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Abstract

This thesis is focused on the design of two interrogation systems for Fiber
Bragg Grating (FBG) sensors based on the Wavelength Domain Multiplexing
(WDM) by means of the Arrayed Waveguide Grating (AWG) device. The
FBG sensors have been employed in a large number of environments thanks
to their intrinsic characteristics. To design a measurement system based on the
Fiber Optic Sensor (FOS) technology, it is mandatory to make use of an
optoelectronic system with the aim to “read” the wavelength shifting
performed by the sensors. This latter is named interrogation system and,
actually, sets a limit on the employability of the FBG sensors, due to its cost,
design complexity and low reliability in some contests. For this reasons, the
researchers are constantly looking on new technologies for the design of
innovative interrogation systems. The AWG device seems to provide
characteristics which cannot be reached with other devices and, due to its
passivity, gives the possibility to increase the system speed to let the FBG
sensors to be employed also for the detection of high-speed phenomena.
Furthermore, thanks to the robustness and reliability of AWG device, is
possible to turn an interrogation system into a full analog monitoring system
employable in a safety scenario, such as industrial processes or other kind of
environments, in which digital processing does not ensure enough reliability.
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Introduction

Despite the benefits presented by electrical sensors, which have
been for decades the standard mechanism for the monitoring of physical
phenomena, they exhibit intrinsic limitations (e.g., transmission loss
and susceptibility to electromagnetic interference) making their usage
challenging or impractical in many applications.

Fiber Optic Sensor (FOS) technology, whose advantages are
well explained in the following discussion, is an excellent solution to
these challenges: it takes advantage of using light signal rather than
electricity and standard optical fiber in place of copper wire. One of the
most commonly used and broadly employed optical sensor is the fiber
Bragg grating (FBG), which reflects a wavelength of a light signal that
shifts in response to variations in temperature and strain. Typically,
recovery of strain and/or temperature information is accomplished by
means of an optical instrumentation (i.e., the interrogation system) to
convert the well-known temperature/strain-induced wavelength
response of an FBG sensor, to an output electrical signal directly
proportional to the physical quantity detected. However, the cost of
implementing a FOS system is often prohibitive, limiting the usage of
this technology in many environments. This is due to the complex
design from which an interrogator is made, requiring precision optical
components, such as scanning filters or tunable lasers, to perform a high
accuracy wavelength detection. For this reason, although different
kinds of interrogation techniques have been studied, the majority of
interrogation systems requires expansive components and equipment to
measurements.

With the aim to mitigate the disadvantages of the state-of-art
interrogation systems and open the world of FBG sensors in other
measurement environment, this thesis is presented. The main finding of
this thesis is the design and characterization of two different
interrogation systems which are based on the Arrayed Waveguide
Grating (AWG) device, working as an optical prism with the aim to
separate a polychromatic input in many monochromatic outputs in
function of its output channel wavelength:
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The first one takes the advantages presented by the AWG device
(working as a passive device above all), to be the core of an
interrogation system which is characterized by a high-speed
response and a modular dynamic range in function of the AWG
output channels.

The second one takes advantage of the robustness and the
reliability of the AWG device connected to a full analog modular
PCB, turning a FOS interrogation system in a safety monitoring
system without employing digital processing and with an output
in current variation compatible with 4-20mA standard.

The thesis is organized as follows:

Chapter 1 is dedicated to the FBG theoretical model,
focusing on its working principle and its dependence with
the temperature, strain and radiation, as well as an overview
of the most important interrogation system.

Chapter 2 has the goal to introduce the AWG device through
its theoretical model, in order to give an explanation of the
state of art AWG-based interrogation systems, compared to
the non-AWG one. The theoretical model of both FBG and
AWG devices are needed to have a comprehensive view of
the proposed systems working principle which are clarified
in chapter 3 and 4.

Chapter 3 is about the design, simulation and experimental
results of the proposed high frequency with modular
dynamic range AWG-based interrogation system. Focusing
on both optical and electrical part. This latter comprises a
series of simulations to justify the choice of the devices
employed. Many considerations about the optical working
principle in respect of the other AWG-based systems are
present.

Chapter 4 is devoted to an innovative full analog AWG-
based interrogation system for safety monitoring
application. In this chapter a description of the
optoelectronic system 1is contained with numerical
simulation about the analog section. Some measurements
about the reliability and the repeatability of the proposed
concept are conducted as well.
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e The conclusion recapitulates the achievements of the thesis,
underlying the results obtained and the possible
improvements to do as future work.



10 Vincenzo Romano Marrazzo

Chapter 1: Fiber Bragg Grating
Sensor

Fiber Bragg Grating structures are designed affecting the optical
fiber core with a periodic (or quasi-periodic) modulation of the
refractive index. They are created by exposing the fiber core to an
interference pattern of UV energy. The fixed index modulation obtained
according to the exposure is called grating [1] and a small amount of
light is reflected at each period. All the reflected light signals combine
coherently to one large reflection at a particular wavelength. This is
referred to as the Bragg condition, and the wavelength at which this
reflection occurs is called the Bragg wavelength [2], [3]. The first
formation of grating structure within an optical fiber was demonstrated
in 1978 [4], [5]: after the exposure of a germanium doped fiber with a
high intensity Argon-ion laser, a permanent narrowband Bragg grating
filter was created. The Bragg grating is named after William Lawrence
Bragg, who formulated the conditions for X-ray diffraction (Bragg's
Law). The gratings first written, initially referred to as “Hill gratings”,
were actually a result of research on the nonlinear properties of
germanium-doped silica fiber. Almost a decade later, in 1989, Meltz
and co-workers showed that it was possible to write gratings from
outside the optical fiber using a wavelength of 244nm [6]. This proved
to be a significant achievement as it made possible future low-cost
fabrication methods of FBG. Since the discovery of photosensitivity in
optical fiber by Hill and the developments of the holographic writing
method by Meltz, hundreds of articles have been published concerning
photosensitivity of FBG.

To overcome the limitations of two-beam holographic
technique, phase mask technique for fabricating gratings was reported
by Hill et al. [7] in 1993. This new technique has removed the
complexity in the manufacturing process of FBGs, making them
reproducible at lower costs. The commercial products of FBG have
been available since early 1995. Today, FBGs have become almost
synonymous with the field itself and most fiber optic sensor systems
make use of Bragg grating technology.
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1.1 Theoretical Model of FBG

An FBQG, as already said, is composed by a periodic modulation
of the refractive index. In Figure 1.1 it is shown the working principle:
when a broadband source irradiates a signal towards the FBG, a
particular wavelength which satisfies Bragg condition will be reflected,
while the remaining part is transmitted without losses. This happens
since the periodic refractive index variation reflects the incoming light
forming, with constructive interference, a back reflected peak signal
with the grating characteristics. The aforementioned wavelength
characterized by the maximum efficiency of reflectance is called Bragg
wavelength [8], [9].

Within an optical fiber, the phase matching condition is given

by:

2
Bi—fr= 0B =" (.0

where f; and [, are the propagation constants of the modes being
coupled and A is the grating period. In the case study of the FBG
structure, the propagating core mode towards the FBG (LPy,) couples
to the reflected one. Hence the propagation constants remain the same
but with negative sign.

Br=-B=§ (1.2)

thus, the phase matching becomes

2
BB = 4
2ﬁ=Aﬁ=2Tn (1.4)

Since the grating periodicity will be small (hundreds of nm), Af is
large. But

2T 1.5
p = 7neff (1)
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Cladding

Figure 1.1: Working principle of a Fiber Bragg grating structure.

with n,¢r the effective refractive index of the core propagating inside
the optical fiber. The equation (1.4) becomes

21 21 (1.6)
2 (7 ”eff) =N

from which the Bragg wavelength can be extrapolated
AB = ZneffA (17)

where, as said before, n, is the effective refractive index of the fiber
core and A is the pitch of the grating.

The equation (1.7) implicates that every variation in either the effective
refractive index or in the grating period will cause a change in the Bragg
wavelength reflected from the structure.

The Bragg condition can also be calculated considering the
energy and momentum conservation: the energy conservation (hw; =
hwy) means that the frequency of the reflected radiation is the same as
the incident one. The momentum conservation requires that the sum of
incident wave vector E and the grating wave vector K , must be equal
to the wave vector of the scattered radiation k_]: K is directed normal to
the grating plane with a magnitude 2t /A, with A the grating pitch [10].
The diffracted wave vector is equal and opposite to the incident wave
vector, so the momentum conservation can be written as:
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21 21 (1.8)
2 (x"eff) N

that simplifies to the first order the Bragg condition of equation (1.7).
If the Bragg condition is not satisfied, the reflected light from each
plane becomes out of phase and gradually canceled. Light which is not
coincident with the Bragg wavelength will get transmitted with very
low losses.

1.1.1 Refractive Index Change

The easiest way to describe a Bragg grating structure within an
optical fiber is an axial and periodic change of the refractive index with
a profile described by the next formula [10]:

27X

Nerr(X) = ng + An cos (T) (1.9)

where An is the amplitude of the refractive index variation and n; is the
average index of the fiber core. The axial distance is described by x,
while A is the grating period.

1.1.2 Bragg Grating Reflectivity

The reflectivity of a generic grating can be expressed with the
coupled-mode theory of Lam and Garside [11]:

Q2 sinh?(sl) (1.10)
Ak? sinh?(sl) + s2 cosh?(sl)

R(LA) =

where R(l,4) is a number between 0 and 1 depending on the optical
power reflected by a grating of length / at a wavelength A. Ak = k — %

. . . 2 . .
is the detuning wave vector, while k = % is the propagation constant.

s = VQ? — Ak? and the coupling coefficient () for a sinusoidal index
modulation along the fiber axis is:
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g nAn;y(V) (1.11)

where 1n(V) is a function of the normalized frequency V for the fiber,
representing the fraction of the fiber mode power contained within the
core. (V) = 1 — 1/V2. The normalized frequency V can be expressed
as:

2T 1
V= 761(”30 —ng)?

(1.12)

where a is the core radius, n., and n. are the core and cladding
refractive indices. At the Bragg wavelength, there is no wave vector and
Ak = 0. Therefore:

R(L,2) = tanh?(Ql) (1.13)

according to the equation (1.13), the Bragg grating reflectivity (showed
in Figure 1.2) depends on the grating strength. This means that it can be
increased by increasing the magnitude of the refractive index change.
A typical value of the index modulation is 107 in silica fibers. The
reflectivity is also dependent on the size of the fabrication system and
is typically a few of centimeters. To achieve an FBG close to 100%
reflection, the length of the gating must be increased.

1.1.3 Bragg Grating Full Width at Half Maximum
(FWHM)

The Full Width at Half Maximum (FWHM) of a Bragg grating
is calculated as the difference between two wavelengths on the
reflectance spectrum, where the reflectivity drops at the half of its
maximum [12][13]. Increasing the length, the reflectivity will increase
as well, while the FWHM get reduced. An approximated expression is
given by:

AL _ (1 An)2 N (1)2
FWHM — ApQ o n N

(1.14)
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where N is the number of grating planes from which the structure is
composed; a = 1 for gratings with almost 100% of reflectance while
a = 0.5 for weaker [14].

1.2 FBG as Sensor

Fiber gratings are mainly employed as sensors as is shown in
this thesis during experimental analysis. The basic principle is to
monitor the Bragg wavelength shifting of an FBG which changes with
the measurand. As described by the equation (1.7), the Bragg
wavelength is depending on the grating period and the effective
refractive index. This means that any change in the refractive index or
the grating period due to external variation of the measurand, will lead
to a change in the Bragg wavelength of the sensor that can be detected
either with the reflected or with the transmitted spectrum. The basic
parameters which cause the FBG central wavelength are strain (€) and

1.0
\
g
o H
©0.5 :
m i
%= i
3 i
~ i
FaSVERY TR
5 . WAV Y Y NS \~_}/ N
0.9995 1.0000 1.0005

Normalized Wavelength A/Ap

Figure 1.2: Fiber Bragg grating reflectivity spectrum with Q. = 2 [9].



16 Vincenzo Romano Marrazzo

temperature (7). This means that the Bragg wavelength is function of
both temperature and strain (Az = Ag(€, T)) considered as independent
variables [15], [16]. Since the measurement induces a differential
change in the wavelength, the differential of Ap is calculated as:

di —ale +aABdT
BT 3¢ €T oT
_[2 2n,.¢A) | d J 2n,¢A) | dT
) §( 7;e/];f )za o a_T( nefzf ) oA 20
Neff Nery ] Nerf Nerf ] (1.15)
— A Al dT
de + de aT + aT d

dividing the equation by g = 2n5A,

d/lB _ 10A 1 aneff 16A+ 1 aneff dT (116)
AB B A oe Negr de AOT Nerr aT
it is clear from the last equation that the Bragg wavelength is shifted by

both temperature (by the second term) and strain (by the first one)
variations.

1.2.1 Strain sensitivity of FBG

The applied strain experiences a peak wavelength shift of the
FBG sensor: this is the basic operation for an FBG strain sensor [19].
These sensors are widely employed since they are extremely sensitive
for various materials and structures. Strain sensing plays a significative
role in the health monitoring system for civil, mechanical and aerospace
applications. The first application of FBG for this kind of measurements
was first introduced in 1988 [17]. The equation 1.16 shows two former
parts which cause strain and temperature induced shifting of the Bragg
grating structures: the physical elongation of the optical fiber
represented by a change in the grating spacing and the change in the
effective refractive index due to the photo elastic effect [18]-[20]. The
only strain optic effect can be expressed as:

A/’{B == (1 - pe)/lBE (117)

where the term € is the axial strain caused by the fiber micro-strain, Adp
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FBG unstrained

FBG strained

Az g&m@ As unstrained

Figure 1.3: Bragg wavelength shifting comparison between unstrained structure
and strained.

is the shift in wavelength (in nm) and p,, is the photoelastic coefficient
of the fiber described by

(1.18)

n2
Pe = < esz> [p12 — v(p11 + P12)]

where p;; and p;, are the components of photoelastic strain tensor and
v is Poisson’s ratio. Figure 1.3 shows the wavelength shifting in case
of the grating structure get compressed, compared with a normal case.

FBG measurement system for strain application is an active
field due to its performance accuracy and versatility and, nowadays, is
getting more and more used for structural monitoring and other smart
applications [21]-[27].

1.2.2 Temperature sensitivity of FBG

The temperature response, as in the case of the strain, is given
by the sum of two factors: the thermal expansion of the fiber which
results in a change of the grating pitch and the change of the effective
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refractive index due to the thermo-optic effect. Hence, the Bragg
wavelength shift due to temperature variation can be calculated as

Mg = (a + E)A5AT (1.17)

where a = (i) (Z—IT\) is the coefficient of thermal expansion, while & =

1 0 . . . . .
(n—) (%) is the thermo-optic coefficient which characterizes the
eff

fiber and AT is the temperature variation. The parameters a and ¢ are
functions of temperature and are not linear for high temperature value
as showed in [19]-[21]. If the fiber stretch due to a temperature
increment, the grating pitch increases and the Bragg wavelength shift
towards higher values. For the silica fibers the thermo-optic coefficient
is a dominant factor with the 95% of the observed shifting. the thermal
expansion accounts only for 5%. Nowadays, the FBG is employed in a
high number of applications for temperature monitoring, substituting
the electrical PT sensors which are invasive and not suitable for harsh
environments.

1.2.3 Temperature compensation during strain
measurement

As previously discussed, an FBG sensor produces a wavelength
shifting both for strain and temperature variation. The strain affects the
grating in a direct way compressing or stretching the pitch, while the
temperature sensitivity depends mainly on the effective refractive index
change. Hence, the FBG sensor is simultaneously affected by strain and
temperature variations.

