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Abstract: In this article, a cost-effective and fast interrogating system for wide temperature mea-
surement with Fiber Bragg Gratings is presented. The system consists of a Vertical Cavity Surface
Emitting Laser (VCSEL) with a High Contrast Grating (HCG)-based cavity that allows for the fast
tuning of the output wavelength. The work focuses on methods of bypassing the limitations of
the used VCSEL laser, especially its relatively narrow tuning range. Moreover, an error analysis is
provided by means of the VCSEL temperature instability and its influence on the system performance.
A simple proof of concept of the measurement system is shown, where two femtosecond Bragg
gratings were used to measure temperature in the range of 25 to 800 °C. In addition, an exemplary
simulation of a system with sapphire Bragg gratings is provided, where we propose multiplexation
in the wavelength and reflectance domains. The presented concept can be further used to measure a
wide range of temperatures with scanning frequencies up to hundreds of kHz.

Keywords: VCSEL; HCG; interrogator; bragg grating; fbg; high temperature

1. Introduction

The fast and dynamic growth of various industries is accelerating the development of
sensing systems, especially in terms of their capacity, speed of operation, and accuracy. The
still-evolving Industry 4.0 requires detailed and wide information about physical parame-
ters such as strain, gas concentration, temperature, and others to implement autonomous
control and improve remote diagnostics [1–4]. For example, precise information on the
temperature in electrical energy transformers can lead to the early detection of a fault or
overload [5,6], which can help to plan maintenance intervals. Moreover, temperature and
strain measurements can help detect battery swelling or be used for the optimization of the
power packs’ structure, which is beneficial for the development of electromobility [7–10].
In most applications that operate within a harsh and challenging environment, researchers
and companies around the world find that fiber Bragg gratings (FBGs) are an excellent
choice for multiparameter sensing [11,12].

The technology of optical fiber sensors has been developing for decades [13–15]. Due
to the fact that the Bragg grating sensor is inscribed in the optical fiber and operates on
light, it is naturally immune to the harsh environment and severe conditions. This is why
these sensors have found many applications in a wide list of industries. For instance, FBG
was found to be great for both temperature and strain measurement [13], monitoring of
power infrastructure [16], military applications or even monitoring components for space
missions [17,18]. Significant interest is put into high-temperature sensing, especially in
harsh applications, where fiber-based sensing is one of a few reasonable choices. Indeed,
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most of the presented research applies FBGs to measure temperatures up to hundreds
of Celsius degrees. However, there are still some applications that require much wider
temperature ranges and thus optimization of the whole measurement systems [19,20].
Since Hill reported the photosensitivity effect in doped fibers, many types of FBG struc-
tures have emerged, especially femtosecond gratings [21,22] and functionalized gratings
that can be produced by coating the optical fiber with different chemical compounds or
polymers [23–25]. The current development of FBG technology is mostly focused on sens-
ing applications [26] and great interest is shown in the field of comprehensive sensing
systems based on optical technology [27–29].

However, it is still observable that current optical-based sensing systems cannot com-
pete with standard electronic solutions mostly because of their price. FBG-based sensors are
naturally passive elements, so they must be stimulated by an incident light wave, which is
conducted by the interrogator, and it contributes to the major part of the cost of the sensing
system. Previously reported systems are based on the use of a broadband light source (BBS)
and photodetector (PD) array [30]; BBS and tuned filters [31–34]; tuned laser source and
PD [35–37]; and others [38–41]. All of the approaches presented cannot be widely used in
the industry due to the utilization of expensive optoelectronic elements. For Industry 4.0
applications, the most beneficial would be either the usage of temperature/current-swept
lasers or photonic-integrated circuits [42,43]. The first solution, when provided in a small,
cost-effective package, typically offers a relatively small spectral range, which renders it
not applicable in terms of a wide measurement range. What is more, temperature sweeping
offers relatively slow interrogating times, while current-based sweeping can result in the
highly unwanted mode hopping of the light source. The second solution is still emerging
and requires more research in order to create cost-effective interrogating devices.

