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Fibre optic sensors are attractive for monitoring of composite structures but the significant risk of damage to
fibres where they enter the structure and within the structure itself can make their use unreliable. Mesh con-
figurations of embedded fibre Bragg grating sensors with improved robustness are considered for monitoring
composite structures. The configurations of single ended line, bidirectional line, loop, and a novel 2x2 mesh are
analysed using a probabilistic model of the sensor system robustness. Numerical evaluation of these configu-
rations has shown that the 2x2 mesh configuration provides the greatest robustness of all of the configurations
across all inlet port failure probabilities. The probability of a sensor becoming isolated in a 2x2 mesh is
approximately 3 times lower than for the bidirectional line configuration. Using a new matrix approach, the 2x2
mesh configuration is analysed in terms of disaggregation of individual sensor spectra for both fault free and
faulty conditions. Simulation and experimental evaluation have demonstrated that successful recovery of indi-
vidual grating spectra is possible with small spurious signals.

1. Introduction

Fibre optic sensors have many benefits for monitoring the manu-
facture and operation of large composite structures such as wind turbine
blades [1,2], aircraft fuselages [3], automobile, airspace, and others.
Such sensors can be useful at different stages of lifespan of composite
components for infusion control during fabrication, structural health
monitoring, or damage diagnostics [4,5]. Although fibres may be
attached to structures post-manufacture for operational monitoring, this
surface mounting makes the sensors vulnerable to damage and so
embedded sensors may be advantageous. Monitoring of the
manufacturing process implies that sensors are imbedded within the
structure. Embedded sensors have advantages in that they provide more
flexibility in terms of the placement of sensors within the structure and
sensors are protected from superficial damage. However, the nature of
the composite structure and the manufacturing process introduce spe-
cific restrictions on the embedded sensor systems and results in specific
fibre damage mechanisms, particularly associated with the points where
fibres enter the structure.

An attractive feature of fibre optic sensors, particularly fibre Bragg
gratings (FBGs), is the ability to fabricate multiple sensors into a single
fibre and interrogate individual sensors using time or wavelength
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division multiplexing [6]. However, this approach means that if the
single fibre becomes damaged then some or all of the sensors may
become permanently isolated.

In response to the restrictions and damage mechanisms found in
composite structure monitoring, a number of novel fibre connection
configurations have been proposed with the aim of ensuring continued
operation in the presence of imperfections or damage [7-10]. This paper
presents the analysis of the robustness of alternative fibre configurations
to the damage mechanisms found in composite manufacturing
processes.

The typical Vacuum Assisted Resin Transfer Moulding
manufacturing process for a composite structure involves laying up
multiple sheets of glass/carbon fibre reinforcement within a mould and
then injecting a liquid resin, driven by either positive pressure at the
inlet, vacuum applied to the outlet or some combination of these [11].
The polymer resin then cures (often accelerated by the application of
external heating), forming a solid composite. Ideally, the resin
completely impregnates the reinforcement, filling all of the voids be-
tween fibres. However, in some cases the infusion is not complete and
‘dry spots’ remain in the structure. These areas may have to be
reworked, involving removal of the partially impregnated reinforcement
and replacement with new reinforcement and resin.
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The point at which the optical fibre enters the composite structure is
particularly susceptible to damage during manufacture while fibres may
also be damaged during the layup, infusion and curing processes. In
addition, if it is necessary to ‘rework’ sections of a composite structure,
the optical fibres in that region would be removed along with the
partially impregnated reinforcement. Damage may also occur during
operation, once again at the fibre entry point due to mishandling and in
the bulk of the structure if it is damaged due to impacts or fatigue.

Given the susceptibility to damage of fibres at points where they
enter the structure, it is desirable to optimise the number of entry points.
Thus, it may be preferable to embed any coupling or switching elements
within the composite structure rather than place them externally. In
addition, since composite structures such as wind turbine blades and
aircraft wings must be immune to lightning strikes, it is usually neces-
sary to eliminate any electrical components within the structure. Hence,
for this paper, it will be assumed that only passive components are
embedded within the structure. This is in contrast to authors who pro-
pose the use of electrically active Remote Nodes [12,13], which would
imply embedding electrical components within the structure. In addi-
tion, it will be assumed that components embedded within the structure
cannot be accessed or replaced after manufacture.

