PCF on its upper surface and the translation stage moves perpendicular to the fiber alignment.
The focused beam creates the first microhole on the upper surface of the PCF, then the PCF is moved
by the translation stage along the fiber axis with the same step determining the grating period to create
the next microhole. The LPFG fabrication in PCF based on the periodic microhole structure is shown
in Fig. 2.5.
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Figure 2.4 LPFG fabrication in PCF by using femtosecond laser [24].

Figure 2.5 (a) Top view section of the LPFG structure in PCF, (b) SEM cross-sectional image of
the drilled region, and (c) side view of the drilled region [24].
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2.2.4 COg2 laser technique

CO: laser technique to fabricate the LPFG structure was first proposed by D. D. Davis, et al. in
1998 [25]. The fabrication by CO> laser technique has more flexible process and lower cost of
operation comparing with the UV irradiation technique because there is no photosensitivity inside an
optical fiber. This modern technique is suitable for several types of an optical fiber including pure-
silica PCF and air-core PBF. The conventional glass fiber is used to fabricate an LPFG structure and
the fabrication process is based on the point-by-point technique. The fiber is fixed on the translation
stage and periodically moved along the fiber axis under control by the same computer that controls
the shutter. The CO; laser transmits through the shutter and lens focused on to the optical fiber. The
translation stage then moves along the fiber axis corresponding to the moving step and the shutter
step with a period to create the grating structure on the fiber. The LPFG fabrication process by using
CO laser is illustrated in Fig. 2.6.

CO, laser i] Mirror

— Computer —— > || M Shutter
T Dlens
Light O Fiber
source fixed OSA
;I < > I

Translation stage

Figure 2.6 LPFG fabrication by using CO> laser based on point-by-point technique [26].

From the fabrication setup, both shutter and translation stage are exactly controlled because the
vibration of the fiber fixed on the translation stage can occur during the movement affecting an
instability and nonrepeatability of the written grating structure. Later, Rao, et al. [27] developed the
fabrication process based on 2-dimensional scanning of the CO> laser beam in 2003 as illustrated in
Fig. 2.7. In this setup, one end of the fiber is fixed while another end is attached to a small weight to
create the constant prestrain in the fiber to increase its potential fabrication. The high frequency CO>
laser scans the laser beam across the fiber along the X direction and then shifts a grating pitch along
the Y direction to create next grating pitch along the fiber axis with the period of the moving step in
Y direction. From this process, the fiber is fixed, so that there is no any vibration occurred caused by

the fiber movement.
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Figure 2.7 LPFG fabrication by using CO> laser based on 2-dimensional scanning [27].

The fabrication process had been developed from Fig. 2.7 in which the shutter is setup into the
new design. The mirror and lens are added into the setup to reflect the CO> laser beam projecting on
the fiber. Those additional devices are fixed with the translation stage controlled by the computer
together with the shutter. The mirror and lens periodically move instead of the fiber movement.
Several parameters such as grating pitch, amount of grating periods, exposure time per period, and
amount of exposure cycles can be selected in the software to control the computer. The adapted design

from Fig. 2.6 and Fig. 2.7 is developed by adding mirror and lens as shown in Fig. 2.8.

Computer
l \l Translation stage

O ' '
CO, laser tl Mirror
O
Shutter
D |Lens

Light O fixed OSA

source Fiber |_| LPFG

Weight

Figure 2.8 The developed design for LPFG fabrication by using CO- laser [26].

The refractive index change of a core layer from the fabrication by using CO- laser exposure is
different from using a UV irradiation as observed from three situations: residual stress relaxation,
glass structure change, and physical deformation. These phenomena depend on the structure of each

types of the optical fiber.
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In 2008, Wang, et al. proposed that the LPFG structure could be written on an air-core PBF by
using developed setup of the CO> laser technique [28]. The stability of CO> laser beam and good
repeatability of the scanning process are very critical to fabricate the LPFG structure in an air-core
PBF. In case of PCF, it requires higher average laser power and a longer time for the irradiation
process. While the CO: laser beam is being irradiated to the fiber, the residual stress inside the fiber
leads to the refractive index change of the fiber’s core layer, the fiber glass structure is also changed
from this process. The CO- laser irradiation affects the glass volume of the fiber resulting to the
modulation of its refractive index. The periodic physical deformation from the irradiation by using
CO laser beam is the main process to fabricate an LPFG structure in the PCF and the PBF. The fiber
then becomes tapered and elongated affecting the decrease of the fiber diameter as the change of its
refractive index. The fiber diameter of the air-core PBF decreases when it is irradiated by using CO-

laser beam as shown in Fig. 2.9.

200um

Figure 2.9 The cross-section image of an air-core PBF (a) before and (b) after CO: laser
irradiation, (c) side view of fabricated LPFG with two periods [28].

2.2.5 Arc discharge technique

Arc discharged technique was proposed by Poole, et al. for the first time in 1994 [29]. The
proposed technique contains two main steps to fabricate an LPFG structure. First, the fiber glass
surface is cut by using CO> laser exposure. Then, the fiber is heated up to its melting point for a short
time by using an arc fusion splicer to anneal the fiber. It affects the deformation of the fiber core from
the high temperature at the position of arc discharge as illustrated in Fig. 2.10. The annealing from

arc discharge aims to the periodic deformation of the core diameter.
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Figure 2.10 Two-step process for creating the periodic deformation of the fiber core [29].

Later in 1999, the new procedure based on the periodic microbend by using an electric arc was
proposed by Hwang, et al. [30] as illustrated in Fig. 2.11. From the setup, both ends of the fiber are
fixed with the fiber holder. One holder is fixed while another one is displaced in orthogonal direction
to the fiber alignment to create the literal stress. The fiber is annealed by using arc discharge method
by a pair of electrodes to create the microbending structure as shown in Fig. 2.11(b). The pair of
electrodes is moved with a distance of a grating period to create the next microbending structure on
the fiber. The amplitude of the microbend on the fiber is controlled by arc duration and arc current
that results to the LPFG structure.

Fiber holder

(@) :D*[jdifaf e
(b) :D;;—\\:\\: electrode
U L

ropara |

grating period

(©

Figure 2.11 LPFG fabrication based on periodic microbend by arc discharge technique [30].
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2.2.6 Etching technique

Etching technique was proposed for the first time by Vaziri and Chen in 1992 [31]. From the
setup, a small section of a multimode fiber is stressed. Partial sections of the fiber are etched to a
smaller diameter. The distance between each of sections refers to the grating period. The stretched
region at non-etching section affects to few changes of the spectral output while at the etching section
affects to the reduction of the spectral output. The physical diagram of the etched fiber sensing
element for the strain gauge is shown in Fig. 2.12.

Le
—> —
From LED P L o To PIN
— LU U —
T < > 4
N sections <+» oL

Fixed Stretching

Figure 2.12 Strain gauge with an etched fiber sensing element [31].

In 2012, Chiang and Tsai proposed an inductively coupled plasma (ICP) etching technique to
fabricate an LPFG structure [32]. The procedure of the fabrication process by using an ICP is shown
in Fig. 2.13. The copper element is used as a mask and the grating pattern is created by a lithography
method to become a grating mask. Optical fibers are then covered by a copper grating mask by a
chemical technigue to remove an epoxy-based negative photoresist. After that, the periodic pattern of
a photoresist is created. The optical fiber is then put into a chamber of an ICP to create the periodic
notch on the fiber structure while an epoxy-based negative photoresist is being removed by using
sulfuric acid. The overall procedures still contain weaknesses that the fiber may be fragile during the
process. The notched long-period fiber grating (NLPFG) is finally released. Later in the same year,
H.-Y. Wang, et al. [33] proposed the LPFG fabrication by an imprinting lithography technique to
increase the strength of the LPFG structure by using etching method. The propose of this research

was the application of bending sensors.
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Figure 2.13 The fabrication of NLPFG with etching technique [32].

2.2.7 Mechanically induced technique

The LPFG fabrication by a periodic pressure technique was proposed for the first time by
Youngquist, et al. in 1983 [34]. The periodic pressure in the birefringence fiber was created by
pressing plastic ridges directly on to the fiber that caused the mode coupling of polarization modes
inside the fiber. Later in 1994, this procedure was implemented to couple LPo1 mode to higher order
mode at the wavelength lower than cut-off wavelength of a single-mode fiber. In 2005, Savin, et al.
[35] proposed the mechanically induced periodic refractive index modulation for the different mode
coupling inside the optical fiber for the first time as shown in Fig. 2.14. The optical fiber is aligned
between a flat plate and a groove plate. The groove plate lying above the fiber is directly pressed on
to the optical fiber to create the periodic modulation of the refractive index of the fiber. At the pressing
point on the fiber by the groove plate, the refractive index modulation affects the photoelastic on the
fiber structure. The formation of grating pitch on the fiber structure occurs from the groove period of
the groove plate. Therefore, the grating period assigned on the fiber can be selected by changing the
groove plate with different groove period. The purpose of this research was the investigation of the
relationship between the pressure of the perturbation by the groove plate and the magnitude of
resonant wavelength. The coupled mode phenomenon has more strength when the higher pressure of

the perturbation is applied and it results to the higher magnitude of the resonant wavelength.
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Figure 2.14 LPFG fabrication by mechanically induced technique [35].