In this article, an interrogation system based on Vertical Cavity Surface Emitting Laser
(VCSEL) with High Contrast Grating (HCG) is presented. The VCSEL is used to interrogate
FBGs in the range of up to 10 nm without mode hopping and offers a sweeping speed
of up to a hundreds of kHz [44]. The main focus of this work is put on an analysis of a
system for wide temperature measurement that bypasses the limited tuning range of the
HCG-VCSEL. The presented approach benefits from its simplicity, and low error, while
its temperature range measurement is restricted only to the limits of the FBG capabilities.
By the proper adjustment of the initial Bragg wavelength of each grating, it is possible to
overcome the tuning limits of a VCSEL laser. For the most demanding applications, a system
with multiplexation in both the wavelength and reflectance domains is presented, where
high-temperature FBGs can be used. Since in the experiment a laser without temperature
stabilization is used, an error of a central wavelength of the sensor analysis in the basics of
laser temperature deviation is performed. The presented concept can be further used in
many applications including, but not limited to high temperature measurement, analysis
of battery cells, or medicine [45,46].

2. Principle of Working

The architecture of the measurement system is presented in Figure 1 and consists of
the Control & Storage Unit (CSU), the interrogator, and the FBG-based sensor network. The
CSU is connected to the interrogator via Ethernet and USB-UART and is responsible for both
storing and controlling the measurements made by the interrogator. The sensor network
consists of N FBGs, which are suitable for the desired application, e.g., high-temperature
measurement. The main component of the whole system is the optical interrogator, which
is responsible for active spectrum analysis.
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Figure 1. Architecture of the measurement system. Communication between CSU and the inter-
rogator is based on Ethernet and USB-UART. The interrogator can be used to analyze serially or
parallelly distributed sensor networks. In (a), the simulation of an output signal in wavelength and
time domains is shown. Meanwhile, in (b), the simulation result of a received signal from one FBG
sensor is presented.

2.1. FBG Sensor Network

In order to properly analyze the system performance, let us describe the optical fiber
sensor network by means of the principle of operation. One can distinguish two general
types of FBG sensing networks. The first and most common is the configuration of serially
distributed Bragg gratings.

The second type of sensor network consists of parallelly distributed FBGs, where the
received power spectrum of the sensors can be simplified to the sum of the power reflected
from each sensor. Nevertheless, the selection of an FBG distribution should depend on
the user’s needs along with the desired sensing capabilities. In further deliberations, it is
assumed that the FBG sensor network consists of serially distributed optical FBGs inscribed
on a single fiber.

The Fiber Bragg Grating is a periodic structure that arises from local changes in the
refractive index of a fiber, whose source defines the type of such structure [47]. When the
light wave interacts with periodic changes in the refractive index of a fiber, a self-coupling
of light occurs. Undoubtedly, this coupling will strongly depend on the period of changes
in the refractive index and the wavelength of the incident wave [48]. The Bragg wavelength
for which the resonance between two counter-propagating modes occurs can be calculated
from Equation (1).

λB = 2ne f f Λ, (1)

where ne f f denotes the effective refractive index of an optical fiber and Λ is a period of
index changes in the fiber. The principle of operation of the Bragg grating is presented in
Figure 2.

It is worth noting that FBGs are justifiably used as different types of sensors. When,
e.g., temperature acts on the optical fiber, two main effects are observable. The first, thermal
expansion, affects the change of Λ of a grating as a function of temperature, while a thermo-
optical effect causes the change of ne f f of an optical fiber and is more influential than the
thermal expansion of the glass [49]. The general formula that describes the change of a
Bragg wavelength as a function of temperature is given by Equation (2).

∆λB(T) = α(T − T0) + β(T − T0)2, (2)

where α denotes the linear change, and β describes the quadratic change of a wavelength
as a function of temperature. For a relatively low-temperature measurement range, β can
be neglected, but for a much wider temperature analysis, it must be taken into account
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since optical fiber temperature sensitivity changes with the temperature [50]. Equation (2)
can be further used to obtain a relation between the possible temperature measurement
range under given conditions, such as the available optical spectrum. Let us assume that
one has a measurement system that can operate in the range of λ1 and λ2 nm and has an
FBG with λB(T0) = λ1, which was measured for a well-known temperature T0. For such
a configuration, the temperature measurement can be carried out in the range of T0 to T1,
where T1 can be calculated from Equation (3).

T1 = ρ(∆λB), (3)

where ∆λB = λ2 − λ1 and ρ(∆λB) is the inverse function of ∆λB(T), which can be calcu-
lated from Equation (4).