2. Fibre optic sensor connections

In a conventional multi-point FBG sensing system, a number of FBGs
with distinct Bragg wavelengths would be fabricated in a single fibre
which would be interrogated from one end through reflection, as shown
in Fig. 1, where fibres F; to F, connect sensors S; to Sy, light from the
light source is coupled into the fibre via the circulator and reflected light
is coupled to the optical spectrum analyser (OSA).

Due to the limited optical bandwidth of light source and OSA, the
number of FBGs which can be individually interrogated is limited to
typically around 10 and so, for larger area monitoring, an array of fibres
may be adopted, as shown in Fig. 2 with optical switches used to
interrogate each string successively. The configuration shown in Fig. 2
implies that FBGs are interrogated using transmission rather than
reflection but a similar configuration could be used for interrogation
through reflection.

The configurations shown in Fig. 1 and Fig. 2 are highly susceptible
to damage. In the case of Fig. 1, damage at the fibre entry point would
isolate all sensors, and damage within the body of the structure would
make some or all of the sensors isolated, depending on the fault location.
In the case of Fig. 2, working in transmission, damage to a string at either
the entry or exit point, or within the body of the structure would result in
all sensors in the string being isolated.

The lack of robustness of the conventional line configuration has
been considered in the literature in the context of general engineering
structures (rather than specifically for composites) and more robust
configurations identified (see Zhang [14] for a qualitative review of
selected configurations). However, some of these proposed configura-
tions are not applicable in the context of composite structures (for
instance because of the use of active Remote Nodes [12,13,15]) or are
excessively complex (for instance the Bus Protection Network proposed
by Urquhart [16]) and so a number of alternatives are proposed here.
These include mesh structures shown conceptually in Fig. 3. These cells
may be coupled together to give larger mesh structures, but it is not clear
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Fig. 1.. Line configuration of FBGs.

Sensors and Actuators: A. Physical 373 (2024) 115445

Broadband light source

Optical Spectrum Analyser

Triggering and
Control

Fig. 2. Array configuration to increase number of FBG sensing points.

Fig. 3. Sensor mesh concept with coupled optical fibre sensors.

that this would be necessary in most circumstances.

In the following sections a number of alternative fibre sensor con-
figurations will be described, including ones proposed in the literature
and a new mesh configuration. These will be evaluated in terms of their
robustness to damage in the various fibre sections. In all cases. it will be
assumed that damage to a fibre results in complete loss of optical
connection at that point. In addition, it will be assumed that all sensors
have a distinct Bragg wavelength and their reflection peaks do not
overlap under the expected range of stimuli.

2.1. Single ended line configuration

The fibres and sensors in the conventional single ended line config-
uration are arranged along a single fibre and interrogated through
reflection from one end, as shown in Fig. 4.

In this configuration a fault in the entry fibre F; will isolate all of the
sensors from the interrogation system. A fault in fibre F; will isolate all
sensors S; fori > j.

2.2. Bidirectional line configuration

In this configuration a string of sensors along a single fibre may be
interrogated from either end, as illustrated in Fig. 5, using an optical
switch to connect the interrogation system to each end of the line suc-
cessively in a manner similar to that presented by Yeh [17].

In this configuration a single fault in one of the entry points F; or F,,.1
or any of the intermediate fibres will not isolate any of the sensors.
Sensors will only become isolated in the presence of two or more faults.
In the case of faults in fibres F; and Fy, the intermediate sensors S; for j <
i < k will be isolated.

Interrogator (—— N -- -~

Fig. 4. Sensors in single ended line configuration of FBGs.
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Interrogator

Fig. 5. Sensors in bidirectional line configuration of FBGs.