There are several types of devices to perform a fabrication of an LPFG structure on the fiber by
mechanically induced technique. In 2009, Sakata, et al. [36] proposed another example of the LPFG
fabrication by using spherical graphite rods array as devices to perform a grating structure on the
fiber. Graphite rods are arranged on the substrate in which the diameter of each graphite rod represents
the grating period fabricated on the fiber. The optical fiber is aligned between the silicon wafer
designed as a glass plate and graphite rods array. Those graphite rods are pressed on the fiber by the
weight of insertion for the perturbation. The modulation of the refractive index of the fiber is
performed by the perturbation weight of those graphite rods affecting the photoelastic effect. The
LPFG fabrication by using graphite rods array is displayed in Fig. 2.15.

@ Pressure

Glass plate

Single-mode fiber

Si wafer

—»> e ) \
A Graphite rod array

Figure 2.15 LPFG fabrication based on the periodic of graphite rods array [36].
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CHAPTER 3 COUPLING THEORY OF LPFG

3.1 Introduction

This chapter presents the related theories behind the phenomenon of the coupling characteristic
from the fundamental mode to several cladding modes inside an optical fiber. The following
expression about the coupling is based on the step-index single-mode fiber with three layers: core
layer, cladding layer, and the surrounding medium. Erdogan described the coupling mode in both

core and cladding layers in 1997 [1]. Moreover, the light propagation mode is also discussed.

3.2 Characteristic equation of core and cladding modes

The fundamental property of the fiber grating is considered from the phase matching condition

as expressed by [2]
2r
ﬂl_ﬂZZAﬂ:T (3.1)

where both g, and g, are the propagation constants of coupled modes and A is the grating period.

The phase matching condition of the LPFG is obtained in consideration of the coupling from
fundamental core mode to the cladding modes at i order. Therefore, from the equation (3.1), it is

rewritten as

 _Ap-2E
ﬁcore _ﬂclad _Aﬂ - A (32)

where S_. and }B.., are the propagation constants of fundamental core mode and cladding modes

at i order, respectively. The value of AZ is small in case of LPFG, hence the grating period is very
large. In contrast, for the case of FBG, the value of Ag is large and the grating period is small (less

than 1um). The relationship between the propagation constant () and the effective refractive index
(n ) of the fiber is [3]

B =—"Ng (3.3)



The phenomenon of mode coupling inside an optical fiber mainly relies upon the effective
refractive indices of core and cladding modes. From these parameters, substituting the equation (3.3)
into the equation (3.2), the relationship between the grating period and the resonant wavelength can

be observed as

A= [neff core n::ff .clad JA (3.4)

and n'

eff ,cla

where A is the resonant wavelength, A is the applied grating period, n 4 are the

eff ,core
effective refractive indices of fundamental core mode and cladding mode at i'" order. In order to
calculate the effective refractive index, assume that the core mode is not affected by the surrounding
medium at all. The cladding layer is considered to be infinity as far as the core mode concerns. The
expression of the mode calculation is in term of radial and azimuthal vector components due to the
possible overlap between fundamental core mode field and cladding mode field. The characteristic
equation of the fundamental core mode is derived as the following equation [1]
K, (vb)

3, (V+i-b)
Vv 1—bm=v\/ﬁm (3.5)

where J_ is the first class Bessel function of m™ order, K is the modified Bessel function of the

second class of m™ order, V is represented as a VV-number or a normalized frequency, and b is the

normalized propagation constant. The expression of the normalized frequency is shown below

V = NA = n, —n, (3.6)

where a is the radius of a core layer, 4, is the free space wavelength, and NA is the numerical aperture
where n, and n, refer to the refractive indices of core and cladding layer, respectively. The

characteristic of the normalized propagation constant (b) and the normalized frequency (V-number)

is shown in Fig. 1.
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Figure 3.1 The relationship between the normalized propagation constant and the V-number [6].

The regular single-mode propagation operates through the single mode fiber when the V-number is
less than or equal to 2.4048 [4]. The characteristic equation of cladding modes is defined with several
parameters in the following equation [1]

o.o.U,.u 1
J K421t 27217s2 g, K. J. -
. uz( + an, j P (3,) Un(a,)+J-1,(a,) " Sn(@,)

(o} u u u u

(3.7)
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uz( N —rgafj- P (8) =% (8;) =1, ()
2 2

n2 u..u n n
uz.(nga .K+‘71nal;a1;1232l<]- Pr (2) = 7 K ()49 1 (2) =7 -8 (22)

=Gl

where these parameters in the equation (3.7) are clarified by the following relations [1]

im .
o= 7 ) neﬁ clad » O2 = im-z- nef‘f clad (388')

1 1.
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where Y, is the second class of the Bessel function, # is the vacuum impedance, and m is the

azimuthal mode number. By solving equation (3.6) and (3.7), the effective refractive indices of both

core and cladding layers can be found.

3.3 Coupled mode equations of LPFG

The coupling between forward propagation modes are considered in case of an LPFG structure.
The only one forward propagating core mode and forward propagating cladding modes is derived in

the following equation [5]

(3.9a)

core m )

d'A%ore IZ B

dB
d( ) IA\:ore ] core T Z B (39b)
m# j

Assuming that the periodic induction of the refractive index is much lower than the initial condition
or non-induction, the coupling coefficient of the propagation mode can be approximated as derived

in the following equation [5]
C = LS ryon(r, r)-& (r)e Ve rntgp
core,m 277 J. ( ) ( Z)ecore ( ) €n ( )e (310)

A

where C_ . =(Cmre’m)*, &.(r) is the normalized electric field, dA is the differential area, and the

integration is taken along the infinite area. The parameter 5n(r, z) or the uniform refractive index

31



induction of a three-layered waveguide corresponding to core layer, cladding layer, and surrounding

medium, respectively can be expressed as [5]

sn ei(%%] =
i le+¢clad
on(r,z)= 5nclade[A ) B=r=g, (3.12)
0 r>a,

The coupling coefficient of the propagation can be expressed as [5]

k —iAZ+i
Ccore,m =—¢€ A ifere {nlé‘ncorellm + nzé‘nclad IZm} (312)
217,
where
272' 27Z-Aneff core,m
A=| == ——foen 3.13
[ o j (3.13)
and

Ilm:jé;re(r)-ém(r)rdr
(3.14)
Ly = | €ore (7)€, (r)rdr

From equations (3.12) and (3.13), some propagation constant parameters are discussed as

Zﬁ(neﬁ core nef'f clad ) . . .
Beore =B = =27ANy .m- They are discussed in terms of the effective
A o

refractive indices between the core and the cladding modes. The integrals expressed in equation (3.14)
show the overlap factors between core and cladding modes which is determining the changes in the
optical spectrum when some factors and environments are changed along the fiber structure such as
fiber dimension, external refractive index, temperature, and fiber stress. Those factors all affects the

change of refractive indices of both core and cladding modes.

According to the analysis of the amplitude of core and cladding modes, only the single coupling
to cladding mode is considered. Therefore, after differentiating equations (3.9a) and (3.9b) and then

solving the resultant equation, the results are [5]
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From this point, the specific boundary conditions in LPFG is considered where A_(0)=1 and

A
? z]e 2’ (3.15a)
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B, (z) =0 in which the results are [5]

A:ore(z): e 3 (316&)

core,m

:

2 i%z—q)
Z|€ (3.16b)

+i 2\/(A/2)2A+ o = sin[\/(%j +
gl

Ccore,m

core,m

The transmittance of the core mode is [3]

e [t e

in which it is used only with the uniform LPFG structure with a step change. Practically, the refractive

C

core,m

C

core,m

i z} (3.17)

index change is not that much perfect as an ideal case such as for arc discharge technique, the area
affected by an electric arc span is higher than 300 um and it is asymmetric in both longitudinal and
transverse directions. Therefore, the creation of an LPFG structure inside the fiber is challenging. The
only way to observe the quality of the LPFG is the analysis from the observed resonant wavelength
as the result from the coupling efficiency regarding to the effective refractive indices of both core and

cladding layer.