ρ(∆λB) = ∆λB
−1(T) =

∓
√

α2+4β∆λB−α
2β + T0 if β 6= 0

∆λB
α + T0 if β = 0 & α 6= 0.

(4)

In order to obtain the α and β coefficients of the sensor, the dependence between the
Bragg wavelength under different temperatures was measured and is presented in Figure 3.
The measurement of a uniform femtosecond Bragg grating was carried out in a temperature
range of 50 to 580 ◦C. Measurement was performed with the use of an InPhenix IPSDD1507
SLED as a BBS, an optical circulator, and a Yokogawa AQ6470D Optical Spectrum Analyzer
(OSA). Fiber Bragg Grating was heated using the Weller WTHA 1 hot air station. The
grating was glued with sodium silicate adhesive to the tip of the thermocouple, which was
placed in the outlet of the hot air and served as a reference temperature measurement.

The utilized femtosecond FBG has an observable quadratic dependence between the
Bragg wavelength shift and temperature, which proves the deliberations from [50–52]. The
quadratic fit model obtained shows that the measured grating has α = 0.0118 nm

◦C with
β = 3.7138 · 10−6 nm

◦C2 and these coefficients will be used in further analysis.
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Figure 2. Operating principle of the fiber Bragg grating. The FBG works as a wavelength-domain
filter that reflects the narrowband of an incident spectrum. When external stressors act on FBG, its
reflection spectrum changes. In subfigure (a), an incident spectrum is shown. In (b,c), a reflected and
transmitted spectrum are presented, respectively.
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Figure 3. The dependency between FBG central wavelength and temperature induced by a hot-air
soldering station. The R2 of the quadratic fit is equal to 0.9999.

2.2. Optical Interrogator

As indicated earlier, FBG-based sensors are naturally passive and thus must be stim-
ulated by a light wave. The optical interrogator is responsible for illuminating the FBG,
receiving the reflected signal, and then comparing the received and sent signals to evaluate
the reflected spectrum. The proposed measurement device architecture is shown in Figure 4
and consists of a VCSEL, a photodetector, and a microcontroller.

2x2 splitter

12 mA

Stage 2Stage 1

ADC 1

DAC

Transmitter

Receiver

x

ADC 2

STM 32

E
TH

U
A
R
T

Figure 4. Schematic diagram of the developed interrogator. Two ADCs and one DAC of the micro-
controller are utilized. The signal fed to the HCG input port is followed by a two-staged OPAMP. The
signal from the photodetector is received by an ADC1, while ADC2 is utilized to measure the voltage
on a thermistor built into the VCSEL. The laser is biased at 12 mA by a BJT-based circuit.
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The VCSEL-HCG supplied by Bandwidth10 is working in the C-band and allows
mode-hopping-free operation with constant output wavelength tuning achieved with HCG
cavity [44] in the range of up to 10 nm and a speed up to hundreds of kHz, which makes
it suitable for the interrogation of FBG sensors. The VCSEL bias is set with the stable
current sink circuit based on the BJT transistor providing a current equal to 12 mA, which
corresponds to the average output optical power of −3 dBm. Since the output wavelength
of a VCSEL is changed with respect to the applied voltage to the HCG from a range of
0 V to −18 V, and the output of a DAC provides voltage levels from 0 to 3.3 V, a two-stage
amplifier circuit was proposed that consists of two inverting OPAMPs. The first OPAMP
is a buffer that is responsible for isolating DAC and VCSEL. The second stage amplifies
DAC signal to the range of 0 to −18 V and provides a shift of the bias signal to a value of
−9 V. The VCSEL has a Peltier module, but in order to decrease the power consumption
of the device, it is not used. However, the built-in thermoresistor allows it to measure the
operating temperature of the laser, which in turn is utilized to analyze the error in the
calculation of the Bragg wavelength of the sensors. The spectrum of the laser wavelength
swept in the full range is presented in Figure 5.

1538 1540 1542 1544 1546 1548 1550 1552

Wavelength [nm]

O
p
ti
c
a
l 
p
o
w

e
r 

[d
B

m
]

Figure 5. Spectrum of a continuously swept VCSEL-HCG laser. The laser was directly connected to
the laboratory-grade OSA, and the measurement was performed with the utilization of long-time
integration of the signal.