The combined Bragg wavelength can be written as follows

Adg =[(1—p)e+ (a+ E)AT]Ag (1.18)

using the aforementioned variables, the equation becomes
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Adp = ({1 - (nngf> [p12 — v(p11 + P12)]} €
RGP+ () Ger) .19

implicating the need of a discrimination between the strain and
temperature effects in order to disentangle the two physical parameters.
Various methods were proposed [28]-[33]. In a method proposed in
[34] a pair of FBGs are involved, both sensing temperature variations,
with one of them protected from strain. A constrain requires that both
FBGs are characterized by the same sensitivity to temperature. Another
method is to employ two FBG sensors with a significant change in the
central wavelength, showing a different response over the same
measurement [35]. FBGs written on different fiber diameters were
proposed as well, which give different strain responses with the same
temperature sensitivity [36], [37]. Also writing close wavelengths FBG
within an undoped and boron co-doped fibers, a different temperature
sensitivity is obtained while the strain sensitivity remains the same for
both [38]. in these reported papers, special fibers are needed or normal
fibers with special spectroscopic techniques in order to discriminate
temperature and strain simultaneously [38]-[40]. A different method
using nonlinear effect as the Brillouin scattering is presented in [41],
while an approach to resolve the cross sensitivity is reported in [42] in
which acrylate and polyimide polymers were used as coating for
different FBGs achieving synchronized sensing of axial strain and
temperature changes.

Is reported in what follows an elegant way with analytical
approach described in [43]. The solution consists of using, for a given
FBG for strain measurements, another FBG on the same fiber at the
same temperature to the one close to it. The two FBGs, on the same
optical fiber, will experience two different Bragg wavelength
variations: one dependent on strain and the other dependent on
temperature. For the first FBG the equation describing the wavelength
deviation is

AABI = K€1A6 + KTIAT (120)
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where
K¢t = (1 —pe)apy (L.21)
Kri = (@ +8)Ap (1.22)
while for the other FBG
A/’"BZ == KezAE + KTzAT (123)
where
Ke; = (1 —pe)Ap; (1.24)
Krp = (@ +$)Ap; (1.25)

Equations (1.20) and (1.23) can be written as matrix in the form

Mm] [ Kn] 9 [Ae (1.26)
AABZ KEZ KTZ

Equation (1.26) is called wavelength shift matrix since by its solution
the wavelength displacement of both FBGs can be obtained as a
function of temperature and strain. By the way, what is needed is to find
the sensing matrix calculating the strain and temperature as function of
the wavelength displacement, that is the inverse matrix of (1.26).

] [ Kn] -1 A/lBl] (1.27)
KeZ KTZ A/132

inverting it becomes

-1

1 KTZ _KTl]

[ Mm] (1.27)
AT! T K Kpy — KegKpy |=Kez  Kex

Approximating K. 1K, = K.,Krq will give no solution for equation
(1.27) since (1.20) and (1.23) will become two almost parallel lines.
This happens if the FBGs exhibit the same coefficients and central
wavelength reflection. It’s worth to note that eq. (1.21) and eq. (1.24)
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as well as eq. (1.22) and eq. (1.25) differ only from the Bragg
wavelength, so, to avoid a possible redundancy, Bragg reflections wide
apart are required for the two FBGs. Solving the previous equation are
obtained two equations

(1.28)

1
Ae = KroAdg, — KA
€ KoKy — KoyKrpy (Kr242p1 r10p2)

1
AT = Kc1AAgy — Ky A
KoKy — KyKpy (Ke1Ap; e202p1)

(1.29)

Supposing that the FBG2 is strain free, the eq. (1.28) gives the real
strain of FBG1 measured by AAdg;, compensated in temperature by
Aldg,. Eq. (1.29) gives the temperature of both sensors.

1.2.4 Refractive Index Sensitivity

In standard SMF the propagating mode is strongly confined
within the core and protected by the cladding layer avoiding any
influence by the medium refractive index on the guiding properties.
Thus, the effective refractive index is not affected by the external
conditions, leading to no sensitivity to the bordering medium refractive
index. If the cladding diameter is reduced along the grating region, the
effective refractive index will be affected by the surrounding medium
[44]-[46]. As consequence, in etched optical fibers, a strong spectral
response may occur in the FBG. This effect is useful in chemical and in
bio sensing applications [47]-[50]. The first demonstration was done
by [51] in 1997, it was based on the application of chemical etching to
the grating region within the fiber.

1.2.5 Effect of y-Radiation on FBG

As demonstrated in the last two decades, in which several
experiments were investigated on the FBG behavior in ionizing
radiation environment [52], the Bragg structure is affected by the
phenomena of ionizing radiation. This latter induces a change in both
refractive index and grating pitch resulting in a Bragg wavelength shift:
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A}\B Aneff AA (1 30)
A 4+ —
AB neff A

From the state of art, it is noted that under y-radiation the central
wavelength shifts towards the red with a saturated spectrum. The Bragg
wavelength saturation values and the doses absorbed depend on the
fiber composition and the grating inscription. This constrain does not
apply for N-doped silica in which the Bragg wavelength does not
exhibit a saturation effect up to a 1.5MGy dose [53]. Recent studies
showed that the FBGs written in fluorine-doped fibers are the most
resistant under y-radiation. In [54] the authors present a AAgwith a
saturation around Spm at low y-dose (5kGy). The goal of the cited
experimental investigation is to apply this technology to the monitoring
of radiation environment, e.g. nuclear power plants [55].

In another work [57], for the germanosilicate fibers, the y-
radiation can be considered as a further UV-light exposure due to the
generation of same paramagnetic defects as the UV-light. Furthermore,
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Figure 1.4: Wavelength shifting of many gratins made of different fibers, during an
irradiationup to 0.1MGy with a rate of 0.9Gy/s [56].



Chapter 1: Fiber Bragg Grating Sensor 23

the y-radiation should affect only the mean value of the effective
refractive index and

not the modulation amplitude [58]. The saturating behavior can be
explained through two main reasons [59]: the limited concentrations of
precursor defects, affecting with the refractive index change and the
competition between the annealing and the generation of the defects
[56], depending on the radiation dose-rate and the annealing rate. In
conclusion, the Bragg wavelength shifting is function of the
manufacturing parameters [60] such as: composition of the fiber,
irradiation parameters, temperature and so on. In Figure 1.4 it can be
noticed that a wavelength shifting with identical manufacturing and
irradiation conditions of many gratings produced with different doping.
The plot shows that it is not possible to find a clear correlation between
the observed radiation sensitivity and the fiber composition.

1.3 FBG Interrogation Systems

Typical interrogation systems detect the spectrum reflected by the

sensing structure on a wavelength interval ranging from 40nm to 80nm.
Many FBG interrogator such as Fabry-Perot interferometer [16], Mach-
Zehnder interferometer [61], holographic fiber grating based
spectroscopic charge coupled device [62], discriminator using the
power ratio of optical filters have been reported in literature [63]. Most
systems are based on a broadband light source and a spectrometer for
detection; this approach provides long-term stability and is relatively
inexpensive, but the spectrum is sampled with a coarse wavelength
resolution, typically 512 samples over 40 nm or 80 nm interval [64],
[65]. However, none of them are enough to satisfy main characteristics
such as: response speed, precision, accuracy, cost and sensor
multiplexability.
Although a wide variety of techniques are demonstrated in literature for
monitoring Bragg wavelength shifts, only certain techniques appear to
have the potential for being reduced to a practical, cost-effective
instrumentation systems for use in real-world applications. As already
said the FBGs are the most popular technology for the measurement of
temperature, deformations, strains and vibrations using photonics. The
high cost offered by many FBG interrogation technique severely limits
the range of potential application [66].
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Figure 1.5: A typical method for the wavelength detection composed by an input
spectrum, an optical circulator, the FBG under interrogation and a wavelength
monitoring for the reflected and transmitted signal.

The basic working principle of an FBG sensor system is to
monitor the shift in wavelength of the reflected signal with the changes
in temperature or strain, as depicted in Figure 1.5. For instance, to detect
either a temperature change of 0.1°C or a variation of lustrain, a
wavelength resolution of 1pm is required (at AB of ~1300nm). Although
this wavelength resolution is attainable wusing laboratory
instrumentation, the ability to resolve changes on this order is a
challenge and this was the focus of a considerable amount of research
work in the grating sensor field. The most frequently utilized method
for the interrogation of FBG sensors is based on passive broadband
illumination of the device. In this section follows a briefly description
of the most important interrogation techniques for wavelength
detection.

1.3.1 Scanning Filter Method

This method allows the shift in the FBG wavelength of the
sensor element to be assessed by comparing the FBG reflected light to
that propagated through a direct reference path. One of the most
successful techniques for interrogating FBG sensor is based on the use
of a tunable passband filter for tracking the signal. The most commonly
used technique is based on the use of Fabry-Perot (FP) filters [67] as
depicted in Figure 1.6. Here, light reflected from an array of Bragg
grating sensors is passed through a FP filter which passes one
narrowband wavelength component depending on the spacing between
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Figure 1.6: Scanning filter FBG interrogation technique.

the mirrors in the device that are controlled electrically via piezoelectric
stack. As the filter is tuned, the passband scans over the return signals
from the FBG and the wavelengths can be determined and recorded
from the voltage applied to the filter as the return signals are detected.
Typical characteristics of the type of FP used are a free spectral range
(FSR) of 50nm and a bandwidth of 0.3nm. This allows as many as 16
individual sensors spaced by 3nm. For this FSR value, generation of the
scanning voltage for the FP filter via a 16-bit DAC produces a minimum
resolvable wavelength shift of approximately 0.8 pm (or an equivalent
strain resolution of 0.8pstrain).

currently available FP filters can be scanned at more than 300Hz,
although scan rate to 1kHz should be possible.

1.3.2 Time and Wavelength Division Multiplexing (T-
WDM) Method

A primary advantage of using FBGs for distributed sensing is
that large number of sensors may be interrogated along a single fiber.
WDM provides for tens of sensors per fiber, but TDM can multiply this
number several times re-using the source spectrum. Considering the
WDM/TDM of Figure 1.7, several stepped arrays are concatenated,
each at a greater distance along the fiber. Launching a short pulse of
light from the source, the reflections from FBG’s at successively more
distant positions along the fiber, will return to the detector at
successively later times. The detection instrumentation is configured to
respond to the reflected signals only during a selected window of time
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Figure 1.7: WDM and TDM for FBG arrays: (a) serial system; (b) parallel system;
(c) branching network [16].

after the pulse is launched, so only a single WDM set of sensors is
selected for detection. Multiple-reflection crosstalk arises due to light
reflected from one grating which arrives in the time window allotted to
the detection of a downstream grating, because multiple reflection paths
have delayed some of the first grating’s signal. The effect is, obviously,
strongly dependent on the reflectivity of the gratings, and can be

minimized by the use of low reflectivity gratings. Another issue is given
by the Spectral-shadowing crosstalk: If the two gratings’ center
wavelengths are slightly offset, it appears as though the downstream
FBG is shifted further in the direction of the actual offset. The worst-
case distortion, with two FBG’s equal in width and reflectivity, occurs
approximately when they are spectrally offset by their FWHM. The
error will vary with the detection method, but errors >1 pstrain are
projected for a pair of interfering FBGs with reflectivity >5% [68].
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1.3.3 Interferometer Technique Method

The use of interferometric configuration as FBG interrogator
has been described in several groups. An unbalanced interferometer is
an optical filter with a transfer function in the form 1+cos¢, where the
phase term depends on the input wavelength. As depicted in Figure 1.8,
the light reflected from a grating is directed through an interferometer
which has unequal paths. Due to the wavelength dependence of the
phase, shifts in Bragg wavelength are converted into phase shifts. One

warning with this approach is given by the effective coherence

length of the light reflected from the grating. Various phase-reading
techniques can be applied to determine the phase modulation A¢
induced by the wavelength shift A1 through the formula:

27nd (1.31)
= A

By appropriate choice of the interferometer OPD, this technique
can be made to be extremely sensitive to weak dynamic Bragg
wavelength shifts: for example, with an OPD of lcm (6.7 mm fiber
length), using the grating strain response of approximation

COUPLER FBG

Broadband - m T
(NI}
N

Source

cos{Ap(AL)}

Figure 1.8: Interferometric technique for the detection of FBG sensors.
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Inm/1000ustrain (at 1300nm), the strain-to-phase response of the
system is 0.037rad/ustrain. Although this sensitivity has yet to be
demonstrated, a sensor with an equivalent wavelength shift
corresponding to a strain change on the order of 10%nm at 1300nm (or
100kHz shift in optical frequency), has been demonstrated [16].

1.3.4 Charge Coupled Device Method

A more rugged method involves the use of a charge-coupled
device and a fixed dispersive element (shown in Figure 1.9). With this
method, a broadband source illuminates the FBG, then a reflected light
wave is passed through a dispersive element that distributes the various
wavelength components to different locations on a linear CCD sensor.
This method can yield fast with simultaneous measurements of all
FBGs in the array, but it offers limited resolution and SNR. For
example, detecting an FBG peak shift of Ipm over an 80nm range
requires a linear CCD with at least 20,000 pixels. This is more than 3
times the pixel amount of the linear CCDs currently available on the
market. Additionally, the power of a broadband source is spread across
a wide wavelength range producing low energy FBG reflections that
can be difficult to detect [69].

CIRCULATOR
FBG

Broadband ( ) T
Source Ry (]

DISPERSIVE
ELEMENT

Figure 1.9: Wavelength position conversion method for the interrogation of FBG
Sensors.

1.3.5 Optical Spectrum Analyzer Method

At the state of art, the most powerful interrogation can be
obtained using an Optical Spectrum Analyzer. The OSA is an
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instrument that is used to measure the spectral density of a light signal
at different wavelengths (an example is depicted in Figure 1.10). It is
one of the most useful instruments in fiber-optic systems and device
measurements, especially when wavelength division multiplexing is
introduced into the systems where

different data channels are carried by different wavelengths. An OSA
is often used to find optical signal power level at each wavelength
channel, evaluate optical SNR and optical crosstalk, and check the
optical bandwidth when an optical carrier is modulated. The most
important parameter that an OSA provides is the optical spectral density
versus wavelength; the unit is expressed in watts per Hertz and is
defined as the optical power within a bandwidth at a certain wavelength.
The OSA presents a typical wavelength range from 400nm to 1700nm
and a wavelength accuracy of less than 0.1nm but has the disadvantages
of a limited speed and with a low resolution compared the other
technique. Furthermore, it is expansive and have a large size [70].

1.3.6 Tunable Laser Method

In this application, the main component is a tunable laser source
which is a wavelength-tunable laser with a narrow optical bandwidth
that is used for recording spectrum with very high frequency resolution
[71]. As shown in Figure 1.11, in order to measure the Bragg
wavelength value of the connected FBG, the laser is swept over the
relevant range of the spectrum, while a detector measures the optical
power reflected from the sensor. The processing and control electronics
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Figure 1.10:Wavelength interrogation with OSA.
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Figure 1.11: Interrogation technique based on tunable laser as source.

record the power correlated with the set wavelength of the laser and
then calculate the peaks in the recorded data. Regarding the power
budget, the FBG interrogator of the tunable laser type has advantages
over a wideband source interrogator, moreover all optical energy is
focused into the very narrow spectrum of the laser source and thus no
power is wasted. The performance of such an interrogator depends on
the tuning speed and precision of the laser. Commercially available
interrogators using this measuring principle currently employ External
Cavity Laser (ECL), which are mechanically tuned. This causes
significant costs and due to the mechanical tuning, interrogation speed
1s limited [72].