2.3. Loop configuration

The string of sensors may be looped back to form a loop configura-
tion with a coupler connection as shown in Fig. 6, as proposed by Zhang
[18,19]. In the form proposed, it is no clear that these configurations
would give the desired output since transmitted and reflected signals
would be combined in the coupler, resulting in all wavelengths being
returned to the OSA (T + R = 1). However, the addition of an attenu-
ator to the loop may enable successful operation. In the configuration
shown in Fig. 6, the coupler may be placed outside of the structure or
alternatively be embodied within the structure.

In these configurations a fault in Fy will isolate all of the sensors. A
single fault elsewhere in the loop will not isolate any sensors but sensors
will only become isolated in the presence of two or more faults. In the
case of faults in fibres F; and F, the intermediate sensors S; forj <i < k
will be isolated.

2.4. 2x2 mesh configuration

In order to increase the number of optical paths to a particular
sensor, a coupler may be positioned within the mesh as shown in Fig. 7.
This is a development of the embedded coupler configuration presented
by Gillooly [20]. In this implementation the arms of the mesh are
symmetric with m =n/4 sensors in each arm, although this is not
necessarily the case. It should be noted that to simplify notation, the
fibres leading into the coupler are numbered F; to Fy4.

In this configuration, the mesh may be interrogated in reflection
from any of the 4 ports u; to u4 using a 1x4 optical switch. Considering
interrogation from port u;, when all fibres are intact, sensors S; to Sp,
will be directly visible while Sy, 1 to Sam and Sam 1 to Ssp are visible via
the coupler, with the optical strength reduced by a factor of approxi-
mately 1, assuming a 50:50 coupler is used. Similarly, each port allows
sensors in 3 branches to be interrogated. Conversely, any sensor string
can be interrogated from any one of 3 ports. This characteristic, along
with the reduced number of fibres in each arm, leads to potentially
improved robustness since there are fewer scenarios where sensors
become isolated.

Sensors will only become isolated if two faults occur in a single arm
of the mesh. In the case of faults in fibres F; and Fy, the intermediate
sensors S; for j <i < k—1 will be isolated where j and k fall within a
single arm of the mesh or, in the case of a fault in fibre j and in the fibre
leading to the coupler, F,, sensors S; for j < i < mq will be isolated.

3. Probabilistic model of sensor system robustness

The level of robustness achievable with each of these configurations
will depend on the probabilities of different fault types. Probabilistic
models have been developed based on the method adopted by Zhang
[18,21,22] and verified through numerical simulations. Zhang [18]
presented results for single ended line and ring configurations, as well as
star and bus configurations which are not considered here since they
provide poorer robustness than the simpler configurations. Zhang did
not consider the bidirectional line or the mesh configuration proposed

n n+1
Fo o
Interrogator

Fig. 6. Loop configuration with coupler.

Sensors and Actuators: A. Physical 373 (2024) 115445

here.

Let the probability of section i of the mesh being intact be denoted p;.
Where the fibre enters the structure the probability of the connection
being intact will be denoted Inlet Probability P;. Once within the body of
the structure, the probability of impact damage or damage due to rework
depends on the length of the fibre section considered (it is less likely that
a fault will occur in a short section than a long section). The probability
of damage may be different in different regions of the structure (for
instance, rework may be more likely in some regions than others) but it
will be assumed here that the probability of damage is uniform across
the structure. The probability of a fault per unit length of fibre in the
body of the structure will be denoted q. For a length of fibre, L; within
the body, the probability of no fault occurring may be calculated as p; =
(1 — ¢@)™. It will be assumed that all links are of the same length, L, and
hence the probability of a link fault is P, = (1 — q)".

It is assumed that all links external to the composite structure are
intact (or could be replaced if damaged). The probability of a fault in a
coupler embedded in the structure is denoted P.. It will be assumed that
damage results in complete loss of optical connection.