For the carried out sweeping speed equal to 427 Hz, one can obtain a measurement
range from about 1540 to 1550 nm (edge to edge). The spectrum of a VCSEL laser may
be misleading because of the relatively high power change between the lower and higher
wavelengths in the operational range. Nevertheless, it can be explained by the fact that
the tuning curve of a laser, i.e., the relation between the output wavelength and applied
voltage to the HCG is quadratic [44]. However, the applied voltage is a signal with the
shape of a linear ramp, and the spacing between the voltage values is constant. Thus, much
more power is integrated by an OSA for the range of higher wavelengths.

In the proposed interrogator, a Koheron PD100 InGaAs photodiode was used. The
transimpedance gain of the PD100 is equal to 3.9 kΩ, which allows for the receiving of
signals with relatively low power while maintaining noise at an acceptable level.

The architecture is deliberately simplified in order to create as flexible a solution as
possible. For example, if one wants to receive signals from distant sensors, it is possible
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to use a photodetector with a much higher transimpedance gain. Moreover, if a different
wavelength range is required, one can simply change the VCSEL in such a way that it will
suit specific needs.

The heart of the interrogator is an STM32 microcontroller, which is responsible for
acquiring the operating laser temperature, setting the HCG voltage, and processing the
signal received by the photodetector. Additionally, the microcontroller packages the signal
together with the operational parameters of the components, such as the temperature of
the VCSEL, in UDP/IP datagrams and sends them to the Control & Storage Unit. The data
channel is physically isolated from the control channel to improve the reliability of the solution.
The microcontroller communicates with the CSU via Ethernet to send measurement data. The
UART-USB protocol is used to exchange the working parameters of the device.

In this work, it is assumed that STM32 is not involved in the advanced processing of
the received signal. However, since STM32 has built-in math acceleration functionality, the
capabilities of an interrogator can be easily extended with respect to the user’s needs. For
example, if one wants to simplify the architecture of the whole measurement system, an
STM32 will be more than perfect in order to perform offline Bragg wavelength computation.

As depicted in Figure 4, two built-in ADCs are utilized. The first—ADC1—gathers the
signal from the photodetector, and the second—ADC2 is used for measuring the voltage on
a VCSEL thermistor, which is then used to calculate the operating temperature of the laser.
The control firmware is created in such a way that ADC1 and ADC2 are synchronized with
DAC by the utilization of a built-in timer. DAC is used to feed the HCG with a ramp-shaped
voltage signal. Timer interrupts are triggered with a 4 MHz clock. The utilized MCU has
a 12-bit DAC, corresponding to 4096 possible voltage levels from 0 to 3.3 V. The positive
slope of a ramp signal is assumed to use full DAC capabilities and consist of 496 samples,
each of which corresponds to different voltage levels. Thus, the rise time of a ramp is equal
to 4096

4 MHz = 1.024 ms. To maximize the interrogation speed, it is assumed that only one
slope of a ramp is used, and thus the falling slope consists of only 512 samples. This value
is an acceptable balance between maximum tuning frequency and not time-dawdling for
undesirable operations, together with protecting the VCSEL from unwanted voltage spikes
that can occur due to significant voltage changes over a short period of time.

To ensure that the photodetector receives the proper wavelength, one must analyze the
maximal sensor distance. Since the timer signal is 4 MHz square, DAC can trigger on the
rising edge and ADC on the falling edge of it. Thus, the formula for the maximal distance

between the interrogator and the farthest sensor is LMAX =
Tset ·c f iber

2 , where Tset is the time
between setting the wavelength and starting acquisition reduced by the physical inertia of
the HCG. In the presented system, the HCG setting time can be omitted because we only
move by a small fraction of the wavelength in a range and the total tuning frequency is
much lower than the maximum tuning frequency. The time between edges in the timer is
equal to 125 ns, so the maximal length is around 12.5 m, and the total length of patchcords
used in the experiment fulfills this limit. Note that placing sensors at larger distances will
result in errors in received power or even in a misleading wavelength.

In order to improve LMAX , one can decrease the timer frequency, which will result in
a longer time between setting certain wavelengths and measuring power, leading to an
increase in the possible acquisition distance. Another option is to use parallelly connected
sensors and ensure that each has a similar fiber length.