1.3.7 KLT Analysis Method

As shown above, most systems are based on a broadband light
source and a spectrometer for detection. This approach provides long-
term stability and is relatively inexpensive; on the other hand, the
spectrum is sampled with a coarse wavelength resolution. A main
alternative is represented by an interrogation system based on a
scanning laser (or a scanning filter) and a photodetector: with this
method, it is possible to have a denser sampling but it requires stable
and isolated laser source, resulting in a more expensive system
operating in a lower SNR. A method that estimates spectral shifts of
FBG (FP and similar sensors as well) is needed in order to estimate the
measurand. In literature, there are many papers introducing a new
demodulation technique based on Karhunen-Loeve Transform (KLT)
applied to the sensor spectrum [73]. The KLT is effective when in
decoding the energy of the input signal and encoding the key
information in its high eigenvalues [74].
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Assuming an interrogation device based on a spectrometer, the
latter discretizes the optical spectrum on wavelength and amplitude
axes. The spectrum becomes a digital signal S[A] sampled with a
uniform step OA, the same for the amplitude. Adding the noise, it can be
written:

S[A] = R[A] + N[A] (1.32)

where R[A] is the reflection spectrum of cascade of sensors, and
NJA] is the noise defined as the ratio between R and N variances.
Following Lamberti’s approach, the next step is computing the FFT of
the spectrum S[A]:

G(fi, wr fr) = FFT{S[A1, .., Ay 1} (1.33)

G(f) is then transformed into its symmetric Toeplits matrix M.
Taking M as input, the KLT is finally performed:

M = VxDxV~1 (1.34)

where D is a diagonal matrix containing all the eigenvalues of
M on its main diagonal, while V is the corresponding orthonormal basis
that contains on its lines the eigenvectors. The matrix D contains the N
eigenvalues that are real numbers since M is symmetric. The eigenvalue
array is called £ and is sorted in ascending order. With this
eigendecomposition it is possible to separate signal from noise: low-
range eigenvalues, and their correspondent eigenvectors, are mostly
affected by noise; high-range eigenvalues contain most of the signal
energy [75].
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Chapter 2: Arrayed Waveguide
Grating

AWGs were already reported in late 80s by [76]-[78], known
under other names: Phased Arrays (PHASAR), Waveguide Grating
Routers (WGR) or the name used today Arrayed Waveguide Grating.
Together with FBGs, these thin-film filters are the most commonly used
in WDM networks. Nowadays the most employed technology for the
realization of AWGs is silica-on-silicon (SoS) and Indiumphosphide
(InP)-based technology. Furthermore, also study on Lithium Niobate
and polymer technology are reported in literature [79], [80]. SoS AWGs
have been holding the largest slice of market since 1994, due to the
modal expansion which matches the one of a fiber, leading to an easier
way to couple them into a fiber. They are characterized by low
propagation loss (<0.05dB/cm) with a high fiber-coupling efficiency
(losses in the order of 0.1dB) but are relatively large because of the fiber
matched waveguide properties which impose the use of long bends as
will be shown in next section. The latter disadvantage is being improved
by using higher index contrast

AWGs can be employed to achieve many functionalities either
in WDM networks for telecommunications environments, or as optical
filter in signal processing, measurements and sensing as it was
employed for the aim of this thesis.

The semiconductor-based devices show a great potential to
integrate a huge variety of functions in a single chip, suitable for the
integration of passive devices, as the AWGs, with active devices, also
non-linear. In the field of telecom, the dominant technology is based on
InP: the InP-based AWGs are very compact since the index-contrast is
high. The market of optical integrated chips is expected to become
increasingly important in the next decade.
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2.1 AWG Working Principle

To an easier understanding of the working principle [81], the
Figure 2.1 shows the schematic of an AWG. When a polychromatic
light propagates through the transmitter waveguide entering into the
first Free Propagation Region (FPR), it is no longer laterally confined
and becomes a divergent beam. Arriving at the input aperture, the beam
gets coupled into the waveguide array, propagating through the single
waveguides towards the output aperture. The waveguide length is
chosen in such a way that the optical path length difference between
two adjacent waveguides is equal to an integer multiple of the central
wavelength of the demultiplexer A.. For A., the fields within the single
waveguides arrive at the output aperture with the same phase and hence
the field distribution at the input aperture is reproduced at the output
aperture. The divergent beam into the FPR is thus transformed into a
convergent beam with equal amplitude and phase distribution.
Moreover, the input field at the object plane generates a corresponding
image at the center of the image plane. The separation path length
among different waveguides is given by linearly increasing the lengths
of the arrayed waveguides, introducing a tilt of the output beam,
function of the wavelength and linked to a shift of the focal point along
the image plane. In a nutshell: if receiver waveguides are placed at a
certain position along the image plane, different wavelengths will
propagate towards different output ports.

2.1.1 The Free Spectral Range

The aim of this subsection is to give a theoretical model
describing the characteristics of an AWG. As written before, the
focusing phenomena of the fields propagating in the AWG structure, is
achieved if the length difference AL between two adjacent waveguides
is equal to an integer number m of wavelengths within the AWG:

mA, (2.1)
Nerr

AL =
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Figure 2.1: (a) illustration of an AWG, (b) beam propagation and focusing into the
free propagation region.

where m is called the order of the array, A, is the central wavelength (in
vacuum) of the AWG, n.sr is the effective refractive index of the
modes propagating inside the structure (linked to the phase) and
Ac/nesr gives information about the wavelength inside the arrayed
waveguides. As depicted in this case study, the array works as a lens
with image and object planes at a distance R, of the array apertures.
Furthermore, the focal line (defining the image plain) follows a circle
with radius R,/2 and transmitter and receiver waveguides must be
located on this line.

The length increment AL of the array produces a phase
difference
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Ad = BAL (2.2)
where
_ 2muness (2.3)
C

is the propagation constant in the waveguides, v = ¢ /A is the frequency
of the wave propagating inside it and c is the speed of light in vacuum.
The phase difference A¢ has a dependence on wavelength and
introduces the wavelength-dependent tilt of the output wavefront
associated with a wavelength-dependent shift of the correlated image.

The lateral displacement ds of the focal spot along the image
plane per frequency change dv is called spatial dispersion D, of the
AWG and can be obtained as [83]

_ds 1 ny AL (2.4)

P dv v nppr Aa

where nggp is the slab mode index into the FPR, Aa is the divergence
angle between the waveguides in the fan-in and fan-out sections, while
ng is the group index of the mode propagating inside the waveguide

dneyy (2.5)
dv

ng = neff+v

If the input wavelength variation is so that the phase difference A¢
between two adjacent waveguides increases by 2m, the propagation will
be the same as before, that is, the operation of the AWG is periodic and
the period is called Free Spectral Range. Imposing AFAL = 2w in
combination with (2.1) it can be calculated as

2.6
FSR:E<"eff> (2-6)
n ng
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This is a very important parameter during the design of an AWG: to
avoid crosstalk among the waveguides which may affects the working
principle, the FSR should be larger than the whole spectrum range
composed by the span of all channels. As an example, for a structure
with 8 channels and 200GHz of spacing, the FSR should be 1600GHz
at least. If the A, = 1550nm, the array order has to be about 120.
Moreover, if the device is employed with the usage of Erbium-Doped
Fiber Amplifiers (EDFA), the FSR has to be designed so that adjacent
orders don’t coincide with the peak of the EDFA, avoiding
accumulation of Amplified Spontaneous Emission (ASE).

2.1.2 Non-Uniformity

Many loss phenomena are present, affecting the light
propagating within the AWG. The highest contribution comes from the
junctions between the FPRs and the arrayed waveguide. To get a lower
loss, the fan-in and fan-out sections should work in such a way that a
smooth transition from the propagation in the array to the FPRs is
present and vice versa. This happens if Aa is small enough and the
vertex among the waveguides is sharp in the right way. In the AWG
production, since a finite resolution is present, the lithographical
process blunting of the vertex will occur. For typical devices the
junction losses are about 1 or 2dB per junction (between 2 and 4 dB for
the total device). Losses due to a mismatch between the image field and
the receiver waveguide, exhibiting a propagation loss and a coupling
loss, are usually much smaller than the aforementioned one.

If T, is the transmission coefficient of the central channel, the
attenuation is given by

Ay = —10logT, (2.7)

Looking on Figure 2.2, it is shown how the other output
channels present a higher loss value than the central ones. This is
because the far field of the relative arrayed waveguide propagates in a
different direction from the optical axis and the envelope is mainly
determined by the far field radiation pattern. The non-uniformity AT,y ¢
is defined as
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Figure 2.2: (left) affection of the far-field pattern into the image plane for different
wavelengths; (right) representation of the Free Spectral Range [82].

(2.8)

T
AT, = —101log (%)

Cc

that is the difference in log between the farthest channels and the central
one. The power lost from the main lobe is transmitted in adjacent orders
as shown in Figure 2.2. If the FSR is N times the channel spacing, the
external channels will exhibit 3dB more loss than the central channels.
Hence, in this case, the non-uniformity is close to 3dB. This happens
since at a deflection angle which corresponds to half of the angular
distance between the orders of the array, the power over the image plane
is reduced. From the foregoing, the non-uniformity of an AWG can be
reduced increasing the FSR obtaining a larger device.

2.1.3 Coupling Behaviour

The AWG device works as a sort of lens, forming an image of
the field pattern present into the object plane at the image plane. Due to
its working principle it’s unavoidable the exhibition of the dispersion
phenomena: if the wavelength changes, the image will shift along the
image plane without changing shape. AWG properties can be explained
considering the coupling behavior of the focal field pattern in the image
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Figure 2.3: Superposition between a receiver waveguide profile Ur(s) and the focal
field UA(s).

plane to the receiver waveguide: the coupling is described by the

convolution of the normalized receiver waveguide mode U,.(s) and the
normalized focal field Uy (s) in the image plane (Figure 2.3):

n(4s) = |[ Us(s — As)U,(s)ds|’ (2.9)
where As is the displacement of the focal field correlated to the receiver

waveguide center. If U, (s) and Uy (s) exhibit the same spectrum (if the
same waveguides are used as transmitter and receiver) the coupling

As = Dgp (v — 1) (2.10)
in (2.9), obtaining

Ti(v) = Tansp v —v) (2.11)
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Figure 2.4: Depiction of a method to get a flattening wavelength response: (a)
superposition between the focal field Uf with the receiver mode Ur; (b) wavelength
response obtained applying a camel-shaped focal field, while in dashed is indicated
the response obtained with a normal focal field (Uf = Ur) [82].

where v; is the frequency relative to the i-th channel. The power
transmission T, of the central channel is smaller than 1 since
transmission losses are present in the AWG and it’s worth to note that
if an even channel number is present, there will not be present a
waveguide at the center of the image plane. A more detailed analysis of
the array imaging properties is reported in [84].

2.1.4 Flat Passband Shape

The passband shape is an important characteristic among the
AWG features. The channel response has a Gaussian spectrum because
of the mode profiles of the transmitter and receiver waveguides which
can be well approximated by a Gaussian function. The overlap
described by equation (2.9) is Gaussian as well. When employed into
an optical system, the Gaussian shape may impose constrains on the
wavelength tolerance of the input signal and requires an accurate
temperature control for both AWG and the source (e.g. a laser diode).
Furthermore, if signals are transmitted by means of WDM network, the
passband width for the single channel becomes very narrow. Hence,
flattened channel transmissions are an important feature for AWG when
employed in de/multiplexer mode. Different studies were published, the
easiest method is to use multimode waveguides at the receiver side. If
the focal plane moves at the output of AWG along a wide waveguide,
almost the whole amount of the light is coupled into the receiver to get
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a flat region [85]. This latter approach is, on the other hand, adverse for
single-mode systems. Another interesting approach is to convert the
field at the transmitter or receiver into a double image (as depicted in
Figure 2.4) obtaining a flat region given by the wavelength response
which follows from the superposition of this field with the normal
mode. The double image is created with a short MMI coupler [86], with
a Y-junction [87] or a non-adiabatic parabolic horn [88]. Other studies
are based on spatial filtering inside the AWG exciting a sinc-like field
distribution at the grating exit producing, via Fourier transform, a
rectangular shape [89], [90]. Also using interleaved gratings or phase-
dithering [91], [92] it is possible to obtain the same result. As
disadvantage, these techniques increase the insertion loss (of about
3dB) since only a portion of the image is focused onto each waveguide
output. This effect can be mitigated combining the AWG with a MZI-
duplexer at the input [93], [94]. This is the most important characteristic
about the AWG for the discussion of this thesis: the flat part of the
AWG spectrum, employed as demultiplexer/filter into the proposed
interrogation system, may affect the Bragg wavelength detection when
this latter shifts from an AWG channel to another. Further details will
be given in chapter 3.

2.1.5 Crosstalk

An inter-channel crosstalk is present: it is represented by the
contribution of unwanted signals (e.g., adjacent channels) plus the
contribution of signal at a frequency (i+1) next to the channel (i)
detected. The theoretical explanation behind this phenomenon is that
the adjacent-channel crosstalk A, is dependent on the superposition
between the focal field and the unwanted mode
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Figure 2.5: Working principle of a wavelength router.

A, =n(d) (2.11)

where d is the distance between adjacent waveguides. Hence, from the
formula (2.11), it is possible to attenuate the crosstalk positioning the
receiver waveguides far apart. Two times the wavelength width is
typically enough for 40dB crosstalk attenuation. Other mechanisms are
present limiting the crosstalk attenuation: due to non-uniformities in
layer thickness, waveguide width and refractive index, causing a noise
floor better than 35dB for good devices. Other considerations on the
AWG crosstalk are discussed in [95].

2.1.6 AWG as Wavelength Router

Is now reported an application of employment for the AWG
device as a wavelength router. If the AWG is designed with NxN
input/output waveguides and with an FSR equal to N times the channel
spacing, the device behaves cyclical: a signal entering into the input
channel N will appear at the output 1. This is called cyclical wavelength
router [78] and plays a key role in add-drop multiplexer systems or
wavelength switches in telecom environment. Figure 2.5 shows the
working principle: the N frequencies carried by input 1 are propagated
among output channels 1 to N in a way that the output channel 1 is the
image of frequency N and channel N gives the image of frequency 1.
From the input 2, signals are distributed in the same way but shifted by
1 channel.
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2.1.7 Thermal Behaviour and Athermal AWGs

Since the AWG is composed by a few arrayed waveguides, the
center wavelength of each channel is depending on the temperature. The
main effect due to temperature variation is the change of wavelength
response. InP-based AWGs have a temperature coefficient of
0.12nm/°C, implying few nanometers of wavelength shifting for a
change of 30-40°C; SoS-AWGs exhibit a temperature dependence
which is smaller than the previous one (order of one magnitude) but still
too high for uncooled operations. A way to obtain temperature
insensitivity is by acting at the process level inserting a triangular region
with different temperature sensitivity material into the FPR. The same
technique is used for polarization insensitivity [96].

It’s worth to introduce the Athermal AWG as case study since
the experimental analysis conducted in the next chapters, were done
employing a temperature insensitive AWG. In SoS-based AWGs, the
relation between center wavelength and temperature is

dA (2.12)
—_— = —2
IT 1.2107“nm/K

which can also be written as dv/dT = —1.5GHz/K in terms of
frequency at 1550nm. This number is determined by the temperature

.. . . . J . . dn
variation of the refractive index in the silica glass which is—— =

1.1107°K~1. In typical applications, AWGs are stabilized with
temperature control (e.g., Peltier element) but the control adds
additional circuitry, hence complexity, at the system. The idea is to
avoid the extra effort employing athermal AWG exhibiting flat filter
response over a temperature range of 0-85°C. The realization of an
athermal AWG relies on the substitution of a standard waveguides
section with waveguides made of negative dn/dt material in order to
compensate the total temperature dependence [97]. A material usually

employed for this purpose is silicon which is characterized by Z—’; =
—37 10~°K 1. With this high number, only the 3% of silica waveguide
path has to be replaced by silicon. Due to the scattering interface

between silica and silicon. the insertion loss get raised by 2dB which
can be reduced at 0.4dB by segmenting a trapezoidal silicon region into
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multiple groove regions [98]. Polymer are utilized as well for the
compensation of temperature-induced variation, while other
approaches based on tracking the AWG focal points are presented [99]—
[101].

2.2 AWG-Based Interrogation Technique

Due to its intrinsic characteristics, the AWGs seems to be the
right choice, during the design of an interrogation system, to have a
fully passive, without movable part and solid optical circuit for the
wavelength detection of the FOS. As mentioned before, the AWG
exhibits a Gaussian spectrum at the output channels, with the possibility
to discriminate the sensor wavelength just monitoring the right channel
which is related to a certain central wavelength. The AWG is able to
discretize a spectrum and easily reveals what is the wavelength position
of the sensor under test. Thanks to this kind of working principle, this
device is not only employable as demultiplexer in telecom environment,
but it is more and more used for sophisticated solution in the field of
wavelength detection, not only for FBG sensors, but for every FOS
whose spectrum is contained within that of the AWG. In this paragraph
many solutions are reported, focusing on the AWG-based interrogation
system for FBG sensors, with the aim to give an introduction to the
analysis conducted in this thesis.