3.4 Light propagation modes

The light generally propagates only inside the core layer of a fiber as resulted from an internal
reflection because of the different refractive index between core and cladding layer. The cylindrical
axis in term of r,¢,z is used to define the mode propagation inside the step index fiber. The normalized

index difference (A) is expressed as
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(3.18)

where n, and n, are the refractive indices of core and cladding layer, respectively. In case of the
normalized index difference less than one percent, it is clarified as the scalar approximation or the
weakly guiding approximation. Two independent sets of modes, x-polarized and y-polarized, have
the same propagation constant () and they are referred as the linear polarized (LP) modes. The

relationship between the propagation constant () and the free space wave number (ko) is expressed

in the following equations [7,8]

p="= (3.19)

Ko =—=—= (3.20)

where A, is the free space wavelength and c is the speed of light in vacuum. The cylindrical analysis

shows that the only transverse coordinate r and ¢ are chosen to solve an electric field and a magnetic
field boundary conditions at the core-cladding region where the radial part (r) is divided into two
distinct modes as the guided mode and the radiation mode. Both guided and radiation modes are
discussed in the following equations [9]
2
n <f—< n;? (3.21)

2
0

B =k;n; (3.22)

The fundamental core mode is generally defined as LPo1 mode. This is the only mode that can be
propagated through the single-mode fiber. The higher order modes are defined as LPim mode where |
and m represent the number of radial and azimuthal zeros of a particular mode, respectively. The

power distribution pattern of light is categorized as shown in Fig. 3.2.
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Figure 3.2 Power distribution pattern of LP modes [6].

The V-number determines that how many modes can propagate through the optical fiber. The cut-off
wavelength is defined at the position where the normalized propagation constant (b) is zero. The
wavelength longer than this cut-off wavelength will not be able to propagate through this optical fiber.

The state of single-mode propagation is defined when the V-number or normalized frequency is less

than 2.4048. The cut-off wavelength (1,) is expressed as

2ra 2ra 7 2
A = NA = «/n -n 3.23
©  2.4048 24048Vt 7 (3.23)

referred from the equation (3.6) for the single-mode operation.
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CHAPTER 4 EXPERIMENTAL SETUP, RESULTS AND
DISCUSSION

4.1 Introduction

This chapter presents all equipment selected for the experiment of using LPFG devices to create
the LPFG structure on the single-mode fiber following by the observation of resonant wavelengths
and their characteristics for the analysis of the performance by using proposed LPFG devices. Each
equipment with its model and its specification are described in details. The observation of the resonant
wavelength from applying an LPFG structure contains three main parts: the transmitter, the medium,
and the receiver. The transmitter section is the light source emitting light pulse centering at 1550 nm.
The medium section is the bare single-mode fiber without removing the coating layer. The receiver
section is the optical spectrum analyzer (OSA) which is able to receive the light wave from 600 to
1750 nm. In addition, the creation procedure of the 3D printed LPFG device by using the high
resolution 3D printer is also described. Lastly, the experimental results from a single and
simultaneous perturbation by 3D printed LPFG devices with different grating periods and the analysis
of the resonant wavelength shifts are expressed in this chapter. The resonant wavelength shifts refer

to the tunable wavelength filter by the change of applied grating period on the optical fiber.

4.2 Corresponding equipment

The corresponding equipment and tools with their model and specification are clarified in this
section. The same equipment with different model and specification may results to different desired
output due to the performance of their functions.

4.2.1 Light source

The general visible light locates in the range between 400 to 700 nm as humans can see with
their eyes. The optical communication with the range of telecommunication through an optical fiber
requires the light wave signal at around 1550 nm which locates at invisible region. The selected light
source is superluminescent diode (SLD-761) emitting broadband light signal with its center at around
1550 nm. Another model of the light source is the one emitting light wave at 1310 nm. This model
offers lower optical power comparing with the one operating at 1550 nm. The advantage of the

operation wavelength with 1310 nm is that the light source has lower cost and it also offers a good



potential for short distance (up to 10 km). There is a temperature controller box unit (PILOT4-AC)
which offers a port of FC connector. The front panel model of the controller box and the SLD light

source are shown in Fig. 4.1.

Figure 4.1 Superluminescent diode emitting broadband light wave at 1550 nm.

4.2.2 Single-mode fiber

The single-mode fiber is considered to be used as a transmission medium for the entire
experiment and the only single set of a fiber is used to avoid any distortion from the measurement by
the receiver. The model of a single-mode fiber is BBG-SM-WF (Hitachi Cable) [1] in which its core

and cladding diameter are 0.8 and 125 um, respectively. The cut-off wavelength (;LC) is less than or

equal to 1260 nm. The fiber attenuation at 1310 and 1550 nm are less than 0.35 and 0.24 dB/km. The
coating layer is not removed, so that the diameter of the bare fiber is 250 um. The fiber is cut from
the spool, the coating layer at partial region of both fiber ends are removed by using a stripper and
then carefully cut by using a cleaver. Both fiber ends are then inserted to the FC connector kit. One
side is connected to the light source, while another side is connected to an OSA. The connecting loss
at both sides of FC connectors may occur at both connections. The fiber spool of the single-mode

fiber is shown in Fig. 4.2.

Figure 4.2 Fiber spool of single-mode fiber with total distance of 5 km.
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4.2.3 Optical spectrum analyzer

The light signal is received by an optical spectrum analyzer (OSA). The model of the OSA used
in the experiment is Anritsu MS9710C [2] supporting the received signal wavelength from 600 to
1750 nm. The port connecting to the fiber is an FC connector type. The display screen shows the
relationship between the light wavelength in the unit of nm (x-axis) and the optical power in the unit
of dBm (y-axis). The measurement resolution is 0.5 nm. Moreover, the signal peak or the maximum
power shown on the screen is automatically located by the machine itself by pressing one button. The
spectral data is recorded by the 3.5-inch floppy disc in term of screen display image and text file. The
recorded text file of an optical power is in the unit of mW, so it is needed to transform into the unit

of dBm by the following formula. The OSA panel is shown in Fig. 4.3.

P(dBm)=10log(P(mw)) 4.1)

Meie +H10dBin (ATT O
L Prioc B 1 2aam (a7 on

Figure 4.3 Optical spectrum analyzer MS9710C.

4.2.4 Digital force meter

The measurement of the perturbation weight by the 3D printed LPFG device on to an optical
fiber is taken by the digital force meter. The model of the digital force meter is Shimpo FGJN-50 [3].
This force meter supports the maximum load of £50 kg with the resolution of 0.01 kg. The package
contains several types of heading tools with several shapes corresponding to the usage in both push
and pull direction. The flat heading tool is selected to attach with the digital force meter for the direct
pressing on the 3D printed LPFG device in the vertical direction for the experiment. The digital force

meter is installed with the test stand to keep the meter floating. The vertical movement of the force
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meter is taken by moving the handle located beside the test stand. The setup of the digital force meter
Is shown in Fig. 4.4.

Figure 4.4 Digital force meter installed with the test stand.

4.2.5 3D printed LPFG device

The technology of three-dimensional printing becomes increasingly popular in the recent era.
The quality of 3D printed object is rigid to the harsh environment in which it is considered to perform
a grating structure on an optical fiber. The resolution of the printing process is going down to the
level of few microns supporting the creation of the 3D printed LPFG device. Therefore, it is possible
that the 3D printed object has a potential to perform as a 3D printed LPFG device.

The 3D printed LPFG device is designed in Solidworks software as the 3D rectangular shape
with the dimension of 4.0 cm long, 2.5 cm wide, and 0.5 cm thick as shown in Fig. 4.5(a). One of its
surface is designed as an isosceles triangular crest and trough defining as a grating structure of the
object. The aforementioned dimension of the device is the most compact with the experimental
equipment, especially the flat heading tool of the digital force meter. The device is printed out by the
high resolution 3D printer (Objet Connex500) which offers the minimum resolution of 16 pum as
shown in Fig. 4.5(b). The material selected for the printing process is a resin (Polyjet RGD720) [4]
in which it has a rigid and translucent structure. The modulus of elasticity relies between 2,000 to
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3,000 MPa that is well supporting the perturbation weight by the force meter higher than the
expectation at 10 kg. Those periodic grating crests are the only part of the device that directly touch
the fiber to change the fiber’s refractive index as of the mechanically induced technique. The selected
grating period of the 3D printed LPFG begins from 500 to 630 pm at every step of 10 um. The device
with smaller grating period has higher possibility that the grating crests have more curvature than the
one with larger grating period. Both single and simultaneous perturbation devices are investigated to
find out the position of resonant wavelengths.