3.1. Single ended line configuration
For the single ended line topology shown in Fig. 4, the optical path
involves one inlet port and a number of fibre links and so the probability

of each link being intact is:

| PL&i=1
pj = {P,_,&j—Z...n (@)

And the probability of [ sensors being accessible, P(1) is [18]:

1—py [=0

P(l) = = ' (@)

So, the probability of all n sensors being accessible is

Piine = P(") = Hp/' =pip; 3
j=1

3.2. Bidirectional line configuration

For the line configuration interrogated from either end, as shown in
Fig. 5, the probability of each link being intact is:

P& =1
pi=14 P, & =2...n 4
P],&j: n+1

In this configuration, sensors only become isolated if two faults occur
in difference sections of the fibre. The probability of fewer than 2 faults
and hence all sensors being accessible is:

n+1 n+1
P(< (1 + E p:) HI’/ [2pL+ (n—np, — V)p; |pip} 7> )

3.3. Loop configurations

Two versions of the configuration shown in Fig. 6 may be considered.
If the coupler is placed outside of the composite structure then there are
two inlet ports (dual inlet configuration). If the coupler is within the
composite structure then there is only one inlet port (single inlet
configuration). The link intact probabilities are:
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m+1
Fez o,

Fig. 7. 2x2 mesh configuration.

1,& =0

PL& =1
P& =2...n ©)
P& =n+1

Dual inletp; =

Single inletp; = { p, gj’,ffl :2 o @

Note that for the dual inlet configuration, fibre F, is outside of the
composite structure and so is assumed to be immune to damage or to be
replaceable. Under this assumption, the configuration is the same as the
line configuration with bidirectional interrogation and so Eq. (5) ap-
plies. In the case of the single inlet, link F, has a finite probability of
failure and so the probability of all links being intact or one fibre apart
from F, being broken is given by Eq. 8 (not the change in index in the
product term):

ntl 1 —p n+l
P(<2) =1+ —|]]m
=1

D: )

n—2

B { [2pL + (n —npy — 1)p; Jpip}~? Single inlet

8)
(1+n—np, )p;p) Dual inlet (

3.4. 2x2 mesh configuration

For the mesh configuration each arm will be treated separately, with
a single arm made up of m =} sensors having the topology shown in

Fig. 8.
Assuming no faults occur in the coupler, the link probabilities in the
first arm are:

P& =1

= 9
pPj PL,&jZZZ ( )

With interrogation from either end, on the left through the inlet, on
the right from the other arms of the mesh via the coupler. This branch is

fully accessible unless two links are broken, thus the probability that the
arm is intact is:

: 1 - P : n/4
Parm = I+ ZT’ Hpj :plpL/ (10)
=1 ! j=0

and assuming all branches are identical then the probability that all 4
branches are intact is:

Pmesh = Pan’n4 (11)
4. Numerical evaluation

The relative robustness of the different proposed topologies will be
explored through numerical evaluate of the equations given above. The

s s Sn

F 1 F 2 F
u; o— N — . - - F

Fig. 8. Single arm of 2x2 mesh.

representative parameter values used are listed below:

Fibre length, L=1m

Fault probability per meter of fibre,p =1 x 1073

Fault probability at inlet port 1 x 1074 < Py < 1 x 107!

Number of sensors, n = 16 or n = 100

Using these parameters the probability that all sensors are visible for
interrogation are shown in Fig. 9 on (a) linear axes and (b) logarithmic
axes. Fig. 10 shows the probability of a sensor being inaccessible, e.g.
1 — Pesh, On logarithmic axes.

As expected, increasing the probability of a fault in the inlet port
increase the likelihood that sensors will be isolated. Considering the
trends for each topology in turn:

4.1. Single ended line configuration

This has the lowest probability of survival across all probabilities of
inlet port failure. At low inlet port failure probability, the failures are
dominated by failures in individual fibre links where any single failure
will result in sensors being isolated. As the probability of failure at the
inlet port increases the overall probability of survival drops in
proportion.
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Fig. 9. Probability of all sensors being accessible forn = 16,L =1m,p = 10~3
on () linear axes and (b) logarithmic axes.
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Fig. 10. Probability of any sensor being isolated forn = 16,L=1m,p = 1072,

4.2. Bidirectional line configuration and Dual Entry Loop configuration

The two inlet ports in these configurations provide redundancy in
case one port is subject to failure and so this configuration provides good
robustness for higher inlet port failure probability.