2.2.1 Extrinsic Fabry-Perot Interferometer Sensor
Interrogation

One of the first papers employing AWG as key device for the
interrogation of FOS was published in 2002 by P.Niewczas [102]. A
solid-state interrogation system based on a 16-channel AWG was used
as a spectrometer to detect the back reflected light from the sensor
which, in this case, is an Extrinsic Fabry-Perot Interferometer (EFPI).
The measurement points are then fitted reconstructing the original
spectrum of the sensor.
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Figure 2.6: Block diagram of the EFPI-AWG interrogation system.

The proposed concept is depicted in Figure 2.6 and is composed
by: a Super Luminescent Diode (SLD) as source; the FPI sensor; an
optical circulator and the AWG connected to a photodetector array and
a data acquisition board. Knowing the expression of the EFPI
reflectance, it is possible to calculate the optical power detected by
means of the single photodetector at the generic monitored AWG output
channel by integrating the AWG transmittance with the sensor
reflectance and the source spectrum. Through the data acquisition
preceded by a calibration procedure, a linear sensor response was
acquired, validating also numerical simulations.

2.2.2 Space-to-Wavelength Mapping with AWG for
Wavelength Detection

In a more recent work published by H. Guo in [103], [104] a
novel technique for the FBG interrogation is presented. The technique
is based on a space-to-wavelength mapping employing an AWG device
by controlling the beam position along the AWG with a piezoelectric
motor. The experimental setup is shown in Figure 2.7 can be described



Chapter 2: Arrayved Waveguide Grating 45

Circulator

—_—
— FOS

EDFA |———

Piezo Mgtor & Mounted
Fiber Sleeve

BBS

AWG
IRIRRRERNANNNR

Photodiode
Array
LT LT
Servo Control
Data Processing [+«
TEC Controller

Actuator Signal

Joeapaay uonisod

TEC Signal

Figure 2.7: Setup of the interrogation technique proposed in [104] based on a
space-to-wavelength mapping employing a piezo motor and an AWG device.

as follows: a BBS generating the light beam, amplified with an EDFA,
propagates towards the FBG by means of an optical circulator. The
circulator output is mounted on top of a closed-loop piezo motor pre-
aligned with the input coupler of the AWG with the help of a
positioning stage. A capacitive position encoder is embedded into the
close-loop piezo motor to get information about the position feedback,
when the motor moves horizontally driving the fiber tail and scanning
the input coupler. With a position feedback, the piezo motor is set to
reach the specified position. A thermal electrical cooler is also
employed to mitigate the AWG temperature dependence. The output
channel provides to the photodetector array a signal which can be
manipulated via software to measure the Bragg wavelength shifting at
a maximum speed of 16kHz. The proposed technique needs no
additional wavelength reference and has a high potential to be
competitive on the market since is easy to miniaturize it in a light and
cost-efficient system.
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Figure 2.8: AWG-based interrogation system using a tunable temperature control.

2.2.3 AWG Temperature Tuning for FBG Interrogation

In a study presented by W. WU [105], the temperature
dependence affecting AWG devices is used as modulator for the
interrogation of FBG sensors. As widely discussed in this chapter, the
AWG center wavelength increases monotonically with the silica
waveguide temperature. This means that, tuning the device
temperature, is possible to change opportunely the AWG center
wavelength. With the proper schematic depicted in Figure 2.8 it is
possible, designing an FBG array with each response peak close or
equal to those of AWG output channel, to measure the Bragg
wavelength shifting by using the wavelength tunability. The
interrogation technique is based on the spectrum overlapping: if at a
temperature T1 the peak wavelength of the generic output channel does
not overlap the FBG spectrum, the optical power detected at the output
channel will be low. If the AWG temperature raises, the peak
wavelength of the monitored channel shifts towards the FBG
wavelength until, a certain temperature T2, the two spectra perfectly
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overlap obtaining the maximum optical power in output. From
experimental analysis the technique is promising and may obtain a
resolution in the pm range. The number of FBG under interrogation
depends on the AWG characteristics.

2.2.4 Output Power Ratio Interrogation Algorithm

On the same line of the work reported in section 2.2.1, in
literature are present few works [106]-[108] in which an algorithm is
used for the Bragg wavelength detection. The algorithm is based on an
analytical approach of the devices composing the system which is very
light, employing only passive and rough devices: a SLED source, an
optical circulator, an FBG array and the AWG connected to the
electrical/digital section (Figure 2.9).

Since the FBG has a Gaussian spectrum, as well as the output
channels composing the AWG device, the output optical power is given
by the integration within the generic AWG output channel spectrum
between FBG reflectance and the AWG output channel transmittance.
The integral argument is, hence, the multiplication of two Gaussian
functions, which is another Gaussian function of the two originals. The
resultant Gaussian function get maximum if the Bragg wavelength is
positioned at the peak wavelength of the related output channel and get
minimum if the Bragg wavelength is far away. Taking into account the
same function relative to the adjacent channel, is possible to combine
the optical power of the two adjacent output channels, called
interrogation function, and calculate the Bragg wavelength in linear
dependence with it.

As illustrated in [106], when the Bragg wavelength is exactly at
the middle between two AWG output channels, the interrogation
function get null. Increasing or decreasing in function of the FBG
shifting. The dynamic range of interrogation is given by the AWG
channel spacing and it is clear that, to get the maximum possible, the
FBG interrogated has to lie where the interrogation function is zero. If
an AWG has a channel spacing of 800pm, the maximum achievable
dynamic range is 400pm (400pm if Bragg wavelength increase and
other 400 if decreases). It’s clear that the AWG channel spacing
imposes a certain dynamic range while the AWG bandwidth is related
to the sensitivity, as reported in [108].
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Figure 2.9:Schematic of an AWG-based interrogation system for FBG sensors
employing adjacent channels power ratio algorithm.

The interrogation function has a slope depending on the AWG channel
bandwidth: the lower is the AWG channel bandwidth value, the higher
is the sensitivity of the system. By what just written it appears as a trade-
off between the dynamic range and the system sensitivity exists, that
will be well explained in chapter 3. In another work reported in [110],
[111] a multichannel algorithm may be employed with a lower AWG
channel bandwidth to overcome the aforementioned trade-off and get
higher sensitivity.

The theoretical approach is based on many assumptions which
are very difficult to meet in the real cases: the Gaussian spectrum about
AWG and FBG is an example. In the real scenario, the devices are not
perfectly Gaussian and the AWG parameters are not equal for every
output channel.

As will be shown in the next chapter, many non-ideality errors
affect the result of this interrogation system, further decreasing the
dynamic range (due to non-linearity effect) and increasing the
measurement error. In [109], [112] a look-up table approach, to increase
the measurement accuracy, and also a performance analysis with
simulations on measurement process are presented; while in [113] it is
illustrated a method to increase the capability of FBG interrogated with
a single AWG-based interrogation system.

The strength of the algorithm is that the ratio between the optical
power of two adjacent output channels totally neglects every loss
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affecting the system: source fluctuation, attenuation by connectors,
noises and so on. The system presents many features that can be further
improved in order to design an interrogator which is attractive on the
market, being low cost, highly maintainable, reliable (all passive
devices are employed), without control signal or movable part. In the
next chapter a detailed section on the algorithm will be dedicated, as
well as numerical and experimental analysis, from the optical and
electrical point of view, on a proposed technique to overcome the
limitation of the interrogation technique and exploit the main
characteristics of the AWG to get an interrogation concept performing
a high frequency wavelength detection with a multichannel algorithm
approach.
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Chapter 3: High Speed Multichannel
AWG-based Interrogator

The advancement in technology is based on different physical
phenomena that are possible to monitor due to specific sensors. Among
a large number of different technologies, in the last decades, the
research is focusing more and more on Fiber Optic Sensors technology
(FOS). Particularly on Fiber Bragg Grating sensors (FBG) which, as
already discussed in chapter 1, work as an optical filter with a Gaussian
reflectance characterized by a central wavelength called Bragg
wavelength [14], [16], [114] which changes with temperature or strain
variation. As passive and dielectric they are characterized by
electromagnetic immunity that, together with other advantages, make
them very suitable in a wide range of environments where other kind of
sensors cannot be employed.

At the state of art, since the FBG is small and with the possibility
to have plenty of sensors on the same optical fiber, many studies are
reported in the field of Structure Health Monitoring (SHM) [115]-[118]
for example the vibration monitoring of high building or bridges to
name a few. In a more recent work [119] some FBG were used in
microsurgery field since the material from which they are made is
biocompatibility and there is no presence of electrical current flowing
through the sensor (passive element). The key strength of this sensor is
the possibility to manipulate the temperature and strain dependence to
many other physical quantities. Manipulating the fiber coating and with
a calibration fit it is possible to employ a simple FBG as a humidity
sensor [120], for radiation monitoring [121] and for cryogenic
measurements in superconducting accelerators [122]. It’s worth to
name other important work in the field of high energy physics: where
other kind of sensors may result invasive, or exhibiting low reliability
and sensitivity, the employment of FBG seems to be the right choice
[123]-[125]. As already said a FBG sensor can be installed in
environments with harsh boundary condition and/or hard to reach for
other kind of sensors, this is possible since the interrogation system is
installed in a safe place also very far to the sensor section (up to
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kilometers). The interrogation apparatus, actually, is the true fulcrum of
a monitoring system based on FOS technology: the system sensitivity,
speed, reliability and the robustness as well are characteristics about the
optoelectronic circuit interrogating one or multiplexed FOS. An
interrogation system is, usually, composed by a light source, passive
elements for the irradiation of the signal, one or more optical devices
for the reflected wavelength discrimination, an electrical section for the
acquisition and an algorithm for the manipulation of data. The light
source can be a broadband spectrum or a tunable laser. In this latter case
the light source is modulated in time leading to change in in wavelength
and the detection algorithm is based on the span time when the
wavelength reflection occurs. This kind of interrogation has high
accuracy but also a higher cost, with a limit on the speed (best
performances on static measurement).

In a lot of works [126]-[129] many changes in either the
optoelectronic section or the detection algorithm were conducted, in
some cases employing filter which needs a control signal limiting the
speed and the robustness. Among the innovations, the Arrayed
Waveguide Device (AWG) seems to well substitute any kind of active
optical filter leading to have better performances. The AWG is mainly
produced for fiber optic telecommunication since it offers an important
Dense Wavelength Division Demultiplexing (DWDM) increasing the
communication system capacity. Furthermore, with specific fabrication
techniques, it is possible to achieve a device completely insensitive to
the temperature variation (Athermal AWGs) avoiding the usage of
external temperature controller [101]. As written in the previous
chapter, the working principle is to split an incoming light into its
constituent colors playing the role of an integrated prism and can be
employed as filter in an interrogation system since it is a robust and
reliable device, detecting the FOS central wavelength if contained
within its spectrum. Since it is passive, it is possible to increase the
operation frequency of the designed system, which will be dependent
only on the electronics and the data processing employed, allowing the
monitoring of physical phenomena in the range of MHz with a
competitive price on the market. Many papers were published on the
AWG-based interrogation system[105]—-[108], [130], [131] that, in a
way or another, highlight the disadvantages of employing this device:
the FOS (the FBG in these case studies) has to
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Figure 3.1: Wavelength detection system in function of application field and
variation of the physical phenomenon.

be positioned exactly in the midway between two adjacent channels to
have the best dynamic range available. In this paper a new multichannel
algorithm is presented, overcoming the abovementioned disadvantage,
with the aim to have a modular dynamic range for the AWG-based
interrogation system and with an electrical component working in the
order of MHz. The details of this work, with some experimental results,
are descripted within this chapter.

3.1 Analytical Approach

The proposed concept depicted in Figure 3.1 can be described as
follows: a broadband source (BBS) generates a light propagating
towards one or more FBG by means of a circulator. The FBG works as
an optical filter, reflecting a little part of the light propagating towards
it while the remaining part is transmitted without losses. Thus, the
reflected signals, containing information about the physical quantities
to detect, propagate towards the AWG device with the task to be
separated in many output channels depending on the correlated
wavelength. Each output channel is connected to an electrical module
converting the optical power to a voltage which is then acquired by a
digital board and processed with a detection algorithm.
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Figure 3.2: Schematic of the proposed concept.

3.1.1 Interrogation Algorithm

In In this case study here considered, the FOS is an apodized FBG
(without side lobes) which can be modeled, Reflectance spectrum, with
a Gaussian shape (considering the background noise and other minor
effects to be negligible) with order n as follows:

(- Ab)z]"l (3.1

2
2¢;

B(X) = byexp [— [

where b, is the FBG peak reflectance, A, is the central Bragg
wavelength while cZ is linked to the bandwidth (Full Width at Half
Maximum) as follows:

FWHM = 2VJ2In2 ¢ 3.2)

The AWG Transmittance of the generic output channel m can
be described with a Gaussian shape of order p as well and, as the
previous case, the background noise can be considered as negligible:
(A= Aan)’] (33)

2
2¢én

Am(/D = AQom€Xp [_

where ag,, is the AWG peak transmittance about the generic output
channel m, A,,, is the central wavelength of the same output channel
while cZ,, is linked to the bandwidth (FWHM) as before.
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The output voltage is produced by the generic m output channel.
acquired by the electrical module characterized by a certain gain and
containing a photodetector with a certain Responsivity. Furthermore, it
is the integration in the whole AWG output channel spectrum, in which
the BBS signal can be defined as constant in wavelength since its
spectrum is much wider than the AWG output channel one:

Vi (1) ) (3.4)
= Agmbom RG S f dlexp[ @- Ab) Xp [_ [M }

f 2¢2,
where R is the photodiode responsivity, G is the transimpedance
amplifier gain and S is the optical power irradiated by the BBS. The
result follows approximating the Gaussian with order 1:

Vm(lb) — aOmbOm RGS Cambo\/E x [ |:(Ab - am) ]] (35)
\/Z\/ (Cf +cZn) Z(Cb + C&m)

- oo |- [ % I

which is depending on 4.
Considering two adjacent output channels with a voltage V; and
V, is defined the interrogation function:

Vi/Ci = V5/C, (3.6)
Vi/Ci+V5/C,

2 2
exp [_ [(Ab ~ A) ] ] e [_ [(Ab = jaz) ] ]
= 2 2
exp [_ [(Ab ~ A) ] ] +exp [_ [(Ab ~ A) ] ]
[_ [(Ab - Aal)z] ] _ [_ [(Ab — Aazf] ]
24, 24,

2

F, =

= tanh

which means:
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_N/G-V/G 3.7)
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since ideally the bandwidth of each output channel are 4; and 4, we
can approximate it by their average 4., = (4, + 4,) /2.
The equation becomes:

_ V16, =V, — tanh 225 (A1 = Aa2) + (A2 — A21) (3.8)
27y, + V.0, 40,

where 4, is:

_ atanh[F;,] 24,

o _ atanh(Fy,] 24, (3.9)
b ()Lal - )LaZ)

+ (Aal + /1(12)1/2

The eq. (3.9) can be used for the Bragg wavelength detection only when
the FBG spectrum lies within the AWG window composed by channel
1 and channel 2. If the FBG exhibits a wavelength shifting along more
than two adjacent channels, the eq. (3.9) has to be modified in order to
take into account terms about other windows. A method to match the
Bragg wavelength calculated in the window 1 (channel 1 and 2) with
the one calculated in window 2 (channel 2 and 3) is given by the
following summation:

Vi€iv1 = Vita G
ViCiyq + Vi+1Ci] 2hiin
(Aai - Aai+1)

(3.10)

num channels atanh [

Ab =
i=1
num channels

O+ 2 D12 Wea b/ D Wi

i

1l
[y

3.1.2 Algorithm Consideration

It is seen from equation (3.8) that the interrogation function
vanishes when A5 is in the midway between two adjacent channels;
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furthermore, Ay is in a form as Az = Fa + f, in linear relationship
with the interrogation function F, allowing an easy detection of the FBG
wavelength.

