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“ Every passing hour brings the Solar System forty three thousand miles closer to Globular
Cluster M13 in Hercules — and still there are some misfits who insist that there is no such thing

7

as progress.

Kurt Vonnegut Jr., The Sirens of Titan
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Abstract
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Development of a Low-Cost Interrogation System Applied to Fiber Optic Based

Devices for Sensing

by Jodo Aratjo

The interrogation of fiber optic sensors often relies on complex and costly devices with
low portability due to their size. Long Period Fiber Gratings (LPFGs) are structures with
spectral behavior that presents well defined rejection bands whose spectral position is
dependent on external parameters, allowing them to be used as sensors. Even though
they can be formed in common and cheap telecommunication fiber, the typical interroga-
tion methods involve the use of Optical Spectrum Analyzers (OSA) which are expensive
and only suited to laboratory tests, or dedicated commercial Braggmeters with limited
spectral response ranges.

With the advancement of micro-spectrometer technologies, devices such as Micro-
Electromechanical Systems (MEMS) with Fabry-Pérot tunable filters are being studied as
possible alternatives.

In this work, an interrogation unit was designed and built using a MEMS Fabry-Pérot
Interferometer (MEMS-FPI) spectral sensor with a spectral response in the range from
1350 to 1650nm. Deconvolution techniques were used to reduce the impact of the tunable
filter’s impulse response in the measured signal. The performance of the unit was vali-
dated with the interrogation of LPFGs as temperature and refractive index sensors, and
preliminary results for the relative humidity monitoring were presented. For the tempera-
ture a sensitivity of 0.135 £ 0.007nm /°C was obtained, which showed a 4.9% relative error
when compared to the same measurement with a commercial OSA. For the refractive in-
dex a sensitivity of 147 4+ 11 nm/RIU was obtained which showed a relative error lower

than 1% when compared to the OSA. These results are comparable to those obtained with
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the OSA which shows the system’s potential as a cheaper and more transportable alter-

native.
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Resumo

Faculdade de Ciéncias da Universidade do Porto

Departamento de Fisica e Astronomia
Mestrado em Engenharia Fisica

Desenvolvimento de um Sistema de Interrogacao de Baixo Custo Aplicado a

Dispositivos Baseados em Fibra Otica para Sensorizacao

por Joao Aratjo

A interrogacdo de sensores de fibra 6tica depende frequentemente de dispositivos
complexos e de custo elevado, com baixa portabilidade devido ao seu tamanho. Redes de
perfodo longo em fibra Otica sdo estruturas com comportamento espectral que apresenta
bandas de rejeicdo bem definidas, cuja posicao espectral depende de parametros exter-
nos, o que permite a sua utilizagdo como sensores. Embora possam ser formadas em fibra
de telecomunicagdes comum e de baixo custo, os métodos de interrogagdo mais comuns
envolvem a utilizacdo de analisadores de espectro 6tico, que sdo dispendiosos e apenas
adequados para testes de laboratdrio, ou "Braggmeters”comerciais dedicados com gamas
de resposta espectral limitadas. Com o avango de tecnologias de micro-espectrometria,
dispositivos como sistemas electromecanicos com filtros sintonizaveis Fabry-Pérot estao
a ser estudados como possiveis alternativas.

Neste trabalho foi desenhada e construida uma unidade de interrogacdo utilizando
um sistema electromecanico com Interferémetro Fabry-Pérot com resposta espectral na
gama de 1350 a 1650 nm. Foram utilizadas técnicas de desconvolugdo para reduzir o
impacto da resposta impulsional do filtro sintonizdvel no sinal medido. O desempe-
nho da unidade foi validado com a interrogagdo de redes de periodo longo como sen-
sores de temperatura e indice de refragdo, e apresentados resultados preliminares para
a monitorizagdo de humidade relativa. Para a temperatura foi obtida uma sensibilidade
de 0.135 £ 0.007nm /°C que mostrou um erro relativo de 4,9% quando comparado com a
mesma medi¢do com um analisador de espetro 6tico comercial. Para o indice de refragdo

obteve-se uma sensibilidade de 147 £ 11nm/RIU, que mostrou um erro relativo inferior
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a 1% quando comparado com o analisador de espetro 6tico. Estes resultados sdo com-
pardveis aos obtidos com o analisador de espetro 6tico, 0 que mostra o potencial do sis-

tema como uma alternativa com um custo inferior e portatil.
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Chapter 1

Introduction

1.1 Research Goals

Optical fiber sensor interrogation often relies on complex and expensive devices with low
portability due to their size, such as Optical Spectrum Analyzers (OSA) or high resolu-
tion commercial Braggmeters. Recent advances have been made in microspectrometer
devices, such as Micro-Electromechanical Systems (MEMS) with Fabry-Pérot tunable fil-
ters, which are emerging as more compact and low-cost alternatives.

This work, conducted at INESC TEC’s Centre of Applied Photonics, aims to develop
an interrogation unit capable of near-infrared spectroscopy using a MEMS Fabry-Pérot
Interferometer (MEMS-FPI) with a tunable filter with a working range of 1350 to 1650nm.
This unit is designed to be cost-effective, with low-power consumption and light-weight.

Long Period Fiber Gratings (LPFGs) have been shown to have the ability to with-
stand a variety of harsh environments, chemicals and electromagnetic interference. They
present broad rejection bands and good sensitivity in the near-infrared region and are rela-
tively easy to manufacture. Because of this, these structures are studied and implemented
as sensors to validate the developed interrogation unit, comparatively to commercial op-

tions such as OSAs.

1.2 Thesis Structure

This thesis is composed of six chapters which detail the research work involved in the

design and construction of the developed interrogation unit.
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Chapter 1 presents the reader with the research goals, thesis structure and related
publications.

Chapter 2 shows a study of long period fiber gratings, including a brief historical in-
troduction, working principles and state-of-the-art fabrication methods. A way to model
and simulate the spectral behavior of these structures is also presented, as well as a con-
cise overview of common interrogation techniques.

Chapter 3 starts by describing the working principles of interrogation with tunable
Fabry-Pérot filters as well as showing the characteristics of the spectrum sensor used in
the developed interrogation unit. A theoretical overview of Wiener Filtering is provided
and a study in the optimization of light that reaches the sensor’s photodetector is also
shown.

Chapter 4 presents the development of the interrogation unit, including a description
of the circuitry designed for the control of the filter voltage and for the amplification of
the photodetector signal.

Chapter 5 shows the discussion of experimental results obtained by the interrogation
unit developed. It includes the results of deconvoluted spectra and measurements of
Long Period Fiber Gratings as temperature, refractive index and humidity sensors.

Chapter 6 summarizes the work presented and presents a discussion of possible future

work.

1.3 Associated Research Outputs

Part of the work developed in this thesis was submitted to the 5th International Confer-
ence on Application of Optics and Photonics (AOP2022) resulting in an oral presentation
on 19th of july 2022. That same research was submitted for publication in the proceedings
book of the conference.

A scientific paper is also being prepared for publication in a international journal

based of the research developed in this thesis.



Chapter 2

Long Period Fiber Gratings

2.1 Introduction

Over the years optical fiber-based sensors have been applied in a large number of ap-
plications and have become the subject of extensive research. Most notably, optical fiber
gratings have gathered the interest of the scientific community due to their versatility,
easy manufacture, and low cost [1].