4.3. Single entry loop configuration

In this configuration the robustness behaviour is dominated by the
inlet port fault probability ( Fig. 9) since, once the optical signal is within
the composite structure, the loop configuration means that sensors can
be reached via two alternative routes and the effect of link faults is small.
When the inlet port failure probability is below the link failure proba-
bility, the robustness is higher than the dual entry loop version since
there are fewer links (Fig. 10).

4.4. 2x2 mesh configuration

The mesh configuration provides the greatest robustness of all of the
configurations across all inlet port failure probabilities. This results from
the several factors:

e each sensor can be interrogated from any one of 3 inlet ports so any
two inlet port failures would not result in loss of a sensors;

e each arm of the mesh has } of the number of links as in the other line/
loop configurations so the probability of two failures within an arm is
lower;

e each arm has an inlet port at one end and a coupler link at the other
and so it is more robust than the bidirectional line configuration,
which has inlet ports at each end.

If the number of sensors is increased (assuming the distance between
sensors remains L = 1 m) then the probability of a link failure increases
(comparing Fig. 10 and Fig. 11). This is particularly noticeable when the
inlet link failure probability is low. However, the trends seen above
remain, with the 2x2 mesh configuration giving significantly improved
robustness with the probability of a sensor becoming isolated approxi-
mately 3 times lower than for the bidirectional line configuration and
around two orders of magnitude lower than the simple line
configuration.

5. Mesh interrogation

Having determined that the 2x2 mesh configuration offers greater
robustness to damage than the other configurations considered, the
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Fig. 11. Probability of any sensor being isolated for n = 100, L=1m, p =
1073,

question remains whether the individual sensor spectra can be dis-
aggregated and the Bragg wavelengths determined with sufficient ac-
curacy. This question must be addressed for both fault free and faulty
conditions since, if the spectra cannot be disaggregated under fault
conditions then the improved robustness does not provide any benefit. A
further consideration is whether, in the 2x2 mesh, all of the sensors
have distinct spectral features (e.g. Bragg wavelengths sufficiently
separated that spectra do not substantially overlap under all stimulus
conditions) or whether there is any overlap in their spectra. In the case of
overlapping spectra, the disaggregation may be more challenging and
the accuracy of Bragg wavelength estimation may be compromised. In
the following sections, the case of non-overlapping spectra will be
considered under no fault and fault conditions. Consideration of over-
lapping spectra will then be addressed.

5.1. Fault free conditions

In this initial analysis it will be assumed that each branch of the mesh
contains a single sensor and that the spectra for all of the sensors are
distinct. The extension to multiple sensors in each branch is trivial
provided none of the sensors in any of the branches have overlapping
spectra. In the simplified case, the mesh becomes that shown in Fig. 12.

It will also be assumed that the coupler provides a 50:50 split of the
incoming optical signal to the two output fibres (coupling coefficient,
¢ = 0.5), without any further losses or reflections. In this case, the re-
flected signal seen at input u; is made up of R; =8S; + % (S2+S3), where
the factor of 1 arises because the light signal passes through the 50:50
coupler twice, once on the outward journey and once on the return.

In matrix form, the reflections at the four ports may be written as:

Ll
R X s 41 1 07[s,
Rl (2! %%|ls BIEE RN a2
R; 1 o 1 1 S; 411 0 4 1 S5
R, 4 L 11 s, 01 1 4|85,
L
R
S1 SZ
Uy coupler Uz
s, S,
Uy Uy

Fig. 12. Simplified mesh with a single sensor in each branch.
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or
R=0S 13)

Ilustratively, assuming four spectra with Bragg wavelengths of 1, 2,
3 and 4 and reflection amplitude of unity, the individual spectra are as
shown in Fig. 13 while the reflected signals at the four inputs are as
shown in Fig. 14. In each case the amplitudes are offset by 1.1 units to
aid clarity.