Due to the aforementioned linear dependance, the sensitivity of
the wavelength interrogation is given by the trend of F against A (shown
in Figure 3.3). The slope can be determined through the term a, which
depends on the inverse of the term A, ;,, as it is shown in eq. (3.10). The
term A;;, is function of the AWG and the FBG bandwidth since it is
directly linked to AZ%; + A%;;. This means that increasing the AWG
bandwidth, the dynamic range of interrogation will increase, but the
measurement sensitivity will decrease. A trade-off between sensibility
and dynamic range is present. This is shown in Figure 3.3 where the Ap
is changing between 1552.6 and 1553.4 nm, completely inside the
window 1 between AWG channel 1 and 2 with a frequency spacing of
0.8 nm. It is shown that the F;, is null at 1553 nm, that is exactly the
middle frequency between the two channels. One of the key strengths
of this interrogation system is that the aforementioned trade-off does
not affect the wavelength detection: the interrogation function can be
extended ideally along the whole AWG spectrum, which means that for
a low AWG channel bandwidth value, thus increasing the sensibility,
the dynamic range can be increased employing more channels. The
FBG wavelength is not limited within one window between two
adjacent channels, but it can also shift into other channels. The detection
is performed due to an iterative algorithm of the interrogation function.
Furthermore, losses due to connectors, noise due to devices and other
parameters that can affect the measurement are avoided.



Chapter 3: High Speed Multichannel AWG-based Interrogator 57

20 - —— Al = 0.1 .

Interrogation Function
o
T

1551.8 1552.0 1552.2 1552.4 1552.6
Interrogated Bragg wavelength [nm]

Figure 3.3: Interrogation function variation versus FBG wavelength for different
AWG channel bandwidth values.

3.1.3 Analytical Validation

With the aim to confirm the interrogation algorithm and
understand which parameter may affect the system, a validation through
MATLAB software was led. As depicted in Figure 3.4, a linear Bragg
wavelength shifting was assumed within two AWG windows: the
window 1 between channel 1 and 2; the window 2 between channel 2
and 3. The AWG was assumed with a frequency spacing of 0.8nm and
a channel FWHM of 0.6nm while the FBG is characterized by 0.2nm
of bandwidth. By a first analysis, assuming FBG reflectance and AWG
transmittance with a Gaussian spectrum of order 1, the calculated
voltage output is Gaussian as well (Figure 3.5).

The interrogated Bragg wavelength obtained from simulation is
shown in Figure 3.6 in which an interesting result is also depicted: if
the AWG channel bandwidth is equal for each of the three channels, the
Bragg wavelength shifting matches with the interrogated one (with a
mean error value ideally null); if a discrepancy between the channel
FWHM exists, the interrogated Bragg wavelength exhibits a different
trend than the original one.
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Figure 3.4: Bragg wavelength linear shifting among three ideal AWG output
channels, between two windows.
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In Figure 3.6 a green shape with a discrepancy of +50pm (Acyq =
0.6,Acpyp, = 0.55,Acy3 = 0.65) and an orange shape with a
discrepancy of +100pm (Acyq = 0.6,Acy, = 0.5,Acys = 0.7) are
depicted. The mean error between the interrogated wavelength by the
algorithm and the original linear shifted is about 11pm for the +50pm
and about 26pm for the +100pm. This analysis was mandatory to do
since in equation (3.7) the FWHM of AWG channels was assumed to
be ideally equal. Apparently, a measurement error exists and is
proportional to the bandwidth discrepancy among the AWG channels.

A second analysis was conducted on the assumption of Gaussian
spectrum for the AWG transmittance. In Figure 3.6 it is represented the
calculated output voltage for an AWG and an FBG modeled with a
Gaussian filter with an order of 1.2. Although the output spectrum
seems to be very close to the order 1, in Figure 3.7 the interrogated
Bragg wavelength is shown: without any bandwidth discrepancy (in
black) and with the two discrepancies of the case mentioned before
(green and orange).
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Even without discrepancy the interrogated wavelength is far away to be
linear as the original wavelength shifting and a lot worse combining the
discrepancy. From this study it appears that the intrinsic characteristics
of the AWG which will be employed for the experimental analysis plays
a key role for the measurement error of the final system. While
parameters such as: AWG ripple, crosstalk and insertion loss are not
affecting the system, the FWHM and the Gaussian model have to be as
close as possible to the one of the ideal AWG to get a more performant
interrogation.

3.2 Numerical Simulation

Numerical simulations were performed using specific software
that handle easily optical and electrical system including noise and
fluctuations that are avoided in the theoretical model, to express the
results as real as possible. The aim was to validate the analytical
approach of the interrogation system, extending the wavelength
detection along three AWG output channel, simulating devices with
real parameters. The design of an electrical circuit for the conversion of
the optical power from the generic AWG output channel is
demonstrated as well.

3.2.1 Optical Simulation

The study was performed with the software Optisystem, which is
able to simulate both optical and electronic devices constituting the
system under development. The software contains a variety of optical
devices including the AWG and FBG. This latter has also the possibility
to be modified in terms of apodization and chirping.

The schematic simulated shown in Figure 3.9 is composed from:

- A light source which is a LED with a power of 22mW, peak
wavelength of 1555nm, bandwidth of 60nm and a flat spectrum
extended for the whole AWG spectrum (Figure 3.10).

- An optical circulator with an insertion loss of 0.7db per path.
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Figure Errore. Per applicare 0 al testo da visualizzare in questo punto, utilizzare
la scheda Home.9: Schematic block of the simulated system with the software
Optisystem.

An FBG performing a linear shape in 25 points, shifting its Bragg
wavelength from the maximum of AWG channel 1 to

the maximum of AWG channel 3. The spectrum is apodized,
without side lobes and with a Gaussian trend; the reflectivity
is over 90%, simulating an FBG of a length of 1cm and a
FWHM of 150pm (Figure 3.11).
An AWG 1x3 in demultiplexer mode with a channel spacing of
0.8nm, a channel bandwidth of 0.6nm, a starting frequency
(channel 1 peak) of 1551.8 and an insertion loss of 5dB. The filter
type is first order Gaussian.



Chapter 3: High Speed Multichannel AWG-based Interrogator 63

Power (dBm)
-40

-50

-60

153 1.55 1.57 159
Wavelength (m)
Figure 3.10: Broadband source spectrum.

-SP -20

Power (dBm)
'4|U

-50
L

-60

o
~

v v v v LR ll'.“,*. Vo .‘I'.' v v — O o
1546 1548y  155p 1552y 1554 1556
Wavelength (m)
Figure 3.11: Back reflected signal spectrum from the FBG.



64 Vincenzo Romano Marrazzo

10.0p - : . . .

= Output CH1

S 8ouf  ——Output CH2 .

g —— Qutput CH3

[o]

o

. 6.0y -

[oX

5

O

3 4opf i

©

3

£

@ oopf 4
0.0 '

1552.0 1552.5 1553.0 1553.5
Wavelength [nm]
Figure3.12: AWG output power by numerical simulation.

15536 T T T T H T H T
T = Interrogated Wavelength
E 15532 Original Wavelength |
£
[9)]
c
Qo
@ 15528+ .
o
=
pe]
Q
& 15524 | .
=
L
k=
1552.0 -
1 " 1 " 1 " 1

1552.0 1552.4 1552.8 1553.2 1553.6

Bragg wavelength shifting [nm]
Figure 3.13: Interrogated wavelength performed by the proposed algorithm with
simulated power.



Chapter 3: High Speed Multichannel AWG-based Interrogator 65

0.06 Y T Y T y T Y T

0.04 - =

0.02 - .

0.00 - -

-0.02 |+ -

Measurement Error [nm]

-0.04 4

-0.06 . 1 . ] ) 1 . 1 .
1552.0 1552.4 1552.8 1553.2 1553.6

Bragg Wavelength shifting [nm]

Figure 3.14: Measurement error between the original Bragg wavelength shifting
and the interrogated one through numerical simulation.

In Figure 3.12 the output power by AWG channels is
represented. The spectrum is very noisy due to the high ripple of the
light source and the FBG reflectance which is not apodized at 100%.
Nevertheless, as depicted in Figure 3.13, the interrogated wavelength,
calculated with the proposed algorithm, is quite close to the original
Bragg wavelength shifting. This demonstrates the peculiarity of the
proposed concept which rejects the fluctuations: the source ripple does
not affect the measurement. In Figure 3.14 the error value is shown:
from a maximum of 6pm to a minimum of 0, this error is given by the
FBG whose spectrum is not perfectly Gaussian. However, the mean
error value is in the sub-picometer order. From the optical point of view,
the numerical simulations gives an encouraging result confirming the
theoretical aspects.

3.2.2 Electrical Simulation

As shown in the previous analysis, the Arrayed Waveguide
Grating is definitely the most important device in the interrogation
system: from its characteristics, the sensitivity and reliability of the
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interrogator are defined. The proposed system is also composed of an
electrical part which has the task to convert the information stored in an
optical signal, to an electrical one and cannot be ignored for the correct
working of the whole interrogator. For this reason, electrical
consideration must be done as well.

The design begins by modeling the photodiode and the way to use
it: for this application, in which the aim is to design a circuit working
at about 5 MHz, the speed and so the photoconductive mode is
necessary. In Photoconductive mode the photodiode is biased (typically
with -5 V or, for simplicity, with the negative bias of the operational
amplifier), this increases the dark current but reducing the parasitic
capacitance and, thus, increasing speed and responsivity (SCR zone
wider, hence more photons absorbed). The photodiode chosen is made
of InGaAs material in order to absorb photons in C band (1550 nm),
with these characteristics:

- 2 GHz response;

- 20 pA dark current at -5 V;

- 0.95 A/W responsivity at -5 V;

- 1 pF parasitic capacitance at -5 V.

- 3 x 10" WA/Hz Noise Equivalent Power.

These values are needed to simulate the photodiode in the circuit
analysis that follows. Due to the parasitic capacitance, photodiodes
provide an output current at high impedance (high at DC). If this current
flows into a resistor to generate a voltage, two problems will come: if
high gain is needed, a large resistor is needed as well reducing the
response, hence increasing time-constant; with a small resistor, the gain
is lower, increasing the speed, but the signal to noise ratio (SNR) might
be unacceptable. The solution is to feed the photodiode’s output current
into the summing point of a transimpedance amplifier. Now the
response time is independent from the photodiode parasitic capacitance,
allowing to use large resistor for high gain and improving SNR too. The
two stages (depicted in Figure 3.15) include a first transimpedance
amplifier in inverting configuration for current to voltage conversion,
then a RC filter and a buffer to decouple the device downstream. The
gain is directly determined by Rfeedback. The instability, that could
also affect a simple configuration of an operational amplifier if the
delay created by amplifier’s input capacitance reacts with the feedback
resistance, may represent an issue. This can be avoided moving the pole
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Figure 3.15: Schematic of the electronic section conditioning the signal coming
from AWG channel to interrogate a single FBG.
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Figure 3.16: Noise density simulation of the electronic section.

created at higher frequency or deleting it with a zero. The best solution
is to connect a feedback capacitor Cfeedback in parallel with Rfeedback
limiting the frequency response and avoiding gain peaking that can lead
to overshooting. In Figure 3.16-19 some analyses follow: noise density
simulation, Bode diagram, stability simulation and a pulse response to
show the characteristics of the designed circuit. The operational
amplifier chosen is the LTC6244HV by Analog Devices, with a low
bias current (1pA), low input capacitance (2.1pF) and with a high Gain
Bandwidth Product (GBP) (50MHz). The gain was chosen to be 33k
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Figure 3.17: Bode diagram of the electronic circuitry. The 3-dB bandwidth is about

5.5MHz.

since the output power expected is in the order of few micro watt (in
the case of FBG with 0.2nm FWHM), a maximum voltage of about 1V
is far away from the noise level and is well enough for the algorithm
process. The feedback capacitance is of 2.4pF, which gives a right
balance between the 3-dB bandwidth (from the Bode diagram 5.5MHz)
and the stability given by the pulse response (exhibiting an
overshooting of 1%) and the margin calculation. The margin stability
analysis states a phase margin of 58° and a gain margin of 1.6dB.
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Figure 3.18: Stability analysis through phase and gain margin calculation.
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3.3 Experimental Results

For the experimental measurements, an AWG was employed
(the characteristics are well described in the appendix section). The first
analysis has the aim to validate the theoretical and numerical
simulations, investigating the AWG spectrum and the limits of the
interrogation algorithm.

3.3.1 Real Devices Spectrum Analyses

The detection algorithm presented in paragraph 3.1.1 is based
on some ideal hypotheses which may not be fully satisfied in the actual
situation. An example is given by the AWG and FBG employed for a
first experimental analysis: in Figure 3.20 the whole AWG spectrum is
shown with the superposition (in red) with an apodized FBG
characterized by 180pm of FWHM. The declared (by the manufacturer)
channel spacing is 0.8nm while the channel bandwidth is 0.6nm. For
the tests and elaborations, a first order Gaussian was used to model the
single AWG channel Transmittance spectrum, instead of a second order
which, as it is depicted in Figure 3.21, seems to be closer to real. The
same in Figure 3.22 for the FBG. Theoretically, this may lead to an
accuracy decrease. with a flat response when the Bragg wavelength is
crossing from a window to another. The conceptual problem mentioned
above are related to FBG characterized with very narrow bandwidth
with respect to the AWG channel. From a spectral point of view, it
happens because of the FBG reflectance, positioned on the channel
peak, that is so narrow to not integrate the transmittance of adjacent
channel. This consideration involves a lower limit for the bandwidth of
FBG that can be interrogated while the upper limit is given by the AWG
channel one.

From (3.9) it seems that it is possible to increase the sensitivity
of the system choosing an AWG device with the right bandwidth (lower
bandwidth means higher accuracy). At the state-of-art, this trade-off
leads to a significant decrease of the dynamic range. With the proposed
multichannel algorithm, it is possible to employ an AWG with lower
bandwidth value without loss in terms of dynamic range since it is
possible to use multiple consecutive “windows”.
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3.3.2 Linearization of the Interrogation Function

In a real case, the interrogation system presents some
phenomenon which may affect the wavelength detection: optical noise,
electrical noise and, above all, the non-ideal spectrum of the optical
devices, produce an amount of optical power at the AWG channel
output, overlapped with the FBG signal.

Trying to quantify how this noise can affect a wavelength
detection, a measurement with the FBG illustrated in Figure 3.22
performing a wavelength shifting between two AWG channels
(illustrated in Figure 3.21 in which a comparison between a first and
second order Gaussian fitting is represented) was done. The employed
source is a SLED characterized by 40nm of bandwidth, central
wavelength at 1550nm and an output power of 16mW; the optical
circulator exhibits an insertion loss of 0.7 per path; the photodetectors
utilized are InGaAs photodiode from Throlabs with a gain of 10k
through a simple resistor. The Bragg wavelength was shifted due to
temperature variation by means of a heat plate, between the central peak
of AWG channel 28 and the central peak of AWG channel 27. In Figure
3.23 the output optical power and the relative interrogation function are
showed. This latter is not linear as expected since exhibits a curvature
at the initial and final part of the spectrum due to the non-ideality noise
mentioned above. According to [106] it is possible to measure the non-
ideality noise (with an OSA or a high gain photodiode) and subtract the
obtained value (called linearization factor J) from the AWG channel
optical power monitored. The interrogation function of Figure 3.23b
while changing J is shown in Figure 3.24. The best linearization is given
by subtracting a power of 0.13uW at the output of channel 28 and 27.
The high noise region (highlighted by Figure 3.25) is due to electrical
noise which gives value close to 0, producing high value of the
interrogation function due to the hyperbolic arctangent. The phenomena
get furthermore worse with the subtraction of J. Ad-hoc electronic
circuitry with low noise mitigates the effect as is shown in the next
paragraph.
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3.3.3 Measurements and Results

In this paragraph the results obtained from experimental
measurements led in static and dynamic variations are reported.