(b)

Figure 4.5 3D printed LPFG device (a) designed in Solidworks and (b) printed by resin material.

4.3 Experimental setup

The setup consists of three main parts as described; the transmitter, the medium, and the
receiver. Each equipment is positioned for the experiment as shown in Fig. 4.6. The superluminescent
diode light source emits light wave at 1550 nm transmitting through the single-mode fiber and ending

up at the OSA as the receiver unit. The single-mode fiber is relaxingly aligned where its partial region
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is aligning on the flat aluminum plate installed on the test stand of the digital force meter. Single
perturbation contains only one test stand. On the other hand, simultaneous perturbation contains two
test stands, so that the fiber is aligned on both test stands simultaneously. The 3D printed LPFG device
is placed above the fiber following the fiber axis without any tilt angle. The LPFG structure is induced
by moving the handle to lower down the digital force meter with the flat rod and then perturbing or
pressing the 3D printed LPFG device. In addition, before performing the grating perturbation, the
reference signal of the light source is recorded to each usage of the fiber because the optical power
output may be changed due to the connecting loss when the fiber is rejected and reinserted to both

light source and OSA.

Force meter
lF

. LPFG
Laser ] Bare fiber E OSA

(@)

c - =TS

Light source |
(1550 nm)

=y
“_;.w’
y

7y
r

(b)

Figure 4.6 (a) The experimental setup and (b) the setup of the digital force meter.
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4.3.1 Reference signal

The uniform broadband light wave from the superluminescent diode light source is recorded by
an OSA while the single-mode fiber is not under any environmental effect. In the another word, the
fiber is aligned in the relaxation state. The spectral output read by an OSA is displayed in Fig. 4.7
showing the relationship between the optical power (dBm) and the wavelength (hnm). The display

wavelength covers from 1250 to 1750 nm.
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Figure 4.7 The reference spectral output of the light source.

The broadband spectrum has its maximum power of -24.44 dBm at 1510 nm, however the
obtained maximum power depends on the connecting loss from an FC connector at both sides. The
resonant wavelength can be observed only within this spectral range (approximately 1310 to 1550
nm). The resonant wavelength shift is observed from the change of the grating period of the 3D
printed LPFG device. Theoretically, the relationship between the grating period and the resonant

wavelength shift is linear as expressed in equation (3.4).

4.4 Single perturbation of 3D printed LPFG device

The creation of the grating structure on the single-mode fiber is performed by the perturbation
of 3D printed LPFG devices with different grating periods beginning from 500 to 630 um at every
step of 10 um. Moreover, the perturbation weights with the step of 1 kg are applied to find out the
resonant magnitude. The spectrum displays are shown from Fig. 4.8 to Fig. 4.21.
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Figure 4.8 The spectral output by 3D printed LPFG device with A =500 pum.

Table 4.1 Resonant wavelength vs perturbation weight by A = 500 pm.

15t resonant A

2"d resonant A

3rd resonant A

4% resonant A

1 kg - - - -
2 kg - - - -
3 kg - - - -
4 kg - - - -
5 kg - - 1424 nm 1558 nm
6 kg - - 1424 nm 1554 nm
7 kg - - 1420 nm 1551 nm
8 kg - - 1415 nm 1546 nm
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Figure 4.9 The spectral output by 3D printed LPFG device with A =510 pum.

Table 4.2 Resonant wavelength vs perturbation weight by A =510 pm.

1t resonant 4 2" resonant A | 37 resonant 1 4% resonant 4
1kg - - - -
2 kg - - - -
3kg - - - -
4 kg - - 1450 nm -
5 kg - - 1449 nm 1568 nm
6 kg - - 1448 nm 1571 nm
7 kg - - 1446 nm 1572 nm
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Figure 4.10 The spectral output by 3D printed LPFG device with A =520 pm.

Table 4.3 Resonant wavelength vs perturbation weight by A = 520 pm.

1t resonant A 2" resonant A | 37 resonant 1 4% resonant 4
1 kg - - 1463 nm -
2 kg - - 1463 nm -
3 kg 1386 nm 1411 nm 1467 nm -
4 kg 1388 nm 1411 nm 1467 nm 1581 nm
5 kg - - 1467 nm 1581 nm
6 kg - - 1466 nm 1581 nm
7 kg - - 1466 nm 1581 nm
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Figure 4.11 The spectral output by 3D printed LPFG device with A =530 pm.

Table 4.4 Resonant wavelength vs perturbation weight by A =530 pm.

1t resonant 4 2" resonant A | 37 resonant 1 4% resonant 4
1 kg - - 1487 nm -
2 kg 1396 nm 1423 nm 1487 nm -
3 kg 1401 nm 1424 nm 1485 nm 1621 nm
4 kg 1403 nm 1421 nm 1484 nm 1621 nm
5 kg - - 1482 nm 1620 nm
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Figure 4.12 The spectral output by 3D printed LPFG device with A =540 pm.

Table 4.5 Resonant wavelength vs perturbation weight by A = 540 pm.

1t resonant 4 2" resonant A | 37 resonant 1 4% resonant 4
1 kg 1411 nm 1441 nm 1507 nm -
2 kg 1411 nm 1439 nm 1506 nm -
3 kg 1414 nm 1441 nm 1505 nm 1645 nm
4 kg 1416 nm 1440 nm 1504 nm 1644 nm
5 kg 1418 nm - 1502 nm 1642 nm
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Figure 4.13 The spectral output by 3D printed LPFG device with A =550 pm.

Table 4.6 Resonant wavelength vs perturbation weight by A =550 pum.

15t resonant A 2" resonantA | 37 resonant A
1 kg 1427 nm 1462 nm 1526 nm
2 kg 1427 nm 1458 nm 1530 nm
3 kg 1428 nm 1459 nm 1527 nm
4 kg 1430 nm 1459 nm 1526 nm
5 kg 1432 nm 1457 nm 1524 nm
6 kg 1433 nm 1461 nm 1523 nm
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Figure 4.14 The spectral output by 3D printed LPFG device with A =560 pum.

Table 4.7 Resonant wavelength vs perturbation weight by A = 560 pm.

15t resonant A 2" resonantA | 37 resonant A
1 kg 1443 nm 1477 nm 1546 nm
2 kg 1442 nm 1476 nm 1546 nm
3 kg 1443 nm 1476 nm 1549 nm
4 kg 1442 nm 1477 nm 1547 nm
5 kg 1443 nm 1477 nm 1546 nm

50



n IN 9% )
S S S S
T

Optical power (dBm)

70 -

1400 1450 1500 1550 1600
Wavelength (nm)

1650 1700

Figure 4.15 The spectral output by 3D printed LPFG device with A =570 pm.

Table 4.8 Resonant wavelength vs perturbation weight by A =570 pm.

15t resonant A 2" resonantA | 37 resonant A
1 kg 1454 nm 1487 nm 1563 nm
2 kg 1454 nm 1489 nm 1563 nm
3 kg 1455 nm 1491 nm 1563 nm
4 kg 1456 nm 1492 nm 1563 nm
5 kg 1457 nm 1492 nm 1565 nm
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Figure 4.16 The spectral output by 3D printed LPFG device with A =580 pum.

Table 4.9 Resonant wavelength vs perturbation weight by A = 580 pm.

15t resonant A 2" resonantA | 37 resonant A
1 kg 1468 nm 1506 nm -
2 kg 1469 nm 1506 nm 1582 nm
3 kg 1468 nm 1506 nm 1583 nm
4 kg 1470 nm 1506 nm 1582 nm
5 kg 1471 nm 1507 nm 1583 nm
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Figure 4.17 The spectral output by 3D printed LPFG device with A =590 pum.

Table 4.10 Resonant wavelength vs perturbation weight by A =590 pum.

1%t resonant A 2" resonant A 3rd resonant A
1 kg 1479 nm 1521 nm -
2 kg 1479 nm 1520 nm 1600 nm
3 kg 1479 nm 1520 nm 1601 nm
4 kg 1480 nm 1520 nm 1600 nm
5 kg 1481 nm 1521 nm 1601 nm
6 kg 1482 nm - 1600 nm
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Figure 4.18 The spectral output by 3D printed LPFG device with A = 600 pum.

Table 4.11 Resonant wavelength vs perturbation weight by A = 600 pum.

1%t resonant A 2" resonant A 3rd resonant A
1 kg 1494 nm 1536 nm -
2 kg 1493 nm 1536 nm 1621 nm
3 kg 1494 nm 1536 nm 1621 nm
4 kg 1494 nm 1536 nm 1619 nm
5 kg 1495 nm 1537 nm 1621 nm
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Figure 4.19 The spectral output by 3D printed LPFG device with A = 610 pm.