Inverting the matrix Q gives S = Q"R and so we can estimate the
individual sensor responses:

S 7 2 -2 1 R

S, 11l-2 7 1 =2||R
=2 a4
S, 6(-—2 1 7 =2||Rs

S, 1 -2 -2 7 Ry

The reconstructed spectra using this approach, with normally
distributed noise of amplitude 0.1 units added to the reflected spectra,
are shown in Fig. 15. As can be seen, the original spectra are largely
recovered.

5.2. Faulty conditions

Under fault conditions, recovery of the individual FBG spectra using
the method above may not be effective. Two fault conditions in different
sections of the mesh may be considered as shown in Fig. 16.

The impact of these faults on the coupling matrix differs. In the case
of Fault Fy, the reflected signals become:

[0 0 0 0]
R 1 1
1 : 1 o 3 M
Rz SZ
|- 1 0 1 1 s (15)
3 2 P 3
Ry 11 S
0o - -1
L 4 4
or
Rp1 = 0p1S (16)

If this fault is undetected and Fault-free recovery method is used, the
resulting recovered spectra would be given by S = Q 'Ryy. The result of
this is shown in Fig. 17(a) for the illustrative system.

As may be seen, spectra for FBG 2-4 are recovered, although with

Amplitude

1 1 1
1 2 3 4
Wavelength (no.)

Fig. 13. Illustrative spectra for four Bragg gratings. Amplitudes are offset by
1.1 units each.
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Fig. 14. Reflected spectra at each input.
4
3Lk
[}
E
= 21
<%
£
<
1B
0
1 1 1 1
1 2 3 4
Wavelength (no.)
Fig. 15. Reconstructed FBG spectra.
Fault1 Si  Fault2 S,
U coupler Uz
S, S,
Uy Us

Fig. 16. Fault conditions considered.

different amplitudes than in the fault free case and with some additional
spectra present at smaller amplitudes. The change in amplitude is un-
likely to cause problems and, provided the expected Bragg wavelength
range of each sensor is known, then the features outside of the expected
range can be ignored. For FBG1, the expected spectral peak is not pre-
sent on R;. This observation could be used to detect the presence of
Faultl and an alternative method used to extract the Bragg wavelength.

Considering the structure of Qg it is not possible to invert this ma-
trix. However, the lower right 3x3 submatrix may be inverted to
reconstruct Sz, Ss, S4. In addition, an estimate of S; may be extracted
from Ry, R3 or a combination of R, and R3. Considering the first column

of Qp, a logical option would be §1 = 2(Rz + R3), in which case the
spectrum recovery equation becomes:
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(b)
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Fig. 17. Recovered spectra for (a) undetected Faultl, (b) known Faultl with adapted spectrum recovery equation, (¢) undetected Fault2, and (d) known Fault2.

5, 0 28 28 0 ][R
S 015 1 —4||R
o _L : a7
S, Mo 1 15 —4||R

4 —4 16 || R

o2
=
(=]

For the illustrative system the recovered spectra are presented in
Fig. 17 (b). It can be seen that all peaks are present on the expected
recovered signal but that there are large additional spectral peaks cor-
responding to other FBGs. If, however the wavelength range is limited to
the anticipated range then these additional features will not interfere
with Bragg wavelength estimation. It may also be noted from Fig. 17 (b)
that the noise amplitude of recovered spectrum S; has larger amplitude
than the other recovered spectra.

In the case of Fault2, the reflected signals become

1o 00
R 1|[s
1 0 1 O Z 1
Rz S2
= 1 18)
R; 00 1 =1|]|S$
1 4
R4 — S
07 Lyt
L 4 -
or
Rpy = QS (19)

If this fault is undetected and the Fault-free recovery method is used,
the resulting recovered spectra would be given by S = Q 'Ry, The
result of this is shown in Fig. 17 (c) for the illustrative system.