Two types of optical fiber gratings can be considered, Fiber Bragg Gratings (FBG) and
Long Period Fiber Gratings (LPFG). The former was first demonstrated at the Canadian
Communications Research Center by Hill et al. [2] in 1978 and were obtained by periodic
perturbations in the fiber’s refractive index (RI). The latter was introduced in 1996 by
Vengsarkar et al. [3] and differs from FBGs in the periodicity: while FBG’s are usually
sub-micron, LPFGs are typically manufactured with a marking periods from 100um to
1000um [3, 4].

In FBGs the forward-propagating core mode is coupled to the backward propagat-
ing core mode, whereas in LPFGs the forward propagating core mode is coupled to the
cladding modes which propagate in the same direction [4, 5]. These phenomena depend
on the local environment. This means that changes in parameters such as temperature,
refractive index or strain will affect the resulting spectrum in real time, allowing for the
use of the gratings as sensors [4, 5].

These gratings present several characteristics which make them capable sensors. As
they are manufactured in optical fiber they possess immunity to electromagnetic inter-
ference and because of low attenuation coefficients they allow for the implementation of

systems with high lengths without expressive losses. They are also better suited to certain
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environments than electrical sensors, such as in contact with liquids or even in satellite
applications [6]. Due to their short grating periods, FBGs usually require more complex
manufacturing systems than LPFGs. LPFGs present larger spectral bands and good sensi-
tivity in the infra-red range, making them optimal sensors to be used with the developed

interrogation unit.

2.2 Working Principle of Long Period Gratings

A Long Period Fiber Grating is formed by applying a modulation in the core refractive in-
dex which allows light coupling between the core to superior order cladding modes. This
means that they work as a selective filter with well-defined rejection bands at different
wavelengths.

A three-layer model for the optical fiber can be considered [7], like the one in the
figure 2.1. When a grating is made, new effective indexes are created which are given by

nl < nerr < n2in the core and n2 < n,¢y < n3 in the cladding.

n3 ¢——

m R

7
\

4

FIGURE 2.1: Coupling of the core mode to a higher order co-propagating cladding-mode

induced by the long period grating. The fiber cross-section can also be seen where the

refractive index of the core, cladding and external medium are represented by n1,n2 and
n3, respectively. Adapted from Erdogan [7].

Because the LPFG acts as a diffraction grating, we can express its effect using the

grating equation [8, 9]:

A
nsinf, = nsinb; + mK (2.1)

where A is the spatial periodicity between the markings in the fiber, 6, is the angle of
the diffracted wave and m is the diffraction order. In the case of a fiber grating, this is
dominated by the first order which means m = —1 [8].

In a single-mode fiber the propagation constant can be given by:
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27
P = ey (2.2)

which means that the grating equation can be rewritten as:

n 27
Beo — B = (2.3)

where B, is the propagation constant in the core mode, and ,Bgl) is the propagation con-
stant in the cladding mode of order n. In the case of LPFGs both the core and cladding
modes travel in the same direction and there is no reflection, which means all propagation
constants are positive [8].

These conditions create discrete resonance wavelengths which satisfy the resonance

condition:

Ares = (WE?f - TZZ??)A (2.4)

Figure 2.1 illustrates the coupling of the core mode to the co-propagating cladding
modes which happens when equation 2.4 is satisfied. At these wavelengths light is effec-
tively filtered causing the appearance of the characteristic attenuation bands.

An example of the transmission spectrum of an LPFG can be seen in figure 2.2. It can
be seen that higher order cladding modes suffer higher attenuation which explains the

deeper bands at higher wavelengths.

=10 = —

Optical Power (dB)

=20 -—

s | I I I I
1100 1200 1300 1400 1500 1600

Wavelength(nm)

FIGURE 2.2: Transmission spectrum of an LPFG manufactured in SMF-28 fiber using the
electric arc method.
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2.3 Fabrication Methods

As was already mentioned, the LPFG relies on a periodic perturbation of the optical prop-
erties of the fiber. This can be achieved by applying a periodic modulation on the core
refractive index or by physical deformations of the fiber itself. These perturbations are

what allow the coupling to the co-propagating cladding modes.

2.3.1 UV Light Exposure Fabrication

UV light exposure is one of the most used methods for fabricating LPFGs. This is, in part,
due to the fact that a lot of FBG fabrication setups that were already in place could be
easily adapted to produce LPFGs instead [4, 10]. Wavelengths between approximately
193 and 266 nm are used to create the RI modulation [4, 11]. This modulation is related
to the formation of glass defects associated with the Germanium present in the doping of
the fiber’s core [4].

Originally, UV light methods involved the use of a phase-mask placed in proximity
of the fiber which allowed its marking. This mask has a diffraction array that causes
an interference pattern to form at the fiber’s core. This is represented in figure 2.3 (a).
However, this method presents some disadvantages such as a higher cost of the setup

and availability of masks which limits the possible grating periods.

(a) (b)

i l\%@%

*v‘ Cladding
Core

Cladding
Core

—

FIGURE 2.3: LPFG fabrication using UV marking techniques:(a) phase-mask method and
(b) step-by-step method (image adapted from Martinez-Rios et al. [12])

With the widespread appearance of computerized translation stages a ”“step by step”
approach became increasingly popular, in which each point is marked individually. This
method is illustrated in figure 2.3 (b). After the formation of each grating groove the
fiber is displaced by a distance equal to the desired grating period and the procedure is

repeated [11]. This can be done using, for example, a laser beam followed by a lens and
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including a mask with a single slit, through which the UV light is focused [10, 11]. This
means that this approach has great versatility and allows for the fabrication of gratings of

different periods in the same setup without the need of a specific mask.

2.3.2 Electric-arc Induced Fabrication

This method was first demonstrated by Poole et al. [13]. It consists in the application of
electric-arc discharges in the fiber, followed by a displacement equal to the desired grating
period. Each point is marked individually, making this a “step by step” method. The fiber
is aligned between two electrodes and fixed to a translation stage [9]. An electrode setup

can be seen in figure 2.4.

FIGURE 2.4: Electrodes used in electric-arc induced fabrication. (a) shows a photograph
of the stage and micrometric screws that align the electrodes. (b) shows a photograph the
microscope view of the electrodes during a discharge.

There are several advantages to this approach. Firstly, the setup is relatively simple
compared to, for example, the UV radiation techniques. It also doesn’t require expensive
devices, making it more cost efficient. It can mark LPFGs in all kinds of fibers, including
those that are non-photosensitive, meaning it doesn’t require exposure to H; gas or post
fabrication annealing [9, 14].

Additionally, LPFGs fabricated by this method have better thermal stability given that
their formation mechanisms originate on thermal effects. Because of this, they are usually
considered good high-temperature sensors. It has been shown that these gratings can

resist temperatures of about 1000°C without degradation of their spectra [15].
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2.3.3 Other Fabrication Methods

Infrared femtosecond lasers have also been used for the fabrication LPFGs using ”step-
by-step” approaches [16, 17]. The Rl is changed by a densification of the glass [4] and this
method doesn’t require the fiber to be photo-sensitive and requires no phase-mask. Most
of the complications of this technique come from the alignment of the fiber core and the
focus of the beam [18].

Carbon dioxide lasers (CO,) can be used in a similar fashion [19], causing a RI change
as a result of breakage of Si-O-Ge chains and a heating effect like in the electric arc tech-
nique [20].

Another method involves the geometric modulation of the fiber diameter resulting in

a corrugated structure. This can be done mechanically [21] or by chemical etching [22].

2.4 Fabrication Setup

The gratings used in the work of this thesis were made using the electric arc method
described in 2.3.2. The setup is shown in figure 2.5.