- In order to achieve equivalent static experimental
characterizations, temperature solicitation was sensed by using
three FBG having three different FWHM values. The aim of this
experimental analysis is to prove that the interrogation capability
with the proposed system is not depending on the FBG bandwidth.
This peculiarity represents an advantage since, in most of the
employed interrogation systems (e.g., based on tunable laser) the
higher is the FBG bandwidth, the lower is the measurement
accuracy. Furthermore, high-bandwidth FBG are less expensive
and usually show a Gaussian trend of Reflectance closer to the first
order.

- As dynamic experiments, the system was tested by using high
frequency strain stresses and an FBG glued on an Aluminum plate
in order to prove the feasibility. A first vibration test was sensed
in the range of hundreds of Hertz by hitting with the plate, while,
in a further measurement, a pressure signal generated by a
piezoelectric probe, in order to test the interrogation in the MHz
range, was sensed as well. The goal of these experiments was to
prove that with the proposed optical components, in which passive
devices are employed, the proposed concept is able to behave as
the currently used interrogation system, also working in
applications (as the high-frequency detection) in which the well
assessed tunable filter-based interrogators are not suitable due to
the limits on the read-out and numerical elaboration speed.

As reported in section 3.2, the AWG channel spectra are much
better modelled by using a second order Gaussian which, if handled in
a different algorithm, gives a system of equations without presenting
analytical solutions. To overcome this problem, a possible remedy may
be given by a look-up-table approach as in [109], although this latter
involves onerous data processing. In the proposed experimental
analysis, the first order algorithm explained in section 2 was employed,
approximating both AWG Transmittance and FBG Reflectance
spectrum as first order Gaussian. To mitigate and overcome the non-
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Figure 3.26: Illustration of the measurement setup.

ideality error given by the approximation imposed, some

corrections were applied:

* An offset voltage given by the system noise were compensated.

* A furthermore compensation was done subtracting a little
amount of voltage to every analog output which represents the crosstalk
noise among the AWG channels.

* After a proper calibration, a slope correction was done
minimizing the error between the interrogated Bragg wavelength and
the spectrum position in the three well known wavelength values.

3.3.3.1 Temperature Measurements

In these kind of tests, three FBG sensors were interrogated for
during a temperature variation with the aim to calibrate the system and
ensure the sensing reliability for different FBG bandwidth: 230pm,
315pm and 500pm. The setup used is referred to the Figure 3.26: The
FBG sensors were positioned with thermal paste onto a heat plate which
is capable to yield the temperature variation, while the voltage signal
was ac-quired by a DAQ board and processed by means of a GUI
designed ad-hoc for the test. Each of three Bragg wavelength shifts
among 3 AWG channels, in a range of about 1.6nm. In order to verify
the correct functionality of the system, the Bragg wavelength
characterized by 500pm of FWHM was interrogated in the first place
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with a Micron Optics Interrogator (MOI) as reference, then,
successively, with the proposed one with the same temperature shifting.
The Figure 3.27 shows the result in which can be noticed the
wavelength detected by the MOI vs the one obtained by the
interrogation system performing the proposed algorithm. The
agreement between the two approach is validated by the linear behavior
present in the plot. Among many measurements, which were led to
ensure the repeatibility and stability of the system, in the next
subsections three cases (one for each FBG) are reported in which are
depicted the wavelength detected over the 3-channel shifting. Since a
one-to-one correlation between the output voltage level and the AWG
spectrum is present, this information was used as reference value
monitoring the interrogated wavelength value on the maximum of each
AWG channel.

e For the 230pm FBG, AWG channels 35, 34 and 33 were
employed (the equivalent peak wavelength is
1549.315nm, 1550.116nm and 1550.918nm for each
channel). In order to ensure a linear variation among the
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interested channels, the initial transient given by the heat
plate was avoided. This was done cooling the FBG in
such a way that the Bragg wavelength was positioned
before the channel 35 peak, allowing the transient to take
place within the window 36-35.The Bragg wavelength
position relative to the starting temperature was checked
with the MOI system. The validation of the measurement,
as well as the error, was calculated subtracting the
interrogated FBG wavelength value in the mentioned
wavelength points, which are known from the AWG
channels spectra. In figure 3.28 it is shown the result: the
interrogated Bragg wavelength matches optimally the
AWG spectrum, exhibiting an error in the sub-picometer
range at the AWG channels peak. It can be noted a narrow
region (circled in magenta) with a change in the slope,
which is given by the transition between the windows 35-
34 and 34-33. This unwanted alteration is caused by the
first order Gaussian approximation, as described in
section 3.3.1.
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Figure 3.28: Interrogation of a 230pm bandwidth FBG among AWG channel 35,

34 and 33.
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For the 315pm FBG, AWG channels 28, 27 and 26 were
employed (the peak wavelength is 1554.940nm,
1555.747nm and 1556.555nm). The FBG wavelength
was positioned before the channel 28 peak, to ensure a
linear variation among the interested spectrum (ch28-
26). Again, the Bragg wavelength position relative to
the starting temperature was checked with the MOI
system. As in the previous case, the validation of the
measurement was checked subtracting the interrogated
FBG wavelength value in the mentioned wave-length
points, which are known from the AWG channels
spectra. The resulting plot is shown in figure 3.29: also
in this case, the error is in the sub-picometer range at
the AWG channels peak and a narrow region (circled in
magenta) with a change in the slope is present, which is
given by the transition between the windows 28-27 and
27-26.
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Figure 3.29: Interrogation of a 315pm bandwidth FBG among AWG channel 28,

27 and 26.
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Figure 3.30: Interrogation of a 500pm bandwidth FBG among AWG channel 34,
33 and 32.

e Forthe 500pm FBG, AWG channel 34, 33 and 32 were
employed (the peak wavelength is 1550.116nm,
1550.918nm and 1551.721nm). The FBG wavelength
was positioned and measured as the previous case, as
well as the validation of the measurement. The result is
shown in Figure 3.30: here, the slope variation (circled
in magenta) given by the transition between the
windows 34-33 and 33-32 is less pronounced due to the
wider FWHM of the FBG under test, exhibiting a
convolution with the AWG channels spectra closer to a
first order Gaussian. As before, the measurement error
changes among the sub-picometer value over the
Gaussian peaks.

3.3.3.2 Strain Measurement

To test the calibrated algorithm in a non-quasi static wavelength
variation, a strain measurement in the hundreds of Hz range was done.
The AWG channels employed are the ch 35 and ch 33. The FBG was
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Figure 3.31: Bragg wavelength interrogated during a strain measurement (a), with
the relative FFT (b).

pre-strained in the window 35-34 with the possibility to sense both
elongation and compression. The test was conducted by hitting a metal
plate of 4mm thickness where the 230pm FWHM FBG sensor was
glued on. The result is shown in Figure 3.31 in which is represented the
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Bragg wavelength variation in time domain (Fig. 3.31a) during the
vibration phenomenon, and the corresponding frequency analysis by
means of a Fast Fourier Transform (FFT) in Figure 3.31b.

3.3.33 High-Speed Measurement

To investigate the capability to sense a physical phenomenon
whose variation is in the order of Mhz, a high-speed measurement was
conducted as well. The vibration was generated by an ultrasound probe
(Figure 3.32) whose oscillation is in the order of few MHz and is sensed
through the same FBG glued on a metal sheet employed for the previous
case. To check the correct working of the ultrasound probe, an
oscilloscope was connected to it, processing the reflected as illustrated
in Figure 3.33a. In this latter, a spike is showed representing the probe
ignition with a pulse at -70V (that is a typical value for this kind of
probe) generated by an external circuitry, followed by a series of low
intensity vibration. In Figure 3.33b the FBG measurement is depicted:
the output voltage of the AWG channel 35 and 34 are represented with
the relative interrogated Bragg wavelength obtained with the detection
algorithm. It’s worth to note the evolution over time is the same for both
electrical and optical behavior, confirming that the vibration sensed by
the FBG are generated via the ultrasound probe.

=

e

®

S SR

B

Figure 3.32: High-speed measurement with an ultrasound probe resting on a metal
sheet with an FBG glued
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Figure 3.33. Ultrasound probe reflected signal measurement, with the highlighted
part obtained resting the probe on the metal sheet (a). Output voltage from the
monitoring of channel 35 and 34, with the interrogated FBG in the middle (b).
Magnified part of the high-speed signal, during the ignition pulse, measured by the
FBG sensor (c). Magnified part of the reflected signal, during the probe resting on
the metal sheet, measured by the FBG sensor (d).
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The vibrations from the metal plate are detected as well. In Figure 3.33¢
a magnified part of the probe ignition is represented, while in Figure
3.33d a magnified part of the vibrations generated by the contact
between the probe and the metal are reported.

3.4 Conclusions

In this chapter the capability to interrogate one or many fiber
optic sensors with a system having a modular dynamic range has been
investigated through a multichannel approach based on Arrayed
Waveguide Grating device. Starting from theoretical study, an
analytical model of the system has been obtained. It has been
demonstrated that the classical 2 channels sensing approach can be
overcome by the multichannel methodology without affecting the
sensitivity of the system but increasing dynamic range. In this work
massive experimental analyses have been conducted with a 40-channels
AWG with 800pm of frequency spacing and 600pm of channel
bandwidth with different kinds of FBG sensors. Discrepancy between
the theoretical model and real characteristic of optical devices has been
taken into account and have been mitigated opportunely.

Temperature tests have been reported by using three different
FBG sensors characterized by 230, 315 and 500pm of FWHM. All
results have proved the feasibility and the reliability of the system.
Measurements were made in large wavelength variations covering at
least 3 AWG channels.

Strain measurement has been reported to test the system in
dynamic measurement conditions. A 4 mm metal plate, on which the
230pm FWHM bare FBG was glued, was hit by a hammer, causing
mechanical stresses in the range of hundreds of Hz. Moreover, with the
same plate-FBG, a high-frequency measurement has been conducted
sensing the vibration generated by an ultrasound piezoelectric source.
In both situations, the proposed interrogation system has been
successfully used to sense the FBG vibration in the 100Hz and MHz
range, detecting the starting vibration pulse and the low intensity signal
of the piezoelectric source.

The aforementioned experimental analyses have been acquired
with a custom high-speed and low-noise electrical module composed
by a reverse biased photodetector and a double stage transimpedance



Chapter 3: High Speed Multichannel AWG-based Interrogator 87

amplifier and processed by mean of a DAQ board and a GUI. The
electrical section offers a 3dB bandwidth of more than SMhz and, since
the optical section is completely passive without movable parts, this is
the only constrain which limits the speed of the interrogation system.
Obviously, it is also possible to play with the bandwidth-noise trade-off
to increase the equivalent speed inter-rogation performance. Hence,
with the proposed interrogation system, it is possible to overcome the
limits that afflict the state of the art of the AWG-based systems.

In conclusion, the proposed optoelectronic circuit and
elaboration stage, which exhibits a large modular dynamic range that
works up to SMhz with multiplexing capability, constitutes a strong
competitor in the field of Interrogator System for FBG arrays for both
static and dynamic measurements thanks to its stability, robustness and
reliability.
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Chapter4: Full Analog AWG-Based
Safety System

Even if FOS are broadly employed in many applications due to
its advantages, they are up to now not so widely used for the monitoring
of industrial processes [132] and are usually substituted with low
performance but easier to manage sensors, in agreement with industrial
monitoring standards. Furthermore, although FOSs are the perfect
candidate for the monitoring of temperature and strain [133]-[135],
they are not used as sensors in a safety monitoring system. Among
many causes for this slowdown, it is worth to highlight the limits of
state-of-art interrogation systems which are based on digital processing
data making them not so reliable enough to be employed in that kind of
application in which a direct conversion from the physical phenomena
and an electrical signal is needed (e.g. temperature monitoring with PT
sensors). The aforementioned papers, so do a few others in literature,
regard optoelectronic circuit in which a digital section is needed. As
depicted in Figure 4.1, the typical interrogation system for the
monitoring of a physical quantity, uses a FOS with a certain spectrum
that has to match with a filter (AWG, linear or Fabry-Perot) or has to
be detected from a tunable laser. The reflected wavelength by the sensor
has to be converted in an electrical signal and then sampled and
processed with a digital unit. After this series of manipulations, the
output data in form of wavelength shifting is ready to be read and
converted in the related physical quantity. This kind of techniques made
up with a high number of processes for data manipulation, although
perform a high accuracy detection, are not suitable for that
environments in which it is required a data acquisition in a more robust
way. Looking again at Figure 4.1, the concept is free from digital
processing, due to its peculiarity to have a modular electrical section
which can be designed ad-hoc in respect of the sensor under test. The
output data is an analog monotone signal in the range 4-20mA,
compatible with the
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TYPICAL FO5 MONITORING SYSTEM

Physical Quantity Fiber Optic Optical Electrical
to Sense Sensor Detection Detection

Digital
Processing

Sampling

Output Data

PROPOSED FOS MONITORING SYSTEM

Physical Quantity Fiber Optic Optoelectronic 4-20mA

to Sense Sensor Detection conversion

Figure 4.1: Typical interrogation system block chain compared to the proposed
system.

input of a Programmable Logic Controller (PLC). The proposed
optoelectronic system allows to the well-known FOS technology to be
directly and simply embedded into PLC systems and/or a security
related scenario, without the need of A/D and D/A conversions. It has
the potential to turn FOS measurement systems in an alarm system,
where every measurement point is able to be “logically connected” to
an alarm switch which, for example, switches when a threshold is
overcame. The proposed approach can be applied in harsh
environments, always relying on the intrinsic advantages of FOS
technology, but especially in that scenario, e.g. industrial processes,
where the PLC ruggedness is required.

4.1 Operation Principle

The working principle of the proposed system depicted in
Figure 4.2 is as follows: a broadband luminescent source generates a
light signal propagating, through an optical circulator, towards a FOS
(for simplicity one Fiber Bragg Grating sensor is considered) whose
working principle is to reflect a part of it in respect of the spectrally
reflectance shape from which it is characterized. The reflected optical
signal propagates towards the AWG, with a proper spectral
transmittance, filtering the input and letting it propagates towards one
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of the multiples output channels dedicated to the FBG sensor under
exam. The emerging optical signal coming from the single channel is
then handled by a number of Sensing Circuit, composed of a
photodetector and an entirely analog conditioning circuit. This latter is
shown in Figure 4.3 and it is composed by a first stage with a
transimpedance amplifier (TIA) with the aim to transduce the
photogenerated current from the photodetector in a voltage signal; a
variable gain amplifier (VGA) which is needed to restore, in case a
malfunction occurs, the output level; an optical barrier to completely
separate the mentioned devices (sensing part) with the output stage and
avoid possible leakage current which can damage the devices; a last
gain variable stage which has the aim to match the output system with
the PLC input.
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Figure 4.4: Block scheme about the sensing circuit composing the full analog
electronic section.

This latter stage, in case more sensing board are employed for the same
sensor, 1s used as an adder stage which combine the spectrum coming
from AWG channels. The variation of the physical quantity which has
to be monitored by the sensor, produces a wavelength variation of the
optical power which illuminates the AWG. Consequently, the
photodetectors connected to the AWG channels, is sequentially
illuminated allowing an increment of the output current or voltage
(Figure 4.4). Setting a threshold value, in terms of voltage or current, it
is possible to trigger, then, a switch that activates an alarm if the
monitored physical quantity exceeds the safety limits.