Table 4.12 Resonant wavelength vs perturbation weight by A = 610 pm.

1%t resonant A 2" resonant A 3rd resonant 1
1 kg 1503 nm 1550 nm -
2 kg 1504 nm 1551 nm -
3 kg 1505 nm 1550 nm 1636 nm
4 kg 1505 nm 1550 nm 1637 nm
5 kg 1506 nm 1552 nm 1639 nm
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Figure 4.20 The spectral output by 3D printed LPFG device with A = 620 pm.

Table 4.13 Resonant wavelength vs perturbation weight by A = 620 pm.

1%t resonant A 2" resonant A
1 kg 1517 nm 1564 nm
2 kg 1517 nm 1566 nm
3 kg 1517 nm 1563 nm
4 kg 1517 nm 1563 nm
5 kg 1517 nm 1564 nm
6 kg 1518 nm 1568 nm
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Figure 4.21 The spectral output by 3D printed LPFG device with A = 630 pm.

Table 4.14 Resonant wavelength vs perturbation weight by A = 630 pm.

1%t resonant A 2" resonant A
1 kg 1527 nm 1575 nm
2 kg 1527 nm 1577 nm
3 kg 1527 nm 1574 nm
4 kg 1527 nm 1575 nm
5 kg 1528 nm 1576 nm
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The single perturbation of the 3D printed LPFG device with different grating periods from 500
to 630 pum give several spectral output with different positions of resonant wavelengths regarding to
each of perturbed devices. The spectral band from the light source limits the availability of the
appearance of resonant wavelengths, so that some of longer grating periods give the output showing
only two resonant bands while shorter grating periods show up for three and four resonant bands. The
clearance of the resonant wavelength is also depending on the optical power at the position where the

resonant wavelength locates. Resonant wavelengths at low power region are undefined.

The spectral output from the perturbation by a 3D printed LPFG device with 500 and 510 pm
show that first two resonant wavelengths are undefined due to the low power region. In addition, the
printed grating structure is very small in which it can result to the unstable periodic grating pitch
during the printing process along the whole device. There is a big shift at the third resonant bands
which are also resulted from the applied grating structure from the device when higher perturbation
weight is pressed on the fiber. The fourth resonant bands have the weakest coupling strength
comparing with another three resonant bands. The perturbation weight higher than 8 kg results to the

decrease of resonant magnitude and the attenuation of the whole spectrum.

The spectral output from the perturbation by a 3D printed LPFG device with 520 pm shows
clearer resonant wavelengths. First two resonant bands can be observed from the perturbation weight
of 3 and 4 kg while another weights result to undefined resonant band. The third resonant bands rely
on the higher optical power region, so that it is more clearly observed than of shorter grating periods.
The characteristic of the fourth resonant bands are as same as the perturbation by shorter grating
periods, but their magnitudes are more related to the perturbation weight. The perturbation weight

higher than 7 kg results to all decrease of resonant magnitude and the attenuation of the whole signal.

The spectral output from the perturbation by a 3D printed LPFG device with 530 and 540 pm
show that first two resonant wavelengths can be mostly observed to all dedicated perturbation weight.
The magnitude of third resonant bands are not in uniform due to the periodic grating pitch along the
whole device is not stable when higher perturbation weight is applied. The fourth resonant bands
begin to appear at low power region in which low perturbation weight is undefined, but their
magnitudes are still in uniform related to the perturbation weight. The perturbation weight higher

than 5 kg results the attenuation of the whole signal.

The spectral output from the perturbation by a 3D printed LPFG device with 550 and 560 pm
show only three resonant bands in which the fourth one is already out of the valid spectral range. The
perturbation weight of 5 and 6 kg to the device with 550 um let the whole spectrum begin to attenuate

as observed at the range from between the second and the third resonant band. In addition, the grating
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structure of the LPFG device has large grating pitch when higher perturbation is applied. The 3D
printed LPFG device with 560 um has uniform grating structure resulting to that the resonant
wavelengths and their magnitudes are uniform. The perturbation weight higher than 6 kg from the
applied LPFG device of 550 pum period and perturbation weight higher than 5 kg from the applied

LPFG device of 560 pm period results to the attenuation of the whole spectrum.

The spectral output from the perturbation by a 3D printed LPFG device with the rest of grating
periods until 630 um show uniform resonant bands. Each of resonant wavelengths is corresponding
to the applied grating period on the fiber. The spectra from the perturbation by grating periods of 620
and 630 um contain only two resonant wavelengths while the third one is already out of the observed
band or undefined. The higher perturbation weight than the assigned maximum weight to the
perturbation by each grating device results to the attenuation of the whole signal. The different applied

maximum weight depends on the grating structure on the optical fiber.

4.4.1 Discussion

The resonant wavelengths corresponding to the perturbation by each grating period of the 3D
printed LPFG device show that those resonant wavelengths shift to the right or to the longer
wavelength when longer grating period is applied on the fiber. The resonant wavelength at each
position refers to each coupling mode to cladding layer as they have different mode orders of
coupling. The amount of resonant wavelengths once appeared depends on the spectral range from the
light source. In the other hand, broader spectrum band is able to show more resonant wavelengths.

The plot of resonant shifts corresponding to grating periods is shown in Fig. 4.22.
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Figure 4.22 Resonant wavelength shift trend.
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Figure 4.22 shows the total amount of four resonant wavelength shifts regarding to different
applied grating periods of the device. The resonant shift is a linear function which is following the
equation (3.4). The linear function between the resonant wavelength and the grating period is

determined by the constant value of the differential effective refractive indices between core and

cladding mode (5n, ) from the perturbation by the device. The constant values, on, of the first to

the third resonant wavelengths are 1.2857x1073, 1.5287x103, and 1.9406x107, respectively. In
addition, the second and the third resonant wavelength shift are 18.9% and 50.9% of the first resonant
wavelength shift, respectively. The third resonant wavelength has the longest shift whereas it yields
the highest sensitivity. The coefficient of determination (R?) is used to express the linearity of the
trend. The value of R? for those three resonant wavelengths are 0.9979, 0.9975, and 0.9987,
respectively. The third resonant shift has the highest linearity as well. The fourth resonant is
considered as unclear because the band strength is very weak and they have low resonant magnitude
resulting to that the linear trend of the fourth one is undefined from the perturbation of 3D printed
LPFG devices.

The characteristic of resonant wavelength magnitude or its dip magnitude relating to each of
perturbation weight depends on the grating pitches along the whole device in which they become
wider when higher weight is applied on the fiber. The wider grating pitch results to the wider
bandwidth of resonant wavelength. When the induced grating pitch is very close to the next one, it
results to the attenuation of the whole spectral band of the transmitted signal. In addition, the
magnitude or the dip is different to all resonant wavelengths at the same perturbation weight because
each of coupling modes has different coupling strength and it is also depending on grating pitches.

4.5 Selected simultaneous perturbation of 3D printed LPFG devices

The resonant wavelengths from the perturbation by a single 3D printed LPFG device at every
10 pum grating period from 500 to 630 um have been observed. In case of simultaneous perturbation
of two devices, two grating periods are selected not to let resonant bands from the perturbation by
both LPFG devices locate close to each other. The pair of 3D printed LPFG devices of 520/620,
520/630, 530/630, 530/640, 530/650, 540/630, 540/640, and 540/650 um are selected to observe
resonant wavelengths while both devices are simultaneously applied with the same perturbation
weight. The additional force meter stand is added to this experiment set up as shown in Fig. 4.23. The
spectral output of the simultaneous perturbation of two 3D printed LPFG devices are shown from
Fig. 4.24 to Fig. 4.32.
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Figure 4.23 Simultaneous perturbation of two 3D printed LPFG devices.
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Figure 4.24 The spectral output by 3D printed LPFG devices with A =520 and 620 pm.

Table 4.15 Resonant wavelength vs perturbation weight by A =520 and 620 pm.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5% resonant A
1 kg - - 1472 nm 1517 nm 1565 nm
2 kg 1383 nm 1412 nm 1472 nm 1517 nm 1566 nm
3 kg 1386 nm 1412 nm 1471 nm 1517 nm 1564 nm
4 kg 1386 nm 1414 nm 1472 nm 1518 nm 1564 nm
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Figure 4.25 The spectral output by 3D printed LPFG devices with A =520 and 630 pm.