The fiber is secured in a linear stage commanded by a microcontroller (model IT6D
CA2) with a precision of 0.1um. At the electrodes, the fiber’s position can be adjusted with
the use of micrometric screws. It is important that the fiber be positioned in the center, at
the height of the electrodes. To help with the placement, a microscope is mounted above.
The fiber end is clamped with small magnets that add enough weight to have the fiber
in a tension state. The electrodes are made of tungsten doped with thorium and need
to be replaced after long periods of use due to exposure to silica particles and oxidation.
Worn electrodes can be polished to be used again. Usually, when fabricating, the fiber is
connected to an Optical Spectrum Analyzer (OSA) so that the LPFG spectrum can be seen
as the discharges are made.

The setup is connected to a computer with a LABVIEW program that allows for the
automation of the fabrication process. The interface allows for the specification of the
number of discharges and the grating period, which is the displacement length of the
fiber suffers between discharges.

The optical fiber used is common single-mode telecommunication fiber, Corning SMF-

28. This fiber presents a cladding diameter of 125um and a core diameter of 8.2um. This
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BICC AFS3100 Fusion Translation Stage
Splicer Machine Controller

Fiber

Q)
Light

Source

Electrodes Translation Stage

OSA

FIGURE 2.5: Fabrication setup using electric-arc where (a) shows photograph of the setup
built at INESC TEC and (b) a schematic diagram of the setup.

fiber is not only low-cost, but also has a low attenuation coefficient in the infrared range,
which makes it ideal for the interrogation unit to be developed.

The procedure for fabrication with this setup begins with stripping the coating of the
fiber in the region where the LPFG will be created. The fiber is then placed between the
electrodes which are about 1mm apart. The micrometric screws are used to align the fiber

in the vertical axis with the tips of the electrodes.
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As seen in the procedure described in [23], the best results are obtained with dis-
charges between 0.2 and 0.7 seconds and currents between 8.5 and 10mA. After a dis-
charge the fiber is displaced by the translation stage by an amount equal to the period of
the grating. These steps are repeated until the desired attenuation peak is achieved. To
monitor the peak during fabrication the fiber is illuminated with a white light source and

the spectrum is observed with an OSA.

2.5 Modeling Long Period Gratings

The spectrum and behavior of a LPFG can be determined using the three-layer step-index
fiber geometry as seen earlier in figure 2.1. To do so, both the effective refractive indices

of the guided core mode and the cladding modes need to be calculated.

2.5.1 Core Mode Effective Refractive Index

To determine the guided mode’s effective refractive index the fiber geometry can be as-
sumed to consist of only the core and an infinite cladding. Because the guided mode de-
cays exponentially outside the core any influence from the external layer can be neglected
[24]. In a single mode fiber, the dispersion relation can be written as:

P AFhVVIZD) _ |, Ki(VVE) 25)

Jo(VV/1—10) Ko(VV/b)

where |, and K, are the order v Bessel and modified Bessel functions, respectively. V is

the V parameter of a fiber, which determines the number of modes that propagate in the
fiber. It is given by:
271

V="rmNA (2.6)

where A is the propagating light’s wavelength, a; is core radius of the fiber and NA is the
numerical aperture. When V' < 2.4 the fiber has single mode behavior. When V >> 2.4 the
number of modes propagating is proportional to V2.

With the V number of the fiber, it is possible to know the modes that propagate
through the fiber and their propagation constants.

Tools like python’s library “ofiber” [25] easily allow for the determination of the V

parameter of a fiber and the normalized propagation constant (b) for the fundamental
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mode as a function of the wavelength. With the normalized propagation constant, the

effective refractive index of the core can be calculated with the expression:

Mot = \/(n%m —n?,,) xb+n? (2.7)

The propagation constant for the fundamental mode can then be obtained with equa-

tion 2.2.

2.5.2 Cladding Modes Effective Refractive Indexes

The approach to calculate the effective refractive index of the cladding modes in a three-
layer fiber was described by Tsao [26] and Erdogan [7]. A similar procedure using a matrix
method for a fiber with an arbitrary number of layers was described by Ivanov et al. [27]
as follows.

The solutions to the electric and magnetic fields in the fiber can be written in terms of

the Bessel functions as [27, 28]:

2

E@ = i;‘ng(A To(ur) + BY,(ur)), (2.8)
H® = —Z;(c Jo(ur) + DY, (ur)) (2.9)

where kg = w/c is the wave number, u = ,/k3e — B? is the transverse wavevector com-
ponent and J, and Y, correspond to the Bessel functions.

In matrix form it can be written:

ikoE®) ()~ () 0 0 A;

—koH® | 0 0 u?Jo(uir)  u2Yy(uir) B;

EO || LR Yalwr)  —wily(ur)  —uYi(ur) C;

H(o) —uily(uir)  —w Y (uwir)  ZJo(ur) Yo (uir) D;
(2.10)

where 0 = Bv/kp and the index i corresponds to the fiber layer being used.

The propagation constants for the various modes are the solution of the equation can
be obtained by det(N) = 0, where N is a matrix built by elements from the various M; ma-
trices. A more thorough determination of this matrix can be found in [27] and appendix

A.
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With the effective refractive indexes of the core mode and the cladding modes the
resonance condition from expression 2.4 can be visualized using a phase match graph
such as the one displayed in the figure 2.6. In such a graph, an horizontal line intercepts

the curves at the resonant wavelength which would generate an attenuation peak.
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FIGURE 2.6: Phase-match condition graph determined from the effective refractive in-
dexes of the core and seven of the cladding modes. This shows the relationship between
the grating period and the attenuation peaks” wavelength.

2.5.3 Transmission Spectrum

With both the refractive indexes of the core and cladding modes, the transmission spec-
trum of the LPFG can be obtained with the expression [27, 28]:

K>
T=1- ? sinyL (2.11)

where « is the coupling coefficient of the various modes, L is the length of the LPFG and
5 = /62 +|x|*. Here § is the mismatch parameter given by § = (< — B — 271/ A) /2.

In figure 2.7 the transmission spectrum of an LPFG obtained using this method can be
seen.

The same procedure can be used with different external refractive indexes. Figure

2.8 shows how the transmission peak shifts with a refractive index change ranging from
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FIGURE 2.7: Transmission Spectrum of a LPFG obtained using the matrix method.

1.333 to 1.368 which correspond to the refractive index of water solutions with different

concentrations of salt.
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FIGURE 2.8: Effect of external refractive index changes on the LPFG spectrum as pre-
dicted by the used matrix method.

It shows a sensitivity of 114.54nm/RIU which is similar to results obtained experi-

mentally for uncoated LPFGs in this wavelength region such as in [29].
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2.6 Interrogation Methods

The most common method for the interrogation of LPFGs involves the use of an OSA
which are capable of obtaining the spectrum in a large wavelength range with good reso-
lution. For LPFGs in specific, the spectrum can be obtained by first acquiring a reference
signal of the light source without the LPFG and then subtracting to the signal with the
LPFG. This way, after a reference is obtained the LPFG spectrum can be monitored as
desired.

The main drawbacks of using OSAs are the price of the units and how bulky and heavy
they are, which make them unsuitable to any work outside of a laboratory environment[30].

Some devices are designed specifically for the interrogation of FBGs, such as commer-
cial Braggmeters. These dedicated optical interrogators present very good resolution and
are more transportable than OSAs. However, they are still costly and possess relatively
low wavelength range, usually below 100nm.

One low-cost alternative, shown in [31], uses three thermally modulated fiber-coupled
laser diodes that sweep around a central wavelength as a means of detecting LPFGs. The
signal from the laser diodes is modulated by the LPFG and then their intensities are ac-
quired by a photodetector. Curve fitting allows for the recovery of the full spectrum of
the LPFG.