The main feature of the proposed system is the fully analog
conditioning circuit which generates an output signal included in a
range between a minimum and a maximum value: the minimum is
always different from the null value, in order to have a check on the
working status; the maximum depends on the switch threshold value.
Moreover, the system is completely modular depending on the type of
FOS, the number of sensors to read simultaneously, the kind of the
physical quantity and the current or voltage threshold.
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4.1.1 Electrical Considerations

To better understand the characteristics of the Sensing Circuit
an electrical analysis was conducted. The photodiode employed is the
same for the circuit designed in chapter 3: an InGaAs technology with
responsivity close to 1. The TIA needed for this application is
completely different from the LTC6244HYV since here the robustness
and reliability are the most important features to obtain, instead of the
high-speed and high gain needed in the previous chapter. The
operational amplifier is the ADA4625 by Analog Devices,
characterized by a GBP of 18MHz, a low noise density of 3.3nv/VHz,
an input current of 15pA and, above all, an output short-circuit current
of 46mA and a supply operation of 36V (+/- 18V). The signal flows
then into a VGA by Texas Instrument (VCA810) which has a GBP of
35MHz, high output current, low input density noise and a limited
voltage input. For this latter reason, the TIA gain is dimensioned with
a low resistor (1 kQ) while the further gain (designed ad-hoc to get an
output signal in the range 4-20mA) is given by the followed stages. Due
to the low feedback resistor, the TIA bandwidth is too wide (few of
MHz as illustrated in Figure 4.5) hence, the system bandwidth is limited
by the optoisolator. It’s worth to note the stability parameters depicted
in Figure 4.6: the phase margin is about 100° indicating a good stability;
the gain margin, calculated as the gain value when phase is 180°,
exhibits a negative value and a positive one, both at very high frequency
(262 and 447MHz as illustrated in Figure 4.6) in respect of the working
frequency of the system (tens of kHz). The positive gain margin may
trigger instability, but it was noted by experimental analysis that this
harmonic does not affect the circuitry.

As written, the bandwidth is limited by the optoisolator which
is the IL300 by Vishay. It works with a LED irradiating the input signal
towards two photodetectors, one in feedback with an amplifier while
the other in output to a second amplifier. With this configuration the
input signal is totally replicated in output without lose in speed and
voltage level. The schematic from the application note [136] illustrated
in Figure 4.7 shows the configuration in photoconductive mode: with
this modality the maximum speed is guaranteed (200kHz) but also a
high noise. In Figure 4.8 it is shown an experimental measurement of a
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Figure 4.5: ADA4625 Bode diagram. With 1k of feedback resistance and 20p of
feedback capacitance the 3-dB bandwidth is over SMHz.

temperature variation monitored with an FBG sensor during the heat-
up and cool-down. Looking at the configuration in Figure 4.9, the
circuitry is in photovoltaic mode: the speed is reduced (40kHz), but the
noise produced by the increment of the photodetectors’ dark noise is
significantly reduced as depicted in Figure 4.10 in which is represented
the same measurement of 4.8. In next paragraph, experimental
measurements are led with the IL300 in photovoltaic mode.
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Figure 4.7: IL300 in photoconductive mode [136]. The photodetectors are reverse
biased producing a speed and noise increment.
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Figure 4.9: IL300 photovoltaic mode configuration [136]. The photodetectors are
not biased, decreasing the dark current, hence the noise.



96 Vincenzo Romano Marrazzo

T T T T T

14 | } :
heat-up Phot‘ovoltalc mode
starting A at 27°C, 1549.95nm
peak at L. = 1550.918nm
Al = 968pm

cool-down

0.8 |

Voltage [V]

06 -

04|

0.2 1 1 1 1 1
0 100 200 300 400

Time [s]

Figure 4.10: Experimental analysis with the IL300 in photovoltaic mode. The
result was obtained from a temperature variation during the heat-up and cool-down
step of an FBG sensor.

4.1.2 The Power Fluctuation Rejection Circuit (PFRC)

The optoelectronic circuit also contains a power fluctuation
rejection circuit (PFRC), whose schematic block is depicted in Figure
4.11, which takes as input a part of the optical signal reflected from the
FOS chain, before the demultiplexer filtering, comparing it with a
reference current and generating, in case of power fluctuations, a
control signal with the aim to compensate this power variations. It is a
full analog subsystem designed to compensate the power fluctuations
which can occur on the Broad Band Spectrum Source (BSS) or the
eventual losses on the optical connectors or within the circulator. All
these events can lead to long-term change in the circuit’s output
characteristic and this is not acceptable since the whole is designed to
be a monitoring system. This technique works out the aforementioned
issues that, involving the decimation of the optical power, lead to a
decrease/increase of the output electrical signal. A little percentage of
the back reflected light from the FOS chain and before the AWG is sent,
through the mean of a photodetector, to a Logarithmic amplifier which
perform a comparison with a reference current that is the expected one
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Figure 4.11: Illustration of the block scheme about the power fluctuation rejection
circuit.

when the system is deployed on the field. The result of the comparison
is a linear output characteristic that increase if the back reflected light
decreases. A such obtained signal is used in combination with some
others algebraic operations to generate a control for a Variable Gain
Amplifier (VGA). The latter one is placed on the sensing circuit at the
output of the TIA to restore the original voltage signal in case of power
losses.
The Logarithmic amplifier output is in the form

I
V = 0.5log <—1) (4.1)
Irgr
the VGA's one, instead, is described by
GVGA = 1()_2(VcontrolVGA+1) (4.2)

where Gygy represents the gain expressed in V/V. The algebraic
operations are needed to produce the right voltage level to let the VGA
behave as intended, e.g. if the source’s current is halved then the control
signal is such that the VGA applies a x2 gain to restore the expected
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numbers represent
the devices and facilities employed during the experimental analysis. The
description follows in the text.

signal’s levels. The voltage reference is used to keep the latter in a
“unity gain” state so, that if no power fluctuations occur, there is no
modification of the TIA output signal.

4.2 Experimental Measurements

In this paragraph some measurements were led to prove the
feasibility and the reliability of the system. Since the system has the aim
to be employed as safety monitoring, a temperature variation was
sensed with a AT of 50°C which is a possible real case scenario that the
proposed system may face when used as fire alarm in industrial
environment, and a AT of 130°C to prove the peculiarity to have a
modular dynamic range. The measurement bank is depicted in Figure
4.12 and the description follows: the AWG (3) employed is a 40 channel
with 0.8nm of frequency spacing and 0.6nm of Full Width at Half
Maximum (FWHM) while a FBG (2) with 0.315nm of FWHM is the
sensor under test with a Bragg Wavelength of 1555nm. The light source
(5) is a SLED with a 20mW output power which contains in a flat
spectrum the whole AWG which goes from 1528 to 1560nm. The
optical circulator (3) is also contained in the AWG spectrum range. The
electronic section was soldered on a matrix board (6) with discrete
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Figure 4.13: The sensng circuit employed, comosing the fullnaog conditioning
circuit, soldered on a PCB.

components as depicted in Figure 4.13 (it is composed by two sensing
circuit). Data were obtained through a DAQ board (9) by National
Instrument connected to a Graphical User Interface (GUI) (10) with
which is possible to change the sampling frequency, see in real time and
store data. A heat plate (1) is also needed and a FBG calibrated (2),
interrogated with a Micron Optics system (11), was positioned close to
the FBG under test with the aim to have a temperature reference. Other
equipment are two DC supply (8) to power the PCB and a function
generator (7) which is needed to gain the sensing circuit with an offset
signal.

4.2.1 1-Channel Measurement

As shown in Figure 4.14, the FBG under test is positioned
between the channel 28 (with central wavelength of 1554.94) and
channel 27 (with central wavelength of 1555.747). Since the optical
output is given by the integration of the superposition between the FBG
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reflectance and the AWG dedicated channel transmittance, since the
measurement consist of a temperature increment, the FBG will shift
between the channel 28 and channel 27 spectrum with the possibility to
use either one channel or the other to follow the output spectrum.

- If the photodetector is positioned on the channel 27 the output
power is given in Figure 4.15 as the blue shape: at the starting
point, for few hundreds of picometers, the superposition between
the FBG and channel 27 gives low power values which is
translated in tens of degrees hard to detect if the noise is high. A
furthermore problem can occur if the temperature raises
experiencing a wavelength shifting over the channel 27 peak: the
output power will start decreasing due to the gaussian shape.

- Ifthe photodetector is connected to channel 28 (Figure 4.16, black
shape) the superposition between the FBG and channel 28 gives
an output spectrum with a high accuracy, furthermore, even if the
temperature raises over the maximum value, the output power
keep going with a constant value. To have an increasing monotone
shape, the curve must be inverted.

The right choice to have an increment of the accuracy and a
constant value over a threshold lead to use the channel 28 in reverse
mode (Figure 4.16) as monitoring channel. The results follow with
many plots in which the system output voltage (related to the
temperature measurement) is considered with a reference temperature
acquired with a calibrated FBG sensor, interrogated with a MOI. In
Figure 4.17 it is shown the experimental result of a temperature
deviation about 50°C which is approximately a shifting of 500pm of the
FBG under test. Since the digital acquisition board takes as input a
voltage, the output is expressed in voltage as well. However, it is
important to note that the system, once the load is given, is able to
generate in output the right current in the range 4-20mA.

As expected, the voltage spectrum is increasingly monotone, in
function of a temperature raise that is almost linear. With this
measurement was proved the feasibility of the system and, furthermore,
the possibility to employ only one AWG channel for the monitoring of
a 500pm Bragg shifting. It was possible to match the output voltage in
function of the temperature deviation with a polynomial fitting as
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shown in Figure 4.18: the goodness of the fitting, expressed with the R-
square, is more than 0.99.
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This information may be used to calibrate the system response
in function of the temperature to measure. As said above (also shown
in Figure 4.18) the output voltage of the channel 28 presents a quasi-
linear region on 400pm. Effectively, in a range of 20°C a linear fitting
matches optimally as in Figure 4.19.

4.2.2 2-Channel Measurement

For this measurement, two AWG channels (27 and 26) were
employed as shown in Figure 4.20. In Figure 4.21 the electrical scheme
is depicted: in this effort two 1-channel board are given as input to an
adder stage to combine the respective shape, obtaining a one output
increasing monotone. Also, in this case the experimental result gives an
increasing monotone spectrum: this result means that is possible to
choose the number of AWG channels to employ in function of the
physical quantity to sense: a monitoring system with a modular
dynamic range. In Figure 4.22 the spectrum is displayed: channel 27 is
fully monitored from the low sensitive area (initial part) to the peak. An
almost flat region follows, then, a high accuracy region given by the
increasing Gaussian shape of channel 26. Even if the transition between
channel 27 and 26 is described by an almost flat region, a good
sampling rate as the one characterizing PLC systems, is able to
appreciate the variation. With a point-by-point calibration
voltage(current)-wavelength the spectrum can be linearized without
losing accuracy in low sensitive regions.
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4.2.3 PFRC Validation

The experimental validation about the PFRC was conducted as
well. The circuit was soldered on a matrix board with discrete
components as depicted in Figure 4.23 and two cases are reported to

show the functionality: in the first one the source’s current is set to its
maximum (500 mA), in the second case the current is set to its half.
Given an input reference voltage signal that consist in a sine wave at 10
Hz with a 30mV peak-to-peak amplitude with a 15mV offset, the VGA
output is showed in Figure 4.24. In the first case the output follows the
reference input signal, in the second one the output doubles.
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4.2.4 Reliability and Repeatibility of the System

With the aim to test the repeatibility, thus the accuracy, of the
system, five measurements during the heat-up and cool-down stages
were conducted. The quantity sensed is the same done in the previous
subsection: a temperature variation produced by a heat plate with a
calibrated FBG sensor close to the FBG under test. The temperature
variation range is from a value of 25.5°C to 90°C. As shown in Figure
4.25, in which the reference temperature is reported in the second y-
axes, a certain deviation is present among the curves. To understand the
source of this error a comparison with the temperature variation
experienced by the reference sensor was necessary: since the same
deviation among the curves is present also for this latter for both the
heat-up and cool-down stages, these shown spectrums oscillating
around a mean curve are given by a systematic intrinsic error of the heat
plate. The proposed concept presents an optimal degree of repeatability
of the measurement.

Another measurement was done keeping on the whole system
on a constant temperature value to get information on the reliability and
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the stability of the proposed concept monitoring if a degradation of the
accuracy occurs after many hours of acquisition.
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Figure 4.25: (a) heat-up measurement repeated 5 times with mean spectrum
highlighted in red; (b) cool-down measurement repeated five times with mean
spectrum highlighted in red.
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Figure 4.26: (a) over 5 hours measurement Time vs Voltage with temperature
reference at a heat plate fixed temperature of 66°C, (b) magnified part.

In Figure 4.26, 5 hours and half measurement is shown: the
output voltage variation is taken in comparison with the temperature
reference one. The temperature variation is present since it is produced
by the heat plate which was set to a temperature of 66°C. Zooming in
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the middle region is possible to appreciate how the system output
follows in a very optimal way the temperature variation by the
calibrated sensor, highlighting the linear behavior.

4.3 Combined Measurement

As demonstrated from the previous analyses, a key point of the
proposed concept is to have a modular electronic section composed by
one or more Sensing Circuit with the aim to improve the dynamic range
of monitoring. Whether the temperature deviation to monitor is of
maximum 80°C (if the sensor calibration is 10pm/°C) can be done in a
single AWG channel since the wavelength shifting is in the order of
hundreds of picometer. On the other hand, for the monitoring of higher
temperature variations or physical quantities based on mechanical stress
which experience a wavelength shifting of few nanometers, more
Sensing Circuit can be employed combining with a final adder stage,
which also takes into account the impedance matching, the single output
analog circuit. Due to this peculiarity, the proposed system shows the
possibility to combine multiple single channel circuit coming from
different FOS. As well described in literature, to perform a high
accuracy strain measurement with a FBG, a compensation in
temperature must be done to eliminate the contribution within the
wavelength shifting given by the temperature variation. A further case
is the one describing the humidity FBG sensor: it is composed by a
typical FBG for temperature monitoring and another FBG with a
coating highly sensitive to the humidity. In many environments in
which the temperature is widely under 0°C, the presence of humidity
may provoke the creation of ice, damaging the facilities or the devices
working. The opportunity to have an alarm switching if the threshold
humidity level overcame is absolutely needed.
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Figure 4.27: Sensing Circuit for the combined measurement of two physical
quantity variations (in this case temperature and humidity) to obtain a compensated
humidity measurement proportional to 4-20mA.

This can be done utilizing, as depicted in Figure 4.27, two
sensing circuit in which the first one detects humidity variation, while
the second one compensates from the temperature combining the two
signals into the final adder stage (performing a subtraction). At the
system output a 4-20mA increasing monotone signal is present
proportional to the humidity level.

4.4 Common Electrical Module (CME) System

Considering a FOS system in which every sensor fabricated
along the array is used to monitor the same physical quantity with the
same dynamic range of measurement: this is a possible scenario in
which the system is employed for the temperature monitoring in several
points within a certain environment (but it is also related to every
physical quantity variation in which every sensor is related to the same
electronic section). In that case the electronic section related to every
sensor is composed by the same number of Sensing Circuit (for
simplicity let’s consider one, as the case study of 1-channel
measurement). Thus, a single Sensing Circuit can be used as CME for
the whole array of sensors.
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Figure 4.28: Proposed system based on a CEM in which only one electrical section
is used to monitor plenty of FOSs with the same dynamic range of measurement.

The idea is illustrated in Figure 4.28 in which every FOS is
related to a photodetector and to a TIA for the transduction in voltage.
The TIA has to be related to the sensor for two reasons: the first is to
compensate the insertion loss characterizing the AWG channel
connected to the sensor which, as discussed in chapter 2, is not the same
value for every channel; the second reason is to use a TIA with the
enable pin (EN) to select in a certain instant which is the sensor to be
monitored by PLC. Every enable pin is connected to a comparator
which has in input a scanning waveform, equal for every comparator,
and a reference voltage which represents the voltage level of the
scanning waveform at which the relative output voltage is allowed to
propagate through the CME. If, as case study, 10 FOSs are contained
into a single array and the scanning waveform has a peak value of 1V
(it can be whatever waveform produced with analog devices), every
VRrEr can assume a value in the range of 100mV-1V with 100mV step.
The frequency characterizing the scanning waveform is the frequency
of acquisition for the PLC which will refresh the acquired values at
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every scanning waveform period. For temperature monitoring, a
frequency of 10Hz is enough. With this technique, a considerable drop
on the cost of the system can be obtained.