It can be seen that all of the expected peaks are present on the ex-
pected recovered signal, although with different amplitudes than in the
fault free case and with some additional spectra present at smaller am-
plitudes. Once again, the change in amplitude is unlikely to cause
problems and, provided the expected Bragg wavelength range of each

sensor is known, then the features outside of the expected range can be
ignored.

If the presence of Fault2 were detected, for instance by noting the
peaks for S; and S3 present in R, then this could be taken into account
by inverting matrix Qpz, giving

S 4 0 0 0 R,
S 110 15 1 -4 R
AZ _ 2 (20)
s, “4lo 1 15 —4]|]|R
3, 0 -4 -4 16 || R

Adopting this approach results in improved recovery of the indi-
vidual spectra as shown in Fig. 17 (d).

6. Experimental evaluation
6.1. Experimental setup

A series of experiments were conducted to evaluate the 2x2 mesh
network configuration. A small lab-scale interrogation setup, as pre-
sented in Fig. 1, was developed using an optical light source (DL-
BP1-1501A, DenseLight Semiconductors), an interrogator system (I-
MON 512, Ibsen Photonics), a 2x2 wideband fibre optic coupler (1550
+ 100 nm, 50:50 split, Thorlabs), and fibre Bragg grating sensors
(FBGs). For the analysis of the 2x2 mesh configuration, each branch of
the coupler was connected to a single FBG sensor (as shown in Fig. 12),
and signals were interrogated in reflection mode. FBGs used for the
experiments were purchased from Technica with centre wavelengths at
1550, 1552, 1555, and 1560 nm (+ 0.5 nm), and their reflectivity and
FWHM were ~ 8-9% and ~ 0.3 nm, respectively.

6.2. Results

Fig. 18 shows the spectrum with the four FBGs in a single daisy chain.
Fig. 19 shows the four spectra obtained when the mesh is interrogated
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Fig. 18. Spectrum of daisy chained FBGs.

from each of the inputs respectively.

It may be seen that the expected spectral peaks are present in the
individual reflected spectra but the amplitudes of the indirectly coupled
peaks are significantly lower than % of the main peak. It is believed that
this is due to the coupling losses in various mating sleeves used to
connect different components and sensors in addition to the light split-
ting in the coupler.

6.3. Spectral reconstruction

Assuming a perfect 50:50 coupler with no additional losses as above:
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Results in the recovered spectra are shown in Fig. 20.

It can be seen in Fig. 20 that the main peaks are recovered but that
there is significant residual from the other peaks. The coupling coeffi-
cient, ¢, may be adjusted in an attempt to take account of additional
insertion losses. For instance, using ¢ = 0.3 and adjusting the matrix
coefficients in Eq. 21 accordingly, results in the reconstructed spectra
shown in Fig. 21(a) where the reconstruction is improved, but not per-
fect. It appears that it is not possible to find a single value of ¢ which
entirely eliminates the subsidiary peaks in all cases.

An alternative approach is to estimate the coupling matrix from the
individual spectra. Taking the peak amplitudes for each peak in the
spectra shown in Fig. 19 and using these to populate the matrix:

31330028623729
03107034573581
25682882266400
37703232028540

O = (23)

In this case the reconstruction equation, S= Q'R results in the
spectra shown in Fig. 21 (b), where the normalised spectra are recovered
and subsidiary peaks are almost entirely eliminated. An improved esti-
mate of Q could probably be derived using a higher resolution spectra
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30| (©)
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Fig. 19. Spectra of the structure measured from ports 1-4 (panels (a)-(d)).
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measured using an OSA or by fitting Gaussian functions to the spectra
and extracting the peak amplitude from these.

6.4. Fault condition

In the presence of an undetected Fault] the inversion of the full 4x4
matrix results in the reconstructed spectra shown in Fig. 22(a). As ex-
pected, the response of FBG1 is absent from channel 1 and a small signal
is present in the other channels. The remaining peaks (FBG2-4) are
present.