Table 4.16 Resonant wavelength vs perturbation weight by A =520 and 630 pm.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5" resonant A
1 kg - - 1472 nm 1528 nm 1576 nm
2 kg 1385 nm 1413 nm 1472 nm 1529 nm 1579 nm
3 kg 1385 nm 1412 nm 1471 nm 1528 nm 1577 nm
4 kg 1386 nm 1414 nm 1472 nm 1528 nm 1577 nm
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Figure 4.26 The spectral output by 3D printed LPFG devices with A =530 and 630 pm.

Table 4.17 Resonant wavelength vs perturbation weight by A =530 and 630 pum.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5" resonant A
1 kg 1401 nm 1429 nm 1490 nm 1528 nm 1576 nm
2 kg 1401 nm 1429 nm 1490 nm 1527 nm 1578 nm
3 kg 1401 nm 1429 nm 1489 nm 1528 nm 1577 nm
4 kg 1402 nm 1430 nm 1490 nm 1528 nm 1577 nm
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Figure 4.27 The spectral output by 3D printed LPFG devices with A =530 and 640 pm.

Table 4.18 Resonant wavelength vs perturbation weight by A =530 and 640 pm.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5" resonant A
1 kg 1401 nm 1429 nm 1490 nm 1540 nm 1590 nm
2 kg 1401 nm 1428 nm 1489 nm 1540 nm 1593 nm
3 kg 1401 nm 1429 nm 1489 nm 1540 nm 1589 nm
4 kg 1401 nm 1430 nm 1490 nm 1540 nm 1591 nm
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Figure 4.28 The spectral output by 3D printed LPFG devices with A =530 and 650 pm.

Table 4.19 Resonant wavelength vs perturbation weight by A =530 and 650 pm.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5" resonant A
1 kg 1401 nm 1429 nm 1490 nm 1552 nm 1604 nm
2 kg 1400 nm 1428 nm 1487 nm 1553 nm 1605 nm
3 kg 1401 nm 1429 nm 1489 nm 1552 nm 1603 nm
4 kg 1401 nm 1430 nm 1490 nm 1552 nm 1606 nm
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Figure 4.29 The spectral output by 3D printed LPFG devices with A =540 and 630 pm.

Table 4.20 Resonant wavelength vs perturbation weight by A = 540 and 630 pm.

15t resonant A

2"d resonant A

3rd resonant A

4% resonant A

5t resonant A

1 kg 1416 nm 1446 nm 1508 nm 1528 nm 1576 nm
2 kg 1415 nm 1445 nm 1508 nm 1527 nm 1579 nm
3 kg 1415 nm 1446 nm 1509 nm 1528 nm 1577 nm
4 kg 1416 nm 1446 nm 1509 nm 1529 nm 1577 nm
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Figure 4.30 The spectral output by 3D printed LPFG devices with A =540 and 640 pum.

Table 4.21 Resonant wavelength vs perturbation weight by A = 540 and 640 pum.

1t resonant 2 | 29resonant A | 3" resonant A | 4" resonant A | 5" resonant A
1 kg 1416 nm 1446 nm 1509 nm 1541 nm 1592 nm
2 kg 1416 nm 1445 nm 1509 nm 1542 nm 1593 nm
3 kg 1416 nm 1446 nm 1511 nm 1541 nm 1591 nm
4 kg 1416 nm 1447 nm 1510 nm 1542 nm 1591 nm
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Figure 4.31 The spectral output by 3D printed LPFG devices with A =540 and 650 pm.

Table 4.22 Resonant wavelength vs perturbation weight by A = 540 and 650 pum.

15t resonant A

2"d resonant A

3rd resonant A

4% resonant A

5th resonant A

1 kg 1416 nm 1446 nm 1509 nm 1551 nm 1604 nm
2 kg 1416 nm 1446 nm 1508 nm 1551 nm 1605 nm
3 kg 1416 nm 1447 nm 1512 nm 1551 nm 1604 nm
4 kg 1417 nm 1447 nm 1511 nm 1552 nm 1606 nm
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4.5.1 Discussion

The simultaneous perturbation of two 3D printed LPFG devices with different grating period
shows the results of five resonant wavelengths in which first three resonant bands belong to the
perturbation of the LPFG device with lower grating period while the rest of two resonant wavelength
bands belong to the perturbation of the LPFG device with higher grating period. The position of
perturbation where the fiber is pressed by LPFG devices have no matter on the occurrence of resonant
wavelengths. The LPFG structure can be applied at anywhere along the entire fiber. In case of this
experiment, both 3D printed LPFG devices can be alternatively replacing each other to perform the
grating structure. When the perturbation weight is increased, the resonant wavelengths may slightly
shift a little due to the applied grating pitches along the LPFG device in practical way. The variation
of resonant magnitude depends on the perturbation of each LPFG device separately. More amount of
3D printed LPFG devices can be added up to the system in case of using a light source with broader
band of light wave. The perturbation of both LPFG devices with 540 and 630 um shows the spectral
result that there is a little interference between the third and fourth resonant bands where both resonant
bands belong to the perturbation of different LPFG devices (third band belong to 540 pm grating
period and fourth band belong to 630 um grating period). Therefore, the appearance of resonant
wavelengths to the perturbation of each LPFG device is independent to each other unless the coupling
modes of the light propagation from the perturbation by both LPFG devices are locating at the same
wavelength or very close to each other.

4.6 The perturbation of 3D printed LPFG device with tilted angle

The resonant shift from the perturbation of a single 3D printed LPFG device shows that it is

linear function with the grating period of the device. The width of 2.5 cm supports the tilt angle to

expand the grating period of the device. The expansion of grating period (Ae) is expressed as

A
A =—— 4.2
° cosd (4.2)

where 6 is the tilt angle. Additional equipment to support the rotation of the fiber axis alignment
instead of tilting the LPFG device is the 3D printed fiber rotator as shown in Fig. 4.32. The selected
grating period of the LPFG device for this perturbation is 550 pum. The fiber axis is rotated by the 3D
printed fiber rotator from its initial axis (O degree) to 25 degrees with an increment of 5 degrees. The
perturbation weight selected to observe resonant wavelengths is fixed at 4.5 kg. The resonant

wavelengths to all perturbations are shown in Fig. 4.33.
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Figure 4.33 The resonant wavelength shift from tilted LPFG device at every 5 degrees.

4.6.1 Discussion

The perturbation of a 3D printed LPFG device with the grating period of 550 pum shows that all
resonant wavelengths shift to the right corresponding to the expansion of the grating period of the
LPFG device. The trend of resonant wavelength shift related to the expanded grating period is
clarified in Fig. 4.34 and Table 4.23.
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Figure 4.34 Resonant wavelength trend from tilted LPFG device.

Table 4.23 Resonant wavelength vs tilt angle of 550 um A LPFG device.

Tilt angle Expanded A 1%t resonant A 2" resonant A | 3 resonant A
0° 550.00 pm 1434 nm 1464 nm 1526 nm
5° 552.10 pm 1438 nm 1469 nm 1534 nm
10° 558.48 pm 1448 nm 1480 nm 1548 nm
15° 569.40 um 1457 nm 1492 nm 1563 nm
20° 585.30 um 1478 nm 1515 nm 1592 nm
25° 606.86 um 1508 nm 1551 nm 1633 nm

The expansion of the grating period by tilting the device at every 5 degrees is in the trend of
exponential. However, when the resonant wavelength shifts are observed from the experiment, the
shifts corresponding to the expanded grating period due to tilting the LPFG device show that the shift
trend is still a linear function as same as the single perturbation does. From the experimental results,

the average shifts of three resonant wavelengths determined by &n, are 1.2666 x103, 1.4843 x1073,

and 1.8194 x107, respectively. Moreover, the linearity defined by the coefficient of determination
(R?) of three resonant wavelengths are 0.9959, 0.9965, and 0.9967, respectively. In comparison with

the single perturbation, the on, of all shifts are slightly lower because the tilted device performing

the grating structure on the fiber offers different strain on the fiber surface when it is pressed by those
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grating pitches of the device. The tilted device yields larger induced refractive index of the induced
section resulting to the smaller grating expansion as it should be. Nevertheless, the perturbation by
rotating the optical fiber with some angles and then pressing the LPFG device on to the fiber show
that even the small value of expanded grating period still results to the linear shift of all resonant
wavelengths. In case of the perturbation with any grating periods of the LPFG device, they may result

to the linear shift of resonant wavelengths as well.