The voltage ramp that is fed to the two-stage OPAMP circuit is shown in Figure 6.
From the measurements of an HCG driving signal, one can conclude that the positive

sweeping time of a laser t1 is equal to 1.024 ms, the negative sweeping time t2 − t1 is equal
to 0.128 ms, and finally the sweeping cycle tC is equal to 2.340 ms, which transfers to an
interrogating speed 1/tC equal to 427 Hz. The firmware collects data from the ADCs and
packs them into UDP datagrams that are then sent to the CSU via an Ethernet connection.
The time between the end of the first observable ramp and the second one is the time that is
consumed by an MCU simply for creating encapsulation headers in a Lightweight TCP/IP
(lwIP) stack and waiting until data are correctly sent to the CSU.
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Based on the time analysis, it is possible to explain the high-power peak from the
laser spectrum measurement shown in Figure 5 that occurs for approximately 1540 nm
(corresponding to the 0 V on the HCG). The OSA integrates the optical signal in time and
is not synchronized with the interrogator. Since the 0V state occurs more frequently than
other voltages, much more power will reach OSA for wavelengths around 1540 nm. The
presented interrogation scheme consists of a photodetector, which is used to collect optical
power in time, and to overcome an integration-time problem, a rigorous synchronization
between ADCs and DAC is implemented.
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Figure 6. Voltage signal at the output of an STM32 DAC measured with LeCroy 202MXi oscilloscope.
The ramp signal can be distinguished by three time-based parameters. The first t1 is the rise time, the
t2 is the duration of a ramp, and the tC is the period of tuning signal.

STM32 resources are used only for handling lwIP, because ADC and DAC data transfer
is controlled by the Direct Memory Access (DMA) module. Accordingly, for more demand-
ing applications, such as high-speed measurements, free resources can be used to calculate
the Bragg wavelength, causing a significant drop in the size of the UDP payload, and then
send them via IP and Ethernet. Such an approach could potentially decrease tC − t2 time
and thus increase the interrogation speed.

2.3. Control & Storage Unit

Control & Storage Unit is a crucial element that is responsible for storing measurements
and controlling the operation of an interrogator. The STM32 used in the interrogator can
be capable of analyzing data from the sensors. However, when one has a capacious FBG
network or wants to use FBG spectra for AI or ML classification, the potential of STM32
may be insufficient and thus, the utilization of CSU is necessary.

CSU software is built in the Python3 environment and is responsible for communi-
cating with the interrogator and any external service or additional measurement system.
The communication with an interrogator is utilized via both Ethernet and USB-UART
protocols. When the measurement process is started, the Python app sends a configuration to
the interrogator and makes sure that it is accepted by a measuring instrument. Subsequently,
a communication channel via Ethernet with an interrogator is established. Afterward, the
CSU app continuously gathers measurement data and assigns them appropriate timestamps.
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2.4. Bypassing Limitations of Optical Interrogator

Based on the measurements carried out with an OSA presented in Figure 5, an effective
operational spectral range of an interrogator is equal to circa 10 nm. Based on Equations (2)
and (4) and parameters from Figure 3, for such a wavelength span, the temperature can be
measured in the range of up to 760 ◦C. However, for some applications, such as power plant
monitoring [53,54], or turbine engine examination [18,55,56], a much larger temperature
range is required. To overcome such a limitation, one can either use two or more VCSELs
in the interrogator unit or extend wavelength sweeping range through either a temperature
or current manipulation. However, such solutions do not render the proposed system
cost-effective or energy-efficient. Therefore, we propose another method to bypass the
limitations of a VCSEL-HCG-based interrogator.

Let us assume that one wants to measure temperature from T1 to T2 and that the
optical interrogator allows measuring wavelengths from λ1 to λ2. Furthermore, to avoid
unwanted spikes in temperature calculation, the effective wavelength range is equal to
γ(λ2 − λ1). Note that the coefficient γ can theoretically be changed from 0 to 1. The lower
γ, the more sensors are required to measure the desired temperature range. However, in
the presented research, the value γ was chosen empirically and is assumed to be equal
to 0.8, which gives a balance between the possible measurement range and the immunity
to the appearance of unwanted spikes in the measurements and decreases the possible
crosstalk between gratings [57]. Moreover, let us assume that the fiber sensors utilized
change their wavelength with respect to Equation (2). From this, K—the number of gratings
in the system can be calculated from Equation (5).