Another possible procedure can be done with two or more FBGs spectrally located
at the edges of the LPFG as shown in [32]. The FBGs are kept in a controlled zone, not
affected by the parameter being sensed and are modulated in wavelength by piezoelectric
transducers. The signals of the FBGs are obtained by photodetectors and are visualized
by an electrical spectrum analyzer.

Another option is the use of tunable Fabry-Pérot filters. In this case, the filter only al-
lows the transmission of a narrow wavelength band, determined by the gap of the cavity.
The gap of the cavity can be adjusted and thus the spectrum of the light can be obtained
in a step-by-step manner by measuring the intensity of one wavelength, changing the gap
length, measuring the intensity of the new wavelength and so on. These devices usu-
ally have poorer resolution but are cheaper and are commonly built in MEM devices of
small proportions which make them transportable [33]. Furthermore, more than one filter
with different characteristics can be used in parallel in order to reach higher wavelength

ranges.



Chapter 3

Fabry-Pérot Tunable Filter

3.1 Introduction

The system developed is based on Hamamatsu’s “Micro-Electro-Mechanical System Fabry-
Pérot Interferometer” (MEMS-FPI) Spectrum Sensor C14272 [34] which includes a tunable
Fabry-Pérot filter followed by an InGaAs photodiode and works in a spectral range of
1350nm to 1650nm. This spectral range captures a good portion of the infra-red spec-
trum, including the C and L bands, making this model suitable for the interrogation unit
developed. This spectral range can later be expanded to 2150 nm by including addi-
tional MEMS spectrum sensors of different models such as the C13272-03 and the C14273
[35, 36].

3.2 Working Principle

The structure of the MEMS-FPI spectrum sensor is shown in figure 3.1. It is composed
of a band-pass filter, a tunable filter and a photodetector. The band-pass filter rejects
wavelengths outside the spectrum sensor’s working range.

The tunable filter is formed by two parallel mirrors that form a Fabry Pérot cavity, as
shown in figure 3.2. This cavity functions as a filter that only allows the transmission of
wavelengths that satisfy the condition:

AP

d=m—-

. (3.1)

where d is the gap between the mirrors, m an integer and A, is the transmission peak

wavelength.

15



DEVELOPMENT OF A LOW-COST INTERROGATION SYSTEM APPLIED TO FIBER OPTIC
16 BASED DEVICES FOR SENSING
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L |

FIGURE 3.1: Structure of the MEMS-FPI spectrum sensor. On figure (a) is a diagram
showing the internal structure of the device. Figure (b) shows a photograph of the
MEMS-FPI spectrum sensor (adapted from the datasheet [34]).

This means that the peak of the transmission wavelength depends on the gap between
the mirrors. In the MEMS-FPI this gap can be adjusted by applying a voltage between the
mirrors. This voltage generates an electrostatic force that causes the upper mirror to be
attracted to the lower mirror and decrease the gap. As shown in figure 3.2, a decrease
in the gap causes the transmission peak to blue-shift as lower wavelengths satisfy the

condition 3.1.

$338338 |
VI L e |

m=1 m=2 m=3

FWHM

o= L T\

FIGURE 3.2: Working Principle of the Fabry-Pérot tunable filter. It is shown how wave-
lengths that resonate with the cavity are transmitted and how a change in the gap length
provokes a shift of the transmission spectrum. Adapted from [33].

v

3.3 Filter Control Voltage

The curve that relates the peak transmission wavelength and the voltage at the filter is

shown in figure 3.3. This curve is individual for each device and can be obtained using the
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equations described in the datasheet and calibration constants provided with the MEMS-
FPI spectrum sensor.

The MEMS-FPI spectrum sensor contains a 10K thermistor since its characteristics de-
pend on the temperature. The calibration equations take the temperature as an input, so

the peak transmission wavelength can be determined accurately.
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FIGURE 3.3: Relationship between peak transmission wavelength and the filter control

voltage for various temperatures, as given by the individual calibration expressions for

the MEMS-FPI spectrum sensor being used. The zoomed-in area shows a close up of the
most temperature sensitive region.

3.4 Impulse Responses

As aresponse to an impulse the filter transmits a peak centered in the transmission wave-
length it is set to. The spectral resolution of the MEMS spectrum sensor is considered
to be the the Full Width at Half Maximum (FWHM) of the transmission peak as seen in
figure 3.2. The FWHM changes with wavelength as the top mirror is slightly warped due
to stress and the finesse of the cavity is lowered [37].

Using a tunable laser (Newport New Focus TLB-6700, USA) with a working range
from 1520 to 1570nm several impulse responses were estimated. To obtain the curves
in figure 3.4 (a) the tunable filter was fixed at a certain wavelength and the laser set at
1.0mW sweeped at a rate of 0.10 nm/s. The resulting signal was fitted to a gaussian curve

to obtain the standard deviation and the FWHM shown in figure 3.4 (b).
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FIGURE 3.4: Impulse responses of the MEMS-FPI spectrum sensor. Graph (a) shows the
curves obtained by gaussian fitting of the data acquired by sweeping the laser at various
wavelengths. Graph (b) shows the FWHM of the curves.

It can be seen that, in this limited region, the transmittance of the filter increases with
the wavelength which coincides with the typical responses present in the MEMS-FPI spec-
trum sensor’s datasheet [34]. The FWHM, or the spectral resolution, also increases as ex-
pected. However, values from 8.25 to 8.65nm are seen, which are lower than the presented
in the typical example of the datasheet for this region.

Any signal measured by the MEMS device’s photodetector will be affected by the
impulse response and suffer a convolution. Because of this, deconvolution was studied
as a way to minimize the influence of the device’s response function and obtain a better

estimate of the real signal.

3.5 Deconvolution by Wiener Filtering

The measured signal by the photodetector is given by the convolution of the impulse
response of the device and the real input signal, as seen in the expression [38]:
x[n] * h{n] + &[n]

y[n] = (32)

where y[n] is the measured spectrum, x[n] the real spectrum, h[n] the instrument response

function and &[n] the noise.

In the Fourier domain, equation 3.2 can be written as:
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Y(w) = X(w)H(w) + N(w) (3.3)

where Y(w), X(w), H(w) and N(w) are the Fourier transforms of y[n], x[n], h[n] and &[],
respectively.

If h[n] is known, an estimate of the input signal, £[n], can be obtained through decon-
volution of y[n] and h[n].

In general, H(w) tends to zero in higher frequencies. Because of this, 1/H(w) tends
to infinity and the deconvolution tends to diverge.

Because of this a filter or truncation function is necessary such that the estimate of the

input signal, in the Fourier domain, is given by [39]:

X(w) = [W(w)/H(w)]Y (w) (3.4)

where W(w) is the filter.

A simple and commonly used filter is the Wiener filter, given by [38, 40]:

_ HY(w)
|H(w)[* + Q2

where H*(w) is the conjugate of H(w) and Q is the noise desensitizing factor. This param-

W(w) (3.5)

eter is directly related to the power spectral density of the signal and noise and is given
by 1/SNR. Because it is impractical to calculate the SNR, a commonly used estimate is

given by [38]:

Q2 = 1072’H(w) %nax (3'6)

Errors in the estimation of the real signal will come from the fact that the impulse re-
sponses obtained, shown in figure 3.4, are also estimates and limited to that small region
of the working range. Since the impulse responses change with the wavelength, signals
with a wide wavelength should be deconvoluted interactively, using the various impulse
responses. If the region of interest is only a small part of the spectrum, such as in the case
of an LPFG attenuation peak, it can be assumed that the MEMS’s response doesn’t change
significantly and a single central impulse response can be considered for the deconvolu-
tion.