The grating structure on the optical fiber performed by pressing the 3D printed LPFG device
made by resin material has a potential to filter out partial wavelength from the broadband wavelength.
The main characteristic to create the LPFG structure on the fiber is the periodic change of the
refractive index of the fiber’s core layer to lead the coupling from fundamental core mode to cladding
modes when the light is propagated through the fiber. Conventional methods to create the LPFG
structure had a high potential of the fabrication of LPFG, but those methods required several
equipment setup and they permanently changed the fiber structure. The mechanically induced method
to fabricate the LPFG structure uses an external device to create the fiber structure in which the fiber
becomes LPFG only when the corresponding device is perturbed or pressed on the fiber. The
advantage of this fabrication technique is that the fiber can be reused to the next perturbation or other
purpose. The technology of 3D printing becomes more popular in the recent era. The 3D printed
object contains high accuracy of its resolution and it is resistant to the harsh environment. The 3D
printed LPFG device has a simple design and its dimension is compatible with the fiber. The designed
grating period can be an option for the selection to appropriate usage relating to the available range
of the light wave. In addition, the design of grating pitch, sharpen or curved design, plays a big role
to the characteristic of resonant wavelengths and the requirement of the maximum perturbation
weight. The FWHM bandwidth of the resonant wavelength is varied by the size of applied grating
pitch. The sharpness of the grating pitch affects the maximum perturbation weight in which more
sharpen grating pitch lowers the maximum applied weight it the fiber can be broken more easily than
the perturbation by curved grating pitch. The perturbation of the 3D printed LPFG device with
different specifications of the fiber may result to different resonant wavelength because they have
different refractive indices of core and cladding layers. However, the resonant wavelength shift is still
the linear function with the change of the grating period. Lastly, the resonant wavelength can be
controlled by the selection of the grating period of the 3D printed LPFG device.
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CHAPTER 5 ELECTRIC FIELD DISTRIBUTION ALONG
GRATING STRUCTURE

5.1 Introduction

This chapter presents the characteristic of electric field distribution to the cladding layer along
the fiber axis when the transmitted light with a specific wavelength is propagating through the core
layer of the fiber. The observation of those characteristics is taken by the simulation in which the
selected software is FUllWAVE (Synopsys Inc., Version March 2018) [1]. This software is operated
by using finite-difference time-domain (FDTD) technique to solve the Maxwell’s equations in optics
field [2]. The main purpose of this software relating to the research is to observe the distribution
characteristic of an electric field when the light is transmitting through the grating pitches as the
periodic change of the fiber’s core layer. The real dimension of the fiber and its surrounding cannot
be simulated because the simulation time is infinity. All dimension of the fiber is shrunk to support
the simulation by the software and not to consume very long time. The electric field distribution to

cladding layer from several grating structures with different grating periods are observed.

5.2 Design and parameter setup for simulation

Several parameters corresponding to the fiber and the grating period of the grating structure are
set up to simulate the electric field by using FUlWAVE (Synopsys, Inc.) The fiber structure is drawn
in RSoft CAD as a cylindrical structure representing the fiber’s core layer and it is surrounded by the

space as shown in Fig. 5.1.
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Figure 5.1 The design of grating structure in RSoft CAD software.



The RSoft CAD software is the software used to design the structure and input several
parameters to run the simulation of transverse electric (TE) and transverse magnetic (TM) modes.
From the cylindrical design structure, it represents the fiber’s core layer. Red and blue colors denote
the section with different refractive indices. Red section refers to the initial core index and blue
section refers to the effective refractive index of the grating pitch. The white space denotes the fiber’s
cladding layer. The purple boundary corresponds to the spatial domain where the region of simulation
takes place. The larger spatial domain consumes longer simulation time. The limitation of the design
is that the real dimension of the fiber takes infinite time to run the simulation. The dimension of the
design is then shrunk to the size in which it does not take long time for the simulation. The core
diameter is set up at 0.8 um whereas its initial dimension is 8 um. The grating period is decreased to
100 times, e.g. 500 um grating period is deducted to only 5 pum for the simulated structure in the
software. The length of the fiber varies by the grating period, an amount of grating pitches, and a size

of each grating pitch.

The example structure shown in Fig. 5.1 has a dimension of 1x21 pm. The size of the grating
pitch is half of the grating period as the length of blue section is as same as the length of red section
and this structure contains three grating pitches. The size of the grating pitch is 3 um and the grating
period is 6 pm. In case of the structure for the simulation related to the experiment, some grating
periods are selected to observe the electric field distribution characteristic from the transmitted light
wavelength as mentioned by the third resonant wavelength. The structure design of the fiber’s core
layer always begins and ends with the initial refractive index structure (red section), thus the section
of grating pitches (blue section) relies between the initial section. The simulation of electric field
distribution with the amount of the structure with four grating periods is observed in TE mode. The
grating structure with the grating period of 5.2, 5.5, 5.8, and 6.1 um are selected to observe the electric
field distribution along the grating structure. The grating pitch size (blue section) is 1.0 um. The

additional details of those grating structures are clarified in Table 5.1.

Table 5.1 Input parameters to design grating parameters in FUllWAVE (Synopsys Inc.).

Input wavelength Grating period Red section Blue section | Structure length
(nm) (Hm) (Hm) (Hm) (Hm)
1467 5.2 4.2 1.0 19.8
1527 5.5 4.5 1.0 21.0
1582 5.8 4.8 1.0 22.2
1639 6.1 5.1 1.0 23.4
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Additional parameters are required for the simulation such as refractive indices to all structure
parts, grid size of the spatial grid, TE polarization, and 3D structure. The resolution of the simulated
results depends on the input grid size along x-, y-, and z-axis. Grid size with greater value consumes
longer time, however, the higher resolution of the result can be observed. In addition, the electric field
distribution characteristic at the specific point along the structure axis can also be observed. The
example of the grating structure with the grating period of 5.3 um and the grating pitch size of 1.0
pm is shown in Fig. 5.2. The rest of three structures are just only changing the grating period by
changing the red section as clarified in Table 5.1. The total length of the fiber is varied by the grating
structure. The spatial domain is set at = 5.31 um to all design structures to limit the simulation time.

Additional parameter setup is found in the appendix.
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Figure 5.2 Grating structure with 5.3 um A and 1.0 um pitch.

5.3 Simulation results

The simulation results of all grating structures are expressed in Fig. 5.3 to Fig. 5.6. All grating
structures contain 3 grating pitches with 1.0 um each and 4 initial index sections. The size of the
initial index section is varied by the grating period. The refractive index, refers to the specification of
standard SMF-28 step index single-mode fiber, of the initial fiber core (red section) is 1.45205 and
of the cladding (surrounding the grating structure) is 1.44681. The effective refractive index of the
grating section (blue section) has the index difference (An) of 0.4. In other words, the effective
refractive index of the grating section is 1.84681. The input of an index difference is very high
because the structure of the fiber in RSoft CAD is shrunk ten times of its initial size. The input
continuous wave (CW) of the transmitted light refers to the third resonant wavelength from the
perturbation by corresponding grating periods of the LPFG device. When the light is transmitting
through the fiber’s core and passing the grating pitch, there is a distribution or the scattering of the
light to the cladding layer. The strength of those distributions corresponds the coupling of light from
core to cladding layer. The different size of the grating pitch and different input of refractive indices

may result to different characteristic of the distribution.
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Figure 5.4 Electric field distribution along grating structure with 5.5 um A.
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Figure 5.5 Electric field distribution along grating structure with 5.8 um A.
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Figure 5.6 Electric field distribution along grating structure with 6.1 um A.
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Besides the characteristic of the electric field distribution along the grating structure, the
contour of an electric field profile can also be observed at any position along the structure axis. At
the first grating pitch, an electric profile is recorded at the middle position of the pitch. At the second
pitch, an electric profile is recorded at the boundary between the initial and the grating section
(forward). At the last pitch, an electric field profile is recorded at the middle position as same as of

the first pitch. Some examples of the profile are shown in following Fig. 5.7 to Fig. 5.10.
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Figure 5.7 Electric field profile of the grating structure with 5.2 um A along the structure axis.

0.04842

L N

a|||||||||||a
e S R T I
¥

E3

0D48s

T T T~ T T~ T T T T T T T T T T T
5 4 2 -2 4 0 1 2z 32 4 5

1t grating pitch 2"d grating pitch 31 grating pitch

-2
5 4 2 2 4 0 1 2 2 4 & 5 4 23 2 1 0 1 2 23 4 5

Figure 5.8 Electric field profile of the grating structure with 5.5 um A along the structure axis.
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Figure 5.9 Electric field profile of the grating structure with 5.8 um A along the structure axis.
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Figure 5.10 Electric field profile of the grating structure with 6.1 um A along the structure axis.