K =

⌈
α(T2 − T1) + β(T2 − T1)

2

γ(λ2 − λ1)

⌉
. (5)

The number of gratings required to measure the specific temperature range is pre-
sented in Figure 7 for λ2 − λ1 = 10 nm, α = 0.0118 nm

◦C , β = 3.7138 · 10−6 nm
◦C2 , and γ = 0.8.

Figure 7. Relation between a number of gratings and the desired temperature measurement range.
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Since the number of sensors required is well known, let us propose a method to bypass
the limits of an optical interrogator, the concept of which is presented in Figure 8.
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Figure 8. Concept of bypassing the limits of an optical interrogator. In (a), a relation between the
Bragg wavelengths of the FBG sensors and the temperature acting on the fiber is shown. In (b), an
example of a spectrum of two sensors for a temperature equal to 508 ◦C is shown.

The concept is based on the assumption that each grating has the same properties
when exposed to external factors, that is, each sensor has the same ∆λB(T). However, to
maintain continuous temperature measurement, it is assumed that each k-th grating has
a different central wavelength for the common reference temperature T0. As depicted in
Figure 8, since the coefficient γ is less than 1, for specific temperature ranges, the spectrum
of two sensors can be observed in the interrogator range. This can improve the performance
of the algorithm for Bragg wavelength calculation from the received signal, and prevent
unwanted spikes in the measured temperature. The Bragg wavelength of a k-th grating can
be calculated from Equation (6).

λk
B0 = λ1 + (λ2 − λ1)

(
(1− γ)

2
− γ(k− 1)

)
. (6)

The temperature in the measuring environment can be calculated by taking into
account Equation (6) and thus by analyzing the Bragg wavelength of the sensor. Recall
that each sensor is chosen in such a way that it allows it to measure temperatures higher
than the previous one. Therefore, one must bear in mind that the measured temperature
considers the parameters of a specific k-th Bragg grating, which is suitable for measuring
the current temperature in the environment. In order to properly apply the proposed
method to the measurement system, the interrogator or CSU must remember the previous
state of the system, especially the temperature at the earlier time. The temperature in the
measuring environment can be calculated from Equation (7).

T(t) = ρ
(

λB(t)− λk
B0

)
, k : [∆λ(T(t− δt)), ∆λ(T(t− δt)) + γ(λ2 − λ1)] 3

(
λB(t)− λk

B0

)
, (7)
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where λB(t) is the measured Bragg wavelength of the sensor and T(t− δt) is the tempera-
ture obtained δt seconds ago. Note that when more than one sensor is observable in the
interrogator wavelength range, one should take into account the λB(t) that is closest to the
previous one. It must be stated that the initial condition of the measurement, i.e., the value
of T(0), must be well known.

3. Examination of the Concept

To examine the proposed concept, an exemplary measurement bench has been con-
structed, consisting of a Nabertherm N 11/HR heating furnace, an optical interrogator,
CSU, two femtosecond Fiber Bragg grating sensors provided by FBGS, and a K-type thermo-
couple TP-202K-1b-400-1,0 with TED-38 driver, both supplied by Czaki. The measurement
obtained from the commercial thermocouple is used as a reference to the measurement
utilized with two FBGs in order to calculate a temperature error. The architecture of an
exemplary system, together with the measurement bench, is shown in Figure 9.

Furnace

FBG 1

FBG 2

TED-38 driver

Thermocouple 

InterrogatorCSU

(a) (b)

ADC

Figure 9. Architecture of the measurement bench (a), which consists of a CSU, an optical interrogator,
two FBG-based sensors, and a thermocouple, which is considered to provide the reference temper-
ature measurement. The measurement bench, together with the picture of the heating furnace, is
presented in (b).

The experiment was performed using femtosecond gratings, the parameters of which
are shown in Table 1.

Table 1. Parameters of FBGs.

Grating λB @T0 = 25 ◦C [nm] R[%]

FBG 1 1544.8 70
FBG 2 1538.9 60

The concept is examined as follows. First, the FBGs together with the thermocouple
are placed inside the furnace. It must be stated that, in order to minimize the influence of
inhomogeneous temperature distribution inside the measuring chamber, sensors together
with the thermocouple are placed as close as possible. Fiber Bragg gratings are serially
connected to the interrogator, followed by an optical coupler. The STM32 NUCLEO-
F746ZG and the built-in ADC are used to gather data from the TED-38 thermocouple
driver, which is connected to the GPIO followed by a 1:3 voltage divider circuit. The CSU
is responsible for synchronous data collection from the interrogator and thermocouple’s
STM32. Synchronization between two devices is based on timestamps that are generated
when the CSU receives data from either the interrogator or the thermocouple circuit.