Furthermore, because the relation between the filter control voltage and the peak

transmission wavelength is not linear, as seen in section 3.3, the data acquired is not
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linearly spaced. The fast fourier transform algorithm assumes evenly spaced data, and
because of this an interpolation is necessary to treat the signal before deconvolution.

The experimental results of deconvolution are discussed in section 5.2.

3.6 Optimization of Light

To couple the light from the fiber to the MEMS-FPI spectrum sensor, initially, a custom 3D
printed piece was designed and built to hold a FC-PC connector in place, perpendicular
to the device’s window. A figure showing this configuration can be seen in appendix B.
However, because smf-28 fiber has a numerical aperture (NA) of 0.14 and the spectrum
sensor’s photosensitive area is located 3.77mm from the window, only a small portion of
the transmitted light is detected due to the divergence of the beam as seen in figure 3.5 (a).
To increase the amount of light that reaches the photosensitive area, which has a diameter
of 0.3mm, different ways to collimate the beam at the spectrum sensor’s window were

studied.

3.6.1 Sphere Lens

The collimation of the beam from the fiber tip to the spectrum sensor’s window was stud-
ied with the use of sphere lens (Edmund Optics, USA). A collimated beam going through
a sphere lens will be focused on the lens” Back Focal Length (BFL) [41]. Similarly, a diver-
gent beam originating from the the BFL of the sphere lens will be collimated.
The BFL of a sphere lens is given by:
nD D

BFL = T2 (3.7)

where n is the lens’ refractive index and D is its the diameter.

The software WinLens3D Basic [42] was used to simulate the setups using spheres
with 2mm or 5mm diameter and made of silica glass. For a 2mm diameter lens the BFL
is located at around 0.6mm, which means that with a fiber with NA = 0.14 placed at
this distance the beam is collimated as seen in figure 3.5 (b). The beam diameter is only
slightly larger than the spectrum sensor’s photosensitive area, which means a lot less light
is lost. A higher diameter lens would cause the beam diameter to be larger, so it would

also increase the losses.
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FIGURE 3.5: Simluations obtained in WinLens3D Basic for various coupling setups. Fig-
ure (a) shows the expanding beam of a fiber as it travels to the MEMS-FPI spectrum
sensor’s photosensitive area. Figure (b) shows the collimation of the beam by placing the
fiber at the BFL of a 2mm silica sphere lens. Figure (c) shows the double sphere setup
which is commonly used for fiber coupling, using 5mm silica sphere lenses.

Another common setup with sphere lens consists of two spheres in succession where
the first collimates a beam originating from a light source at its BFL and the second sphere
focuses the beam at its BFL [43]. With the 5mm lens the BFL is located at about 1.5mm.
This setup can be seen in figure 3.5 (c). Because the MEMS's photosensitive area is further
than the BFL the beam starts diverging before it reaches the photosensitive area. This
setup was deemed impractical since the first setup only uses one lens and seems to have
better results.

The single sphere lens still has its drawbacks. A 3D printed support was created to
hold the sphere and the fiber in place at the BFL. However, high precision is needed and
the resolution of the 3D printer was not enough to guarantee the alignment of the system.
Experimentally an increase in the signal intensity was seen, but the control was found to
be difficult.

Because it was hard to guarantee the positioning and orientation of the components

of the system, more practical alternatives to the sphere lenses were studied.
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3.6.2 Gradient Index Lens

A Gradient Index Lens (or GRIN Lens) is a lens with a gradual variation of the refrac-
tive index in the radial direction. These lens usually have a cylindrical shape and are
commonly used in applications such as collimation, fiber coupling and beam focusing.

These lenses can be fused to a fiber to act as a collimator [44]. Experimentally with a
GRIN lens (Go!Foton, USA), similar results to the single sphere lens setup were obtained.
When using both the GRIN lens and the sphere lens a radial asymmetry in the power read
was noticed. It was hypothesized that the photosensitive area is not precisely centered,
since the MEMS’s datasheet indicates that its position has a 250um error in relation to the
center.

To study the profile of the intensity read by the MEMS as a function of the horizontal
position in front of the MEMS’s window, a translation carriage with micrometric screws
was used to sweep horizontally both the bare fiber and the fiber with the GRIN lens. The
fiber was illuminated using a C+L bands light source and the MEMS was fixed reading

the intensity at 1550nm. The results can be seen in figure 3.6.
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FIGURE 3.6: Sweep of the window of the MEMS-FPI spectrum sensor with and without

a GRIN Lens. Figure (a) shows a diagram of the setup as the the GRIN lens is translated

across the MEMS’s window. The graph shown in (b) shows the results obtained, where

the y-axis shows the power read by the MEMS-FPI spectrum sensor and the x-axis shows
the position of the fiber and GRIN lens in the horizontal axis of the window.

The increase in the intensity of the signal read can be clearly seen, however no quanti-
tative conclusion can be made since the y-axis represents the power read by the photode-
tector, which depends on it’s calibration. By fitting the results to gaussian curves it can
be seen that the GRIN lens curve has FWHM of 251.6 £ 0.1um and the bare fiber shows
371.5 £ 0.1um. The shorter FWHM of the GRIN lens curve might indicate a smaller beam
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diameter as we would expect from the collimated beam, because it is expected the curves
are the result of the convolution of the beam with the photosensitive area.

This setup is more practical than the single sphere lens setup since it isn’t dependent
on the distance of the fiber to the BFL of the lens, which is hard to control. Furthermore,
the increase in the signal intensity means that the power range the device can read is in-
creased, which is specially relevant for measurements with low optical power to increase

the signal-to-noise ratio.






Chapter 4

Interrogation System Development

4.1 Introduction

The interrogation unit developed uses the MEMS-FPI spectrum sensor described in chap-
ter 3. The unit was designed to be portable, compact, and low-cost. It allows for the
interrogation of optical fiber sensors in the working range of the MEMS-FPI, from 1350 to

1650nm. The interrogation unit is shown in figure 4.1.

FIGURE 4.1: Image of the developed interrogation unit: (a) shows the external design
and (b) shows the interior.

The unit consists of a STM32 development board Nucleo microcontroller [45] with a

dedicated Printed Circuit Board (PCB) acting as a shield.

25
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The PCB shield was designed to include a power supply circuit which is powered by a
30V DC transformer, thermistor voltage dividers, a voltage amplifier circuit and a current
amplifier circuit with eight preset gain values. The voltage amplifier circuit amplifies the
voltage from the microcontroller’s DAC to the desired filter control voltage. The current
amplifier circuit amplifies the signal from the MEMS’s photodetector to be read by the
microcontroller’s ADC.

The microcontroller board is linked directly to a computer or Raspberry Pi through a

USB connection. A diagram of the layout can be seen in figure 4.2.

Printed Circuit Microcontroller

MEM-FPI Board Board

Voltage Control Circuit

MEM-FPI Tunable DAC
Filter ‘

Current Amplifier Circuit —
| uUse 0o
InGaAs PIN
photodiode ADC > —
Thermistor Thermistor Circuit ADC

L

FIGURE 4.2: Diagram layout of the developed interrogation unit showing the connections
between the various components of the system.

The MEMS is connected by a socket to the PCB. The optical connection is made by a 3D
printed piece that allows the GRIN lens to be placed in parallel to the MEMS’s window.
The fiber fused to the GRIN lens has an FC- APC connector which is connected to the
internal side of the fiber panel adapter in the case which can be seen in figure 4.1.