The dimension of the results is 5.31x5.31 um following by the spatial domain of the simulation.
The center of those profiles is fiber’s core with its diameter of 0.8 um. Figure 5.7 shows that when
the light is transmitting through the first grating pitch, the electric field is still passing through the
structure until approaching the second pitch. The coupling to the cladding layer begins and it results
to the decreasing of the field magnitude at the core layer, but not the entire field. The third pitch
shows that the field is still remaining in the core layer. Figure 5.8 shows that the field at the second
pitch mostly relies in the cladding layer while in the third pitch, the field is still in the core layer. The
coupling is not complete when it passes the second pitch. Figure 5.9 shows that the coupling begins
densely from the first pitch as seen at the surrounding core layer. There is no coupling in the third
pitch. Figure 5.10 has a similar profile as of the Fig. 5.9 that there is almost no coupling at the third

pitch whereas the first and second pitch do.

5.4 Discussion

The distribution of an electric field scatters to the cladding layer when it transmits through the
grating pitch where it has a different refractive index from its original core layer. The input
wavelength has its significant to the phase of an electric field. The grating pitch locating on the
position where the electric field is in phase will result to the coupling from core layer to cladding
layer. In case of that some grating pitch does not have the coupling or the coupling is very low because
the field is not in phase to be coupled. The contour of the field profile is observed at each point of
section along the structure axis in which it is not observed as a range. The coupling of the field may
occur elsewhere within the region of that grating pitch. In addition, the electric field is in phase to the
position where the grating pitch locates comes from the corresponding input wavelength at special
wavelength, so called the resonant wavelength. The coupling from core to cladding layer is the
characteristic that the magnitude of an electric field is increased in the cladding layer while it is
decreased in the core layer. This is the attenuation of the resonant wavelength. More amount of grating

pitches increases the coupling strength when the corresponding light wavelength is passing through
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and when the coupling is totally complete, longer grating length will have no further effect to the

coupling anymore.

Every single of input parameters has all effects to the simulation output. Grid size parameter of
X-, y-, and z-axis affects the simulation time and the resolution of the simulation result. If one of those
parameters is changed, the simulation output or even the field profile will be different from the figures
shown above. Refractive indices of the initial core layer, grating pitch and the core surrounding play
a vital role to the characteristic of an electric field distribution along the entire grating structure.
Practically, those characteristics of electric field distribution are observed as the attenuation of
resonant wavelengths from the broadband input wavelength of transmitted light. Therefore, the light
coupling from core layer to cladding layer is resonant with the transmitted light through the fiber at

a specific wavelength.
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CHAPTER 6 CONCLUSION

6.1 Preface

This chapter presents the conclusion of the experiment by using 3D printed LPFG devices to
perform the grating structure on the fiber and the simulation of the electric field distribution along the
grating structure by using FUllWAVE (Synopsys Inc.). The sensor application of the fiber by using
3D printed LPFG device is also clarified. All experimental and simulation results are subjected to

only this specific setup which cannot be the standard with the different fiber specification.

6.2 Resonant wavelength from 3D printed LPFG devices

The creation of the LPFG began from the study of the photosensitivity inside the Ge-doped
silica fiber. The development of the fiber grating fabrication has been inspired and developed to
increase its efficiency for the wavelength filter. Several fabrication techniques began from the
irradiation of the laser to change the refractive index of the fiber. In addition, those techniques
permanently changed the fiber structure to become LPFG. In the past few years, the fabrication of
LPFG structure could be done on the fiber temporarily by using an external device to press or perturb
on the fiber. Several devices have been already used to perform the LPFG on the fiber, however, the
limitation was that those devices had unique form and shape resulting to the limitation of changing
their grating period on the device itself. Moreover, the technology of the 3D printing became popular
to various fields and applications. The printing material has also been developed to support and be
patient to the harsh environment. The 3D printed LPFG device made by resin was created and its
design corresponded to the specific grating period and its dimension for an appropriate to the usage

and application.

The purpose of the LPFG structure is the coupling of modes inside the fiber at specific
wavelength as it is practically observed as resonant wavelength. Once the LPFG structure is created
while perturbing the 3D printed LPFG device on the fiber, there are more than one resonant
wavelength due to the coupling from core mode to different cladding modes. However, those resonant
wavelengths are varied by the grating period of the applied LPFG device. The perturbation of LPFG
devices with several behaviors on the optical fiber proves that the shift of those resonant wavelengths
is linear with the change of the grating period as observed by increasing every 10 um period and
tilting the LPFG device every 5 degrees. In addition, the experiment is taken under the stable

temperature at around room temperature of 25 °C. The result of those resonant wavelength shifts



shows that the linearity clarified by the coefficient of determination (R?) is greater than 0.99. These
results have proved that the temporary fabrication of an LPFG structure on the optical fiber by using
a 3D printed LPFG device has a potential to control the resonant wavelengths. Those phenomena are
applicable to the optical sensors such as tunable filter in the optical link. The magnitude of resonant
wavelengths is applicable for the weight sensor or intruder sensor to strange object stepping on the
sensor area. The perturbation by the LPFG device on the different specification of optical fiber results
to different resonant wavelength shifts due to different effective refractive indices of the fiber which

affects the coupling mode strength.

6.3 Electric field distribution

The simulation of an electric field distribution by using FUllWAVE (Synopsys Inc.) software
shows that the electric field from corresponding resonant wavelength as an input to the grating
structure scatters to the cladding layer when it transmitted through the first grating pitch where it has
different index from the initial core layer of the fiber. Not only the design grating structure is shrunk
to few micrometers, but also the index difference between the initial core and the grating pitch is very
large to lower the simulation time as it is the limitation of the software. The simulation is done only
with a single input wavelength of light, not the broadband wavelength. However, the simulation
results follow the theory of coupling from the core mode to cladding mode. When the coupling to
cladding mode occurs, the magnitude of the field decreases in the core region. Therefore, when the
input wavelength of the transmitted light is resonant with the grating period, the coupling from core

to cladding modes occurs.

6.4 Suggestions for the future work

The fabrication of the LPFG structure by using mechanically induced of the 3D printed LPFG
devices is successful to the application of tunable wavelength filter. Besides the actual design of the
grating pitch with the triangular crest, any design of the crest is possible to create by using a 3D
printer such as sinusoidal curve or trapezoid crest. Those different pitches result to different grating
structure appeared on the fiber at all. Moreover, the property of the resin material is similar to the
metal which increase the efficiency of the resonant wavelength and its attenuation relating to the
perturbation weight of the LPFG device. Moreover, the perturbation with the different specification
of the fiber is important that the results of resonant wavelengths are different from those in this
research. The perturbation under large temperature change may also affects to the resonant

wavelength shift as well. It is mandatory to record and observe new resonant wavelength shifts before
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the setup is subjected to the application as a sensor. In case of an intruder sensor to the heavy object,
it can be applied by adding the weight attenuation to the setup to decrease the weight pressing on the
LPFG device and the fiber.
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APPENDIX



The parameter setup for the simulation in FUlIWAVE (Synopsys Inc)

RSoft CAD Layout

1. Global settings window

Model dimension: 3D

Free space wavelength: 11.467, 21.527, 1.582, #1.639
Background material: Locally defined

Background index: 1.44681

Index difference: 0.00524

Component width: 0.8

Component height: width

Index profile type: Step

3D structure type: fiber

2. FUllWAVE simulation parameters

2.1 Spatial Grid

Domain min: X =-5.31,Y=-531,Z=0
Domain max; X =5.31, Y =5.31, Z=119.8, 221.0, 322.2, 423.4
Grid size: '0.03, 20.03, %0.04, “0.04 to all X, Y, Z

2.2 FDTD options, Polarization: TE

2.3 Time grid: parameters are automatically generated by the software.

3. Properties for segment (red and blue section)

3.1 Red section (initial core layer)

Material properties: Locally defined
Index difference: delta

Index (img part): alpha

Component width: width
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Component height: height

Starting and ending vertex refers to the dimension of the structure along z-axis.

3.2 Blue section (grating ptch)

Material properties: Locally defined
Index difference: 0.4

Index (img part): alpha

Component width: width
Component height: height

Starting and ending vertex refers to the dimension of the structure along z-axis (1.0 um).

4. Properties for monitor on grating pitch #1, #2, #3

Width: 10.62 Height: 10.62

Length: 0 Phi: 0

Theta: 0 Spatial outputs vs time: E density
X:0 Y:0

Z: %1 =47,%2=94,"#3=151
#1=5.0, %2 =10.0, %3 =16.0
%#1=5.3, %2 =10.6, *#3=16.9
“#1=56,*%2=112,*%3=17.8

Remarks:

The simulation of the grating structure with the grating period of 5.2 pm.
2The simulation of the grating structure with the grating period of 5.5 pum.
3The simulation of the grating structure with the grating period of 5.8 pum.

“The simulation of the grating structure with the grating period of 5.2 um.
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