The furnace parameters are such that the temperature is changed over 240 min
from 25 to 1000 degrees with 100-degree steps. According to Equation (2), the temper-
ature change in the furnace influences the change in Bragg wavelength, which must be
properly determined.



Sensors 2022, 22, 9768 12 of 22

3.1. Calculation of Central Wavelength

The measurement data from the interrogator contains both wavelength and received
amplitude vectors, each of length M, denoted by X, and Y, respectively. One of the most
common methods used to determine the central wavelength of the sensor spectrum is
the centroid. The centroid method analytically finds the center of a mass of the analyzed
spectrum. However, this method can be biased because of the noise present in the signal,
and the relative spectral position of the sensor in the observable window. This is why
the modified threshold centroid method is utilized, whose basis lies in the calculation of
the center of the mass by taking into account only a specific set of measurement points.
The selection is based on the reflected power of a grating and a relative threshold level
denoted by η. Hence, the central wavelength of the analyzed grating can be calculated
from Equation (8).

λC =
∑M

i=1 Y[i]X[i]
∑M

i=1 Y[i]
, i : Y[i] ≥ η max{Y} (8)

In the experiment, the temperature of the laser is not stabilized, and its value over
time is presented in Figure 10.
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Figure 10. VCSEL-HCG laser temperature measured with a built-in thermistor. The standard
deviation of a temperature change is equal to 0.5457 ◦C, which corresponds to 55.66 pm in output
wavelength value [44].

The relatively high standard deviation of the laser’s temperature is caused by the fact
that it is working in a highly unstable environment, which causes significant drops and
increases in working temperatures and thus its output wavelength [44]. Since the Peltier
module is not used, it is justified to analyze the centroid method by means of a wavelength
noise. The relation between the Bragg wavelength calculation error and wavelength noise
together with different η is shown in Figure 11.
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Figure 11. The relation between Bragg wavelength calculation error and laser wavelength instability
(σ2) together with the relative threshold level η utilized in the centroid method. The optimal value
of η should be chosen in such a way as to minimize an error. Since the optimal point is related to
the noise present in the system, one should properly analyze it before utilizing the centroid method.
The simulations were performed in the MATLAB environment. The FBG spectrum was obtained
using the TMM approach from [58]. The λBerror is calculated as the difference between the central
wavelength obtained from Equation (8) and λmax from Equation (42) in [58].

One can conclude that apparently the higher the laser instability, the higher the Bragg
wavelength error. Note that the selection of η value should be based on the analysis of
grating reflectance and noise, whose main components are the noise of the photodetector
and the eventual quantization error. However, a detailed analysis of a centroid method is
beyond the scope of this article and has previously been demonstrated in detail [59–61].

On the basis of the analysis performed and the temperature variance obtained from
the laser, a η = 0.5 was assumed in the calculation of the central wavelength of the FBG.
The calculated central wavelengths of two FBGs that were used to measure the temperature
inside the furnace are presented in Figure 12.

3.2. Decreasing Error in the System

The analysis of a central wavelength calculation error demonstrated that undoubtedly
such an error depends on the laser wavelength instability. Note that the temperature of
the utilized laser was not controlled, and thus decreasing the influence of the wavelength
instability and overall noise in the signal can improve an error of temperature retrieval.
It can be demonstrated that the error can be minimized by taking the mean of the N
measurements. Since the achieved interrogation speed is significantly greater than the
changes of temperature in the furnace, a N can be relatively high and must satisfy the
inequality (9).

N ≤ δλ

tCαT−λ
, (9)

where δλ is the wavelength resolution of the interrogator, and αT−λ = max
{

α ∂T
∂t + β

(
∂T
∂t

)2
}

.
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Figure 12. (a) Relation between the calculated central wavelength of the FBG sensors and the time of
measurement. The asterisk curve represents the data from FBG1, and the plus sign line is for FBG2.
(b) The spectrum obtained with the proposed interrogator for a temperature equal to circa 350 ◦C
(the equivalent of the 105th minute of measurement).