If fault F1 is detected and the same approach as above (invert the

lower right 3x3 matrix and select a coefficient for elements1,2 and 1,3)
results in inverse matrix

| S
T
]

1548

\

1552 1556 1560

Wavelength (nm)

Fig. 21. Reconstructed spectra (a) with ¢ = 0.3 and (b) using experimentally derived coupling matrix.
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Fig. 22. Reconstructed spectra for (a) undetected Faultl, (b) detected Faultl, (c) undetected Fault2, and (d) detected Fault2.
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Giving the recovered spectra shown in Fig. 22 (b). It can be seen that
the spectrum for FBGI is present on channel one but large spurious
peaks are present corresponding to FBGs 2-4.

In the case of an undetected Fault2, the reconstructed spectra are as
shown in Fig. 22 (c). As can be seen, the spectrum for each FBG is present
in the expected channel and spurious peaks are relatively small.

If Fault2 is detected and the appropriate terms in Q set to zero before
inversion then the resulting recovered spectra are as shown in Fig. 22
(d), where it can be seen that all of the FBG peaks are present on the
expected channels and the spurious peaks/troughs are small.

7. Conclusion

We have considered different mesh configurations of embedded fibre
Bragg grating sensors with improved robustness for monitoring com-
posite structures. The configurations of single ended line, bidirectional
line, loop, and 2x2 mesh are analysed using a probabilistic model of
sensor system robustness. The ability to interrogate a string or mesh of
sensors from multiple inlet ports significantly improves robustness.
Numerical evaluation of these configurations has shown that 2x2 mesh
configuration provides the greatest robustness of all of the configura-
tions across all inlet port failure probabilities. The probability of a sensor
becoming isolated in the 2x2 mesh configuration is approximately 3
times lower than for the bidirectional line configuration. Using a matrix
approach, the 2x2 mesh configuration is analysed in terms of disag-
gregation of individual sensor spectra for both fault free and faulty
conditions. Simulation and experimental evaluation have demonstrated
that successful recovery of individual grating spectra is possible with
small spurious signals.

In this analysis it is assumed that the embedded couplers are immune
to damage. The analysis may be extended to incorporate finite proba-
bility of coupler damage. In addition, it is assumed that all FBGs have a
distinct Bragg wavelength and that reflection peaks do not overlap
under the expected range of stimuli. If the FBGs peaks overlap in
wavelength, it should not be a problem in the fault free case and even
with faults it should be possible to reconstruct the original spectra if the
matrix coefficients are known — but with some deterioration in signal-to-
noise ratio. For a high number of sensors, an array of fibres may be
adopted with optical switches used to interrogate each string succes-
sively. Further work is needed to explore the robustness if peaks do
overlap under both fault free and fault conditions where the multiple
optical paths provided by the mesh configuration may allow more suc-
cessful disaggregation of peaks than is possible with the line or loop
configurations.

While FBG are the most suitable for structural sensing, other types of
optical fibre sensors can be studied for creating meshes with improved
robustness, such as long-period fibre gratings, fibre interferometers,
evanescent, etc. Such types of sensors have usually broader spectral
features compared to FBGs, which reduces the number of sensors that
can be multiplexed in wavelength. Time multiplexing is possible in this
case; however, this would require different analysis regarding robust-
ness of such systems. In case of FBG sensors, to optimize the number of
sensors one needs first to choose the mesh structure in the sensing sys-
tem. Then the number of FBGs, which is limited to typically around 10,
depends on the optical bandwidth of light source and optical spectrum
analyser, and the width of the spectral peak of single FBG.

The interrogation resolution of the sensor mesh depends on the ac-
curacy of reconstruction of the grating spectra, which is determined by
configuration of the optical scheme, noises in system and fault condi-
tions. As we have shown in Sections 5 and 6, faults in the fibre mesh
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produce changes in amplitudes of the reconstructed signals with the
spurious peaks at various wavelengths and also the noise amplitude of
recovered spectrum increases. However, the spurious peaks are rela-
tively small and the interrogation resolution would not be strongly
affected by faults in the fibre mesh. In addition, various techniques for
estimating the Bragg wavelength could be adopted to improve accuracy
[23].
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