4.5 Pilot Project

Due to the optimal results during the experimental validation of
the proposed system and the its peculiarity (the full analog conditioning
circuit above all), the concept was proposed to the Technical
Coordination of the at the Compact Muon Solenoid (CMS) [137]
experiment to be integrated into the Detection Safety System (DSS). Is
one of the two "general purpose" detectors at the Large Hadron Collider
(LHC) [138] at CERN. The experiment is located in an underground
cavern at LHC experimental point number five, near the French town
of Cessy. The main feature of the detector is a strong super-conductive
solenoidal mag- net, which can reach a 4 T field and dictates the
cylindrical shape of the experiment. The magnet occupies the central
region of the detector, called barrel, which is externally subdivided in 5
wheels. The wheels compose the iron yoke for the return of the
magnetic fields and contain the chambers for the detection of muons.
The central wheel (designated wheel 0) is also the structural support for
the magnet to which it’ s connected. The barrel region is closed on
both ends by four instrumented iron disks called endcaps. Once closed,
the detector is quite compact, being a cylinder 21.6 m long and with a
diameter of 14.6 m. Its total weight is of about 14500 tons. In Figure
4.29 an expanded section of the CMS detector is shown, with
highlighted the main sub-detectors. The CMS operation in very
complex environmental conditions re- quires a constant monitoring of
temperature, structural deformation, relative humidity, magnetic field
and ionizing radiation. Indeed, all the CMS experimental area is under
constant monitoring. As for all the LHC experiments, the safety and the
equipment protection of the CMS experimental site is guaranteed by the
Detector Safety System (DSS). At the beginning of 2001, the four LHC
experiments produced a working document defining requirements for a
system assuring equipment protection for the valuable, and sometimes
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Figure 4.29: CMS schematic layout.

irreplaceable, detectors. The outcome of this is the DSS. The main goal
of the DSS is to detect abnormal and potentially harmful situations, and
to minimize the consequent damage to the experimental equipment by
taking “protective actions”. By implementing this strategy, a reduction
of the occurrence of higher-level alarms with more serious
consequences can be expected, and therefore an increase of the
experiment’” s running time and efficiency. As a consequence of the
above-mentioned goals, the following main requirements were defined
for the DSS. It has to be, just to cite the main requirements:

e highly reliable and available, as well as simple and robust;

e provide a cost-effective solution for experimental safety;

e able to take immediate actions to protect the equipment;

e scalable, so that it may evolve with the experiments during their
assembly, commissioning, operation and dismantling (a
timespan of approximately 20 years);

e maintainable over the lifetime of the experiments.
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The CMS DSS implementation distinguishes between a Front-end, to
which the safety-critical part of the DSS task is delegated, and a Back
end, which supervises the Front-end though a SCADA system. Their
inter-communication is performed through a dedicated OPC6 server /
gateway. The general layout for a typical experiment is shown Figure
4.30 [139]. The Front-end must be capable of running autonomously
and of automatically taking predefined protective actions whenever
required. Its design must be as simple and robust as possible, but at the
same time highly reliable and available. The standard used for such
applications in industry is “Programmable Logic Controllers” (PLCs).
The DSS implementation follows this approach, using a redundant PLC
system from Siemens7 which is certified for Safety Integrity Level
(SIL) 2 applications. The status of the experiment’s equipment is
continually monitored by digital and analog sensors (e.g. PT100 for
temperature measurement, humidity sensors, and status signals of sub-
detectors). All values are filtered and checked. Required actions are
determined automatically and immediately by the PLC and taken by
DSS actuators (in this case, usually by cutting the electrical power). The
sensors and actuators are dedicated to the DSS. Only hardwired sensors
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Figure 4.31: a) Rack in Underground Service Cavern (USC); b) rack in
Underground Experimental Cavern (UXC)

are considered to be safe, since networked information be guaranteed
to be reliable. The FOS technology have been used for 10 years at CMS
for the structural health monitoring of several subsection of the detector
and also for the monitoring of the beryllium beam pipe [125], [140],
[141] and it scored a great response, thanks to its intrinsic advantages,
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substituting the electronic sensors before employed. Nowadays more
than 1000 FBG sensors is used to monitor strain, temperature, humidity
and electromagnetic dissipation phenomena [142].

The chance to use FOS also as DSS allows to take advantages
of the well-known technology in one of the few environments left in
which other kind of sensors are still considered more reliable. Since the
proposed system has the task to interrogate one or more FOSs with a
full analog modular conditioning circuit with a generated output signal
in the range of 4-20mA ready to be acquired by a PLC, this chance can
be exploited. The full analog interrogation technique was proposed at
CMS for a trial arousing attention in order to propose a pilot project
named FOS4DSS.

The pilot project begins in 01/02/2021 and consists in the
installation of the proposed system for the interrogation of two FBG
temperature sensors in one of the currently working DSS rack depicted
in Figure 4.31. The aim is to demonstrate the on-field feasibility,
validating the experimental results obtained with laboratory
instrumentation and comparing it with the existing temperature read-
out systems, without affecting them. The temperature deviation leading
to the alarm switch is 40°C in respect of the room temperature of 20°C
monitored with two FBG sensors within the rack glued at the positions
with higher temperature sensitive. The experimental results shown in
this chapter are with an FBG sensor at femtosecond technology of about
300pm FWHM which are the one already used at the CMS, hence, it is
only needed to choose the right gain to match the 20mA value with the
higher temperature value. Initially the system will be calibrated in a
climate chamber to get the matching between current and temperature
values, then a first trial will be done with a separated PLC and external
bias. The second trial consists in a full integrated system, without the
needs of external bias, in a box within the rack, connected to the pre-
existent PLC comparing the results with the other safety systems. The
target of the project is to install the proposed system as DSS of the
whole CMS including also humidity and cryogenic measurements,
further expanding the usage of FOS technology. It’s worth to note that,
from the work reported in this chapter, an Italian patent has been filed
(number 102020000007243 in date 04-06-2020).
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4.6 Conclusion

A purely analog fiber optic-based safety monitoring system has
been designed and experimentally validated. The optical section is
based on the Arrayed Waveguide Grating device which works as a
passive filter with the aim to direct the output in one or more channel
in function of the wavelength characterizing it. From the electrical point
of view a full analog conditioning circuit produces in output a current
in the range 4-20mA matching with PLC system. A full analog circuit
with the capability to restore the output in case of source fluctuation or
malfunction in optical devices has been designed as well. The
optoelectronic system has been tested with some temperature
measurement: a 50°C temperature deviation has been measured
employing only one AWG channel obtaining an output spectrum which
has been fitted with a 3rd degree polynomial curve, with a linear region
of 20°C; a 130°C temperature deviation has been measured as well
employing two AWG channels obtaining, as in the single channel case,
an output with increasing monotone spectrum; a static temperature
measurement has been done setting a constant value on the heat plate
for over 5 hours detecting the oscillation produced by it and, to test the
repeatability of the system, five times of heat-up and cool-down have
been conducted obtaining a very well repetition of the measurement in
which the spectrum variation is given by a systematic error produced
by the heat plate (further experiment will be done in few weeks to test
the long term stability in a climate chamber). Furthermore, the
feasibility of the PFRC has been tested halving the SLED power and
monitoring the appropriate gain signal which results doubled. The
system has also the capability to improve the dynamic range of the
system employing more AWG channels. In this latter version the last
stage is in "adder" configuration to combine the signals coming from
every conditioning stage. The output spectrum is increasing monotone
and with a voltage value able to convert in current in the range of 4-
20mA. With the same technique is possible to monitor physical quantity
which needs more than one sensor as well. The proposed concept has
been tested with a Fiber Bragg Grating as sensor test, but its
functionality is not depending on the kind of optical sensor: the only
constrain is given by the AWG spectrum. A pilot project with the CMS
experiment at CERN has been agreed with the beginning from the 1% of
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February 2021. The work consists in the monitoring of the temperature
within a rack in which are contained the current safety systems. With
this new kind of monitoring system, the key strength of fiber optic
sensors technology can be led to that harsh environments (e.g., complex
industrial infrastructures or other facilities which relies on the use of
PLC monitoring system to guarantee the safety) in which digital signal
processing is not allowed.
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Conclusions and Future Works

The contents of this thesis regard two innovative applications of
fiber optic interrogation systems based on the arrayed waveguide
grating device.

The interrogation system is a fundamental element in a fiber
optic measurement system since it has the aim to detect the wavelength
shifting performed by the sensor. Characteristics as reliability, accuracy
and resolution are key points for its design and are enhanced against the
environments in which is installed.

Due to its intrinsic advantages, at the state of art many AWG-
based interrogation systems have been investigated and designed: as
reported in chapter 2, the AWG is a passive device working as an
integrated prism, casting a polychromatic input spectrum in many
monochromatic output channels due to constructive and destructive
interference, making it a robust and reliable component in a compact
package and with the possibility to produce it athermal (avoiding
temperature dependence which may affect the output channels central
wavelength). Furthermore, the AWG transmittance exhibits a Gaussian
spectrum, easy to manipulate in convolution with other FOS presenting
a Gaussian shape as well (FBG above all). To employ the device as
optical demultiplexer and/or as optical filter, in substitution with other
optical filters which needs control signal, gives the benefit to obtain an
interrogation system without movable part and deprived of control
signal, two features strongly limiting the measurement speed and the
comprehensive reliability. Nowadays, the interrogators complexity and
high cost exacerbate, in two different ways, the detection of high-speed
phenomena, as well as the design of a safety monitoring system based
on FOS technology. In the discussion of this thesis, the AWG has been
employed as main device for the design, characterization and
realization of an interrogation system for high-speed detection and a
safety monitoring system for FOS technology.

- As concerns the high-speed detection interrogation system, a first
theoretical approach has been conducted with the aim to
manipulate the optical device spectrum and obtain a detection
algorithm for wavelength measurement. With an FBG sensor
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under test, the algorithm has also revealed that the Bragg
wavelength is in linear dependance with the declared interrogation
function which depends on the optical power of two adjacent
AWG channels. The AWG bandwidth plays an important role in
as much as the sensitivity is indirectly proportional. To overcome
this problem, the detection algorithm exhibits a multichannel
approach providing the chance to measure a Bragg wavelength
shifting over more than two adjacent AWG channels. During the
theoretical approach, the detection algorithm has been tested
analytically with a linear Bragg wavelength shifting, to understand
which parameters may affect the system accuracy: it has been
demonstrated that not equal FWHM value and, more important,
not first order Gaussian AWG spectrum, affects the wavelength
measurements reducing the accuracy. With the purpose of
simulating the optical devices with non-idealities as close as
possible to the real ones, numerical simulations have been done
and, on the basis of the optical power acquired, electrical
simulations have been done as well to design a circuit to be
realized for the experimental measurements. before to perform
real measurements, the real devices have been characterized with
an OSA. As result of this latter analysis, effectively, the AWG
spectrum is not so close to the ideal model, inducing troubles
during the wavelength detection. From a first experimental
analysis, due to the bandwidth inequality and, particularly, the
Gaussian spectrum closer to the second rather than the first order,
a slope error has been detected exhibiting a Bragg wavelength
shifting wider than the real. To mitigate the mentioned problem,
the detection algorithm has been calibrated for the channel
employed in such that the Bragg wavelength matches the AWG
spectrum. To prove the feasibility of the interrogation system,
three FBG sensors with different bandwidth have been employed
for temperature monitoring among three AWG channels,
obtaining an error in the sub picometer order, calculated in three
points matching the central wavelength of each AWG output
channel. A strain measurement has been done as well with an FBG
glued on a metal sheet, hitting it with a reference load and
analyzing the wavelength response with an FFT. Finally, to test
the capability to detect a vibration in the order of MHz with the
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ad-hoc circuitry, a measurement with an ultrasound piezoelectric
probe has been managed. The probe has been biased with a
rectangular pulse controlled by an FPGA, exhibiting the
ultrasound vibration during the high level of the pulse. With the
employment of an oscilloscope sampling at 2GSPS, the periodic
vibration signal has been sensed on the FBG sensor.

- What about the safety detection system, the aim of the work has
been to design a full analog electrical section in order to transduce
the signal coming from the optical section of the system into a
monotonic current variation in the range of 4-20mA. The circuitry
is composed by a single Sensing Circuit, projected ad-hoc to
convert the signal coming from the AWG output channel,
propagating it towards an alarm switch or a PLC system. It is
completely protected from any kind of leakage current due to an
optoisolator which has also the aim to reduce noise if mounted in
photovoltaic configuration. The electrical module has also the
capability to restore the output if a source malfunction occurs or if
a loss increment happens due to fiber bending or connector
damaged. Has been proved with experimental measurement that
the Sensing Circuit can be employed either alone to make a single
channel measurement for the variation sensing of a physical
quantity in the range of the AWG channel bandwidth or combined
to other Sensing Circuit to increase the dynamic range of
measurement (still exhibiting a monotonic spectrum), to make a
compensated measurement merging more FOSs response to get
one physical quantity matched to the 4-20mA range. It is also
possible in a specific case, to use one sensing board with a TIA
connected to each AWG channel compensating the different
insertion loss, enabled with a periodic analog signal. The proposed
concept is the core of a pilot project stipulated with the CMS
experiment of the LHC located at the CERN, in Geneve since its
peculiarities (robust, reliable and completely free from any digital
processing section) allow it to be used as a safety monitoring
system. The pilot project consists of two FBG sensors monitoring
a temperature deviation of 40°C within a rack in which are
contained the current safety system installed at CMS.

Thanks to the characteristics of the AWG device, it has been
possible to design and validate two optoelectronic systems which can
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be very competitive on the market for both high-speed detection and to
be used as safety monitoring system, leading the FOS technology
advantages in that few environments in which are not employed yet.

As future work, for the high-speed interrogator the aim is to
integrate the whole circuitry into a PCB, connected to an ASIC
(Application Specific Integrated Circuit) designed ad-hoc for the data
acquisition and digital processing of the Bragg wavelength shifting
under monitoring. The ASIC has to be designed with a firmware in
order to select how many AWG output channels to employ for the
single FBG interrogated, in order to have a modular dynamic range in
function of the physical phenomena to monitor. What about the safety
system explained within the chapter 4, the goal of the project is to
demonstrate its feasibility into the framework of CMS in order to be
used as main safety system of the whole experiment, also for the
monitoring of physical phenomenon different from the temperature
variation (humidity, strain, radiation and others).
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Appendix

Here follows information about the AWG employed as optical
filter in the solutions described in this thesis. The AWG is athermal,
with 40 channel and was developed by OpLink (MOLEX). In the next
table, data about central wavelength, maximum insertion loss, ripple
and bandwidth (in terms of frequency) are reported.

Table 1: Information about the AWG employed.
Port Wavelength  Max IL Ripple FWHM

W
60 1529.553 3.81 0.14 80.16
59 1530.334 3.82 0.19 80.20
58 1531.116 3.98 0.14 79.88
57 1531.898 3.92 0.19 79.99
56 1532.681 3.77 0.15 79.70
55 1533.465 3.89 0.19 79.76
54 1534.250 3.92 0.13 79.67
53 1535.036 3.84 0.19 79.67
52 1535.822 3.84 0.14 79.37
51 1536.609 3.95 0.20 79.48
50 1537.397 3.86 0.14 73.37
49 1538.186 3.82 0.18 79.29
48 1538.976 3.64 0.14 78.98
47 1539.766 3.69 0.19 79.20
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W

1540.557

1542.142

1543.730

1545.322

1546.917

1548.515

1550.116

1551.721

1553.329

1554.940
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3.73

3.84

3.81

3.71

0.15

0.15

0.16

0.18

0.18

0.20

0.19

0.18

0.18

0.16

0.17

78.89

78.63

78.40

78.53

78.25

78.19

78.04

77.80

77.62

77.54

77.45
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24 1558.173 3.78 0.17 77.21
23 1558.983 3.82 0.23 77.63
22 1559.794 3.86 0.18 76.87
21 1560.606 3.84 0.20 77.40
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