To analyze analytically the variance of a mean signal over time, assume that the
received signal y(t, λ) is the sum of the reflected power of the grating RT(t, λ) and Gaussian
noise n(t, λ). Presently, let us assume that the signal y(t, λ) is averaged N times in time in
such a way that the averaged signal is equal to 1

N ∑N
i=1 y(ti, λ)), where ti is the i-th moment

in time. Let us assume that in the period from t1 to tN , the signal RT(t, λ) is stationary
and therefore has a variance equal to σ2

R, and is not correlated with n(t, λ). The noise n is
known to have a variance equal to σ2

N . Based on this, one can achieve the formula for the
variance of the averaged signal, as in Equation (10).

Var

(
1
N

N

∑
i=1

y(ti, λ)

)
= σ2

R +
1
N

σ2
N . (10)

The gain in variance G after averaging is expressed as a relation between the unaver-
aged and averaged signals and can be calculated by Equation (11).

G =
σ2

R + σ2
N

σ2
R + 1

N σ2
N

. (11)

3.3. Experiment Results

On the basis of the concept presented in the previous sections, two FBGs from the
measurement bench were utilized to jointly measure the temperature in the furnace. The
relationship between the temperature obtained from the optical-based system and the
thermocouple is presented in Figure 13.

The linear regression of the relationship in Figure 13 shows that there is a good
correlation between the changes in temperature obtained from the gratings and measured
by the thermocouple. However, the regression is biased by an error that originates from
fluctuations in laser temperature and non-ideal compensation of a quadratic tuning curve
of the laser. To overcome those issues, one can use a TEC circuit for the stabilization of a
laser temperature and perform a more accurate characterization of the laser.
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The temperature error is caused by the following factors: unstabilized temperature
of the VCSEL, non-ideal compensation of the VCSEL laser tuning curve, positioning of
the gratings in the heating furnace, and utilized peak calculation method. As stated
above, the temperature of the laser was not stabilized in order to decrease the power
consumption of the whole system. The peak-to-peak value of the laser temperature during
the measurement process is equal to circa 1.96 ◦C, which translates to the peak-to-peak
value of the temperature error, measured by a potential FBG, equal to 17.84 ◦C. The peak-
to-peak value obtained from the measurements is equal to 33.19 ◦C. Thus, the instability of
the laser itself corresponds to about half of the final temperature error, and without proper
temperature compensation, it is not possible to obtain a peak-to-peak value smaller than
17.84 ◦C. Note here that to compensate for the quadratic dependency of the tuning curve,
its parameters must be known with the highest precision possible. The static curve is easy
to obtain; however, the tuning characteristic changes with respect to the sweeping speed,
and thus it is unambiguous to obtain proper quadratic fit parameters. In this research,
static parameters were utilized to linearize the HCG-VCSEL response. That is why there
is a non-zero error that originates from this fact in the final temperature measurement.
In addition, there could be a slight misalignment of gratings and thermocouple which
could have an effect to the final error. Finally, the weighted algorithm with thresholding
was utilized for the calculation of the central wavelength of the sensor. Indeed, much
more advanced method could potentially decrease the final error, but such an analysis lies
beyond the scope of the article.

100 200 300 400 500 600 700 800

Thermocouple temperature [oC]

0

100

200

300

400

500

600

700

800

B
ra

g
g
 g

ra
ti
n
g
 t
e
m

p
e
ra

tu
re

 [
o
C

]

y=1.00271x+1.36

Measured

Linear fit

100 200 300 400 500 600 700 800

Thermocouple temperature [oC]

-10

0

10

T
e

m
p

e
ra

tu
re

e
rr

o
r 

[o
C

]

=2.24

Figure 13. Temperature calculated with the FBG-based sensors versus temperature obtained from the
thermocouple. The linear regression parameter R2 = 0.9988.

The proposed system allowed measuring the temperature inside the furnace from
25 ◦C to 800 ◦C. In the presented approach, the limitation of the system was induced by
the fact that two off-the-rack gratings were used, so there was no possibility of tailoring the
central wavelengths of the sensors to achieve a wider temperature range.

4. System Enhancement

In previous chapters, a measurement system was presented together with an experi-
ment that demonstrated the possibility to measure