The data acquisition is made through the USB connection. A developed user interface
allows for the control of measuring settings and the visualization of the acquired data in

the computer.
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4.2 Microcontroller Board

The main characteristics considered when choosing the microcontroller board were the
cost, portability, power consumption and ADC/DAC resolution. In the DAC, at least a
12bit resolution was desired since that would allow for steps of 0.8mV in the 0 to 3.3V
range. After the amplifier circuit this allows steps of around 3.7mV in the range of the
filter control voltage. In the FPI tunable filter, a change of 3.7mV in the control voltage is
the equivalent of a change in peak transmission wavelength from 0.03 to 0.2nm depending
on the region of the spectrum. The step in wavelength is not constant in wavelength
for the same voltage step because the relation between the filter voltage and the peak
transmission wavelength is not linear as was shown in section 3.3.

The microcontroller chosen for the interrogation unit is the STM32F091RC Nucleo de-
velopment board [45]. This board contains 16 ADC channels with 12bit resolution, en-
abling the acquisition of several points at each step and averaging, all while keeping the
measuring time low. It also possesses 2 12bit DAC channels. This board can be pro-
grammed using C language and has built-in communication functions which allow for
easy use of communication interfaces such as, for example, the UART, SPI and I12C proto-
cols. Due to these characteristics and it being relatively cheap and compact, this board is

an ideal option for the developed system.

4.3 Printed Circuit Board

This PCB was designed using the open-source software, KiCad [46]. It is powered by a
30V DC transformer and it is connected as a shield to the STM32 microcontroller board.
The MEMS-FPI spectrum sensor is connected to a socket in the PCB, which allows it to be
easily replaced. The PCB can be seen in figure 4.3. A full schematic of the PCB can be seen
in appendix B.

4.3.1 Voltage Amplifier Circuit

This circuit is responsible for regulating the filter control voltage. It is shown in figure 4.4
and it consists of two amplifier setups in series.

The amplifiers in this case are powered by the 30V line of the circuit. The signal gen-
erated by the microcontroller’s DAC originates a voltage between 0V and 3.3V which is

amplified by a gain given by 1 + (Rj2/R11) which equals 5.2.
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FIGURE 4.3: Photograph of the Printed Circuit Board developed.
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FIGURE 4.4: Voltage Amplifier Circuit schematic.

The second amplifier provides a gain given by 1 + Ry6/R15 which equals 1.78.

Between the amplifiers there is a voltage divider with a 12V reference voltage. The
resulting voltage offsets the output signal so that when the DAC is at 0V the input at
the second amplifier is at 6V. The resulting output is 10.72V when the DAC is at 0V and
25.96V when the DAC is at 3.3V.

If the filter is subjected to voltages higher than its absolute maximum, a phenomenon
known as “pull-in” happens where, due to the electrostatic force, the mirrors are pulled

together and springs on the upper mirror are irreversibly damaged. The voltage of this
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circuit was capped at 25.96V to increase the safety margin, however this limitation reduces
the spectral range of the system. In the individual MEMS-FPI spectrum sensor used, the
range is limited from around 1380 to 1650nm.

Experimentally, the relation between the DAC value and the voltage at the output
of the circuit was obtained by varying the DAC value and measuring the output with a

multimeter. The result can be seen in figure 4.5.
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FIGURE 4.5: DAC to Filter Control Voltage Calibration.

The obtained relation is used by the microcontroller to set the filter control voltage as

desired during data acquisition.

4.3.2 Current Amplifier Circuit

The current signal from the spectrum sensor’s photodetector is acquired using the cir-
cuit shown in figure 4.6. The signal is amplified by a gain which is determined by a 1:8
multiplexer.

At each of the multiplexer’s outputs there is a different resistor that determines the
gain applied to the circuit due to the first amplifier. This gain is chosen by the microcon-
troller. If the signal at the microcontroller’s ADC is too low, it switches the multiplexer
to a higher resistor output which increases the gain. If the ADC is close to saturation, a
lower value resistor is chosen, decreasing the gain.

Precision amplifiers, model AD8552, were chosen for their low off-set voltage (1uV)

and low input bias current (20pA). These characteristics are important because the off-set



DEVELOPMENT OF A LOW-COST INTERROGATION SYSTEM APPLIED TO FIBER OPTIC

30 BASED DEVICES FOR SENSING
4051
us
+3v3
:91 Il ll
R510Meg
g »
PA_6_11 > R9 1Meg
PA_7_10 - W 12 f
+3v3 51 R R18 100k
o PB6_9 | o> Y215 »
Y3 R19 80.6k
usc ¥ 5 Yolo——— [ 1 —¢
AD8552 z 5 R20 42.2k
3 Y6 (£ s
- Y7 R21 10K
— 1—
P76 1IN R22 1K
GND-power E g — [}
R23 100
CLf ~| oo
56p
L
GND-power U3A
AD8552
PD_HAM_Cf 613 ;
our.
PD_HAM_A 5 s ——ADCS
D8552
< u3B
y

GND-power ¢ == 200k
56p R4 20k
R24

R25 20k

I_

GND-power GND-power 5.6p
c5

FIGURE 4.6: Current Amplifier Circuit with Eight Gains.

voltage error increases with the gain and the largest gain in the circuit is given by the
10MQ) resistor. It also has a high Common Mode Rejection Ratio (1304B) which helps to
reduce the noise, specially in low power measurements where the signal-to-noise ratio
is lower. The gains of the circuit were calibrated to convert the current signal from the
photodetector to the optical power reaching the spectrum sensor’s photosensitive area.
The results are shown in figure 4.7.

The calibration was done using a tunable laser with adjustable output power (New
Focus TLB-6700). The MEMS-FPI device was fixed at the laser’s central wavelength, set
to 1550nm. At each gain the power was changed and the value read by the ADC was com-
pared to the reading of an optical power meter (TriBrer AOP100C, China). Only six of the
preset gain values were calibrated since, at lower gains, the laser’s maximum output was
reached, and it is important to keep the conditions of the calibration constant to make sure
there are no discontinuities between gains during measurements. At higher gains, with
low output power, the laser isn’t stable enough to allow for good readings. The highest

gain, given by the 10M(Q) resistor, was calibrated separately and designed specifically for
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low optical power measurements such as reading with single mode fiber and broadband

white light sources.
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FIGURE 4.7: Optical power calibration for the different gains. Each curve shows the
relation between the value read by the ADC and the corresponding optical power.

4.3.3 Thermistor Circuit
The thermistor present in the MEMS-FPI spectrum sensor is read using a simple 3.3V

voltage divider circuit with a 10K() resistor. Because the thermistor, ideally, is 10k() at

25°C, the ADC should read 1.65V has the 3.3V are split between the two resistors.
The MEMS-FPI spectrum sensor datasheet recommends a calibration with the Steinhart-

Hart equation, given by:

—=A+8B

(4.1)

[In(Ryy)] + Clin(Ry,)] +273.15

where Ry, is the thermistor resistance and A,B and C are the calibration constants obtained

experimentally.
With the ADC the thermistor resistor can be determined with the expression:

R;

ADC

n=Royses —aDC

(4.2)

where ADC is the value read by the ADC and Ry is the voltage divider resistor.



DEVELOPMENT OF A LOW-COST INTERROGATION SYSTEM APPLIED TO FIBER OPTIC
32 BASED DEVICES FOR SENSING

The calibration constants were obtained by measuring the thermistor resistance at sev-

eral temperatures from 15 to 40°C and fitting the result to the Steinhart-Hart equation. The

final curve is shown in figure 4.8.

Temperature (2C)

| 1 1 | 1 1 |
4000 6000 8000 10000 12000 14000 16000

Thermistor Resistor (Q)

FIGURE 4.8: Thermistor calibration curve obtained by fitting the Steinhart-Hart equation.

4.4 Graphical User Interface

A graphical user interface was developed using Python’s library PyQt5 [47]. An image
showing the design of the interface can be seen in figure 4.9. In the interface the mea-
surement settings can be set, such as the spectral range of the measurement, the time step
between points and the DAC step. These values are communicated to the microcontroller
using a simple protocol developed in the serial UART interface.

(v & ¢ |

Sweep Range (nm) 1t

DAC Step

1

Time Step (ms)

1475 1500 1525 1550 1575 1600 1625 1650

Wavelength(nm)
Temperature: 24.2°C O

> Il u N8

FIGURE 4.9: Graphical user interface designed with PyQt5, where (a) shows the home
window where the measurement settings can be set and (b) shows the measurement
window where the data can be visualized.
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The interface also allows for the visualization of data acquired. Because the MEMS-FPI
filter only takes up to 1ms to stabilize in the right transmission wavelength, the limiting
time factor during acquisition is the time the interface takes to process and store the data
transmitted. The data isn’t plotted in real time because it would slow the measurement
considerably.Instead, data is saved in a buffer and displayed all at once when the sweep
is finished. Best results are obtained when at least 10ms time steps are allowed between
points. A full spectral range sweep at the lowest DAC step takes at this rate takes about 36
seconds to acquire. In most applications the whole range is not necessary. In short ranges
the spectrum can be obtained in just a few seconds.

The interface also allows for the storage of information such as default settings for
all these parameters, calibration constants for the MEMS-FPI spectrum sensor in use and
calibration constants for the DAC/filter control voltage curves. These settings are saved
in a configuration file so that they are kept between restarts of the application. The con-

figuration window of the interface can be seen in appendix B.






Chapter 5

Experimental Results and Discussion

5.1 Introduction

The developed interrogation unit, described in chapter 4, was designed for the interro-
gation of optical fiber sensors in the infra-red range, from 1350 to 1650nm. To test and
validate the unit, several measurements in different conditions were performed, most
comparing the results with those obtained with a commercial OSA (Yokogawa AQ6370D,
Japan) working at a resolution of 2nm.

A deconvolution method was tested to minimize the effect of the impulse response
of the MEMS-FPI sensor, obtaining better estimates of the input signals. The possibility
of low-power applications, such as with white-light sources, was studied. Furthermore,
LPFGs were used for validation and were interrogated as temperature, RI and humidity

Sensors.

5.2 Deconvolution

The deconvolution method described in section 3.5 was used to get an estimate of the
spectrum of a light source in the C and L bands of the infra-red. The signal was acquired
with the MEMS-FPI spectrum sensor and with an OSA for comparison and it can be seen
in figure 5.1.

After deconvolution the signal loses optical power, as would be expected since the
integration effect of the impulse response is minimized. At the edges of the deconvoluted

spectrum small ringing effects can be seen, which arise due to the Gibbs Phenomenon.
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FIGURE 5.1: Deconvolution of spectra of a C and L Bands Light Source: (a) shows the

comparison between the acquired spectra before and after deconvolution and (b) shows

the same spectra compared to the one acquired by an OSA. Because of the large difference
in scale, graph (a) presents two different scales.

The last point of the curve is not differentiable and the Fourier Transform causes some
oscillatory behavior near these regions.

Visually it is possible to see an improvement in the shape of the curve when compared
to the one obtained with the OSA, however a quantitative figure of merit was desired. For
this, a method based on the Sum of Squares Due to Error (SSE) was designed.

First, the signals were all normalized to their respective maximums since they have
very different scales. Then, the squared residuals, obtained by R; = (y; — yosa,;)* were

calculated and can be seen in figure 5.2.
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1520 1540 1560 1580

Wavelength (nm)
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FIGURE 5.2: Squared residuals obtained from the normalized curves in relation to the
OSA spectrum.
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The SSE is then given by the sum of the squared residuals. SSE is closer to zero when
the signal is a good approximation of the curve acquired by the OSA. For the measured
signal the obtained SSE was equal to 33.67 and for the deconvoluted signal it was equal
to 17.19.

With this we can quantitatively conclude that the deconvoluted signal is a closer ap-
proximation of the OSA acquired signal, however this method can be improved since the
normalization of the curves to their maximum is not an ideal procedure and affects the
results obtained.

A deconvoluted LPFG spectrum was also obtained in a similar fashion. In figure 5.3 a

comparison between the measured signals and the deconvolution can be seen.

Optical Power(dB)

= MEMS Measured
OSA Measured
-30 |~ —— Deconvolution -1

| | | | | 1 1 |
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590

Wavelength (nm)

FIGURE 5.3: Deconvolution of the spectrum of an LPFG and comparison with the one
acquired by an OSA.

Since one of the advantages of the developed system is the relatively large working
spectral range, a similar procedure was followed using a Halogen-Tungsten white light
source. The amount of light coupled into the fiber is very low, however the spectrum of
an LPFG at around 1460nm was still seen in figure 5.4 (a).

There was no impulse response acquired experimentally in this region of the spec-
trum. For the deconvolution an estimation of the impulse response based on the typical
example shown in the datasheet [34] was used. The deconvolution, shown in figure 5.4
(b), was still able to estimate the LPFG spectrum. However, in this case, the resulting sig-
nal was specially dependent on the values chosen for the noise desensitizing factor (Q).
This dependence probably comes from a combination of the fact that the impulse response
was not estimated experimentally and from the low optical power nature of the original

signal.
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FIGURE 5.4: Spectra obtained using a Halogen-Tungsten white light source. Figure (a)
shows the spectrum of the LPFG measured by the MEMS-FPI sensor. Figure (b) shows
the spectrum after deconvolution, compared to the measurement made by an OSA.

5.3 Interrogation of an LPFG as a Temperature Sensor

The developed system was used to interrogate an LPFG acting as a temperature sensor.
The LPFG was fabricated using the electric arc setup described in section 2.4. At am-
bient temperature it shows an attenuation peak at around 1545nm. It was submitted to
temperatures ranging from 150 to 400°C which causes a red-shift in its spectrum as the
temperature increases. The spectra were acquired both by the interrogation unit devel-

oped and an OSA. A diagram showing the setup for this measurement can be seen in

tigure 5.5.
Oven MEMS-FPI
C+L @ 50:50
Lightsource Fiber e S:plitter

OSA

FIGURE 5.5: Setup Diagram for Temperature Measurement.

At first, a reference spectrum of the light source without the LPFG was taken. The
oven (Thermolab, Portugal) is PID controlled and during the procedure all the spectra

were taken after the oven fully stabilized at the set temperature. Furthermore, at each
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temperature several spectra were acquired reduce the uncertainty in the peak’s minimum
position.

In the case of the MEMS-FPI spectrum sensor, the measured spectra were deconvo-
luted using the method described in previous chapters. The comparison of the results
obtained by the MEMS-FPI and the OSA can be seen in figure 5.6.

The wavelength shift of the peak can be represented as a function of the temperature
to obtain the sensitivity of the LPFG, given by the slope of the curve. For the MEMS-
FPI sensor a sensitivity of 0.142 &= 0.007nm /°C was obtained. For the OSA the sensitivity
calculated was 0.135 £ 0.004nm/°C. Relative to the OSA the MEMS-FPI system shows a

4.9% error.
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FIGURE 5.6: Spectra of an LPFG subjected to different temperatures. Figures (a) and (c)

show the spectra acquired by the OSA and the MEMS-FPI system, respectively. Figures

(b) and (d) show the sensitivity calculated with data from the OSA and MEMS-FP], re-
spectively.

5.4 Interrogation of an LPFG as a Refractive Index Sensor

The developed system was used to interrogate an LPFG as a Rl sensor. An LPFG with an
attenuation peak at 1600nm in air was submitted to solutions of varying RI, ranging from
1.333 to 1.366. The increase in the external RI changes the effective refractive index of the

LPFG causing a blue-shift in the attenuation band.
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A similar procedure to the one used for the temperature measurement was used, ex-
cept instead of an oven the LPFG was submerged in solutions of different RI. The RI of the
solutions was measured using a Abbe refractometer (Atago DR-A1, USA) The compari-
son between the results with the developed interrogation unit and an OSA can be seen in
figure 5.7. Furthermore, spectra simulated using the matrix method described in section

2.5 are also shown.
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FIGURE 5.7: Spectra of an LPFG subjected to different RIL Figures (a) and (c) show the

spectra acquired by the OSA and the MEMS-FPI system, respectively. Figures (b) and

(d) show the sensitivity calculated with data from the OSA and MEMS-FP], respectively.
Figures (e) and (f) show results simulated in this region using the matrix method.

The sensitivity to external RI variations is presented as an approximation since the
wavelength shift as function of the RI is not linear. The MEMS-FPI sprectrum sensor
shows a sensitivity of 146 4+ 13 nm/RIU and the OSA 147 £ 11 nm/RIU. Relative to the
OSA the MEMS-FPI spectrum sensor results show an error lower than 1%. The simula-
tion spectra give a sensitivity of 137 &= 7nm/RIU which is a good result considering the

method used to obtain the spectra doesn’t take into account factors such the fabrication
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method.The induced electric-arc fabrication technique doesn’t only affect the LPFG in the
core, it also causes changes to the cladding by introducing physical deformations which

influence the sensitivity and are difficult to implement in the simulations.

5.5 Interrogation of an LPFG as a Humidity Sensor

Besides the characterization of the system with an LPFG exposed to temperature and
external refractive index variations the entire setup was validated to interrogate a sensor
for humidity monitoring using an LPFG.

Certain polymers have RI that decreases with humidity as water molecules are ab-
sorbed. An LPFG can be coated with such a polymer to be used as a humidity sensor,
since the external refractive index will affect the attenuation band of the spectrum.

The developed interrogation system was used to interrogate an LPFG coated with
a water soluble polymer, Polyvinyl Alcohol (PVA). The PVA solution used consisted of
water with a concentration of 10% wt/wt of PVA. The setup used for the measurement
has been shown in [48]. It consists of a chamber with two valves that allow for control of
the humidity inside. A DHT22 humidity and temperature sensor connected to an arduino
was used to measure the relative humidity (%RH).

The results of the measurement can be seen in figure 5.8.
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FIGURE 5.8: Spectra and sensitivity of an LPFG coated with PVA: (a) show the spectra
obtained by the MEMS-FPI spectrum sensor as the relative humidity decreases and (b)
shows the wavelength shift as a function of the relative humidity.
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The wavelength shift is not perfectly linear with the RH, however a linear regression
still allows for an estimation of the sensitivity. Four points were chosen, as seen in figure
5.8 (b), to estimate a sensitivity of 0.49 & 0.05 nm/%RH.

This study should be repeated with a wider RH range so the behavior and phenomena
involved can be fully understood. Furthermore, the thickness of the coating is a parame-
ter that heavily influences the resulting spectra, however in this study it wasn’t controlled.
Still, these preliminary results show that the interrogation unit developed is able to inter-

rogate sensors with low sensitivity and detect short wavelength shifts.



Chapter 6

Final Remarks and Future Work

A compact interrogation unit capable of sensing optical fiber sensors in the near infra-
red region was designed and built with a total cost lower than 300 euro. The results
are comparable to those obtained with commercial OSAs when interrogating LPFGs in
different conditions at much lower cost. However it should be noted that the unit can be
used for the interrogation of most optical fiber based sensors in the working range of 1350
to 1650nm, namely FBGs and plasmonic bands should be considered in future work.

Most of the measurements shown were taken using a C and L band light source, which
is fairly expensive and limited to a short region of the working range. However, due to
the optimization of light using the GRIN lens, the precision amplifier circuit and decon-
volution, the use of much cheaper broadband Halogen-Tungsten white-light sources was
shown to be a possibility, despite the low coupling efficiency to the fiber.

The application of the deconvolution technique allowed for a more accurate estima-
tion of the real input signal, however the results were very dependent on the estimation
of the impulse response and the noise-desensitising factor used. Very preliminary re-
sults show that total variation regularization can help stabilize the deconvolution with the
noise-desensitising parameter, even for signals with low signal-to-noise ratio but a more
thorough study must be performed. Other deconvolution methods can also be studied in
the future, such as iterative techniques and other figures of merit should be considered to
compare the signals before and after deconvolution.

The use of multiple MEMS-FPI spectrum sensors can also be considered as it would
allow for the multiplexing of different sensors and, depending on their characteristics,

allow for the expansion of the working range of the interrogation unit.
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Appendix A

Matrix Method for Cladding Mode

Refractive Indexes.

For the core mode the matrix described in 2.10 can be written as:

koE(®) i 0 A
iko —Jo(urr) 0 0 1
—koH®) 0 0 ulJ,(uar) O 0
0 _ 1]1)/( 1 ) (Al)
iE(?) LJo(uar) 0 —urfy(urr) O G
H'9) —urfo(urr) 0 9Jo(uar) 0 0
A similar matrix can be written for the cladding (layer 2):
M% Ll%
0 0 u3 ], (uar u3Y, (upr
M, = 2]1)/( 2 ) 2 v,( 2 ) (A2)
i o(uar)  EYo(uar)  —unfy(uor) —unY,(uar)
—uaf,(uar) —uaY,(upr)  ZJy(uar) Yo (uar)
Where the fields follow the expression:
ikgE(?) A,
—koH® B,
=M, (A.3)
iE(9) Cy
H(®) D,

Finally, because the field decays outside the fiber, it can be expected that k3e; — B2 is
negative. This means that the parameters A3 and Cz are equal to zero. So, for the external

layer we can write:
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2
0 Z}—:Kz,(wy) 0 0
0 0 0 —w?K,(wsr
M; = Halar) (A4)
0 éKU(wg,r) 0 —wsK,(wsr)
0 —wsKy(wsr) 0  ZKy(wsr)

where w3 = /B% — k3es.

The boundary conditions can be expressed in the matrix form as:

Aq 0
0 Bs
M (ay) =M , (A.5)
C 0
0 Ds

where M = M (a1) M, ! (a2) M3(ay). Using the elements of matrices M and M; we can

write matrix N such that:

—hMyy M~y Mg
My My —Mpy M4 (A6)
- m31 msp _m33 ms3y
My M4z Mgy M4y
(1)
g
With this, equation A.5 can be rewritten as:

where m;; and m;;’ correspond to the elements of matrices M and M, respectively.

N =0 (A7)

By setting the determinant of matrix N to zero, an equation with the single unknown
variable  is obtained. The solutions of det(N) = 0 are the set of propagation constants
for the various cladding modes. With this it is possible to obtain their respective effective

indexes.



Appendix B

Other Figures

FIGURE B.1: MEMS-FPI Spectrum Sensor in the Printed Circuit Board: (a) shows a pho-
tograph of the sensor set up and (b) shows the the FC-PC connector held in place by the
designed 3D printed piece.
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FIGURE B.2: Graphical interface configuration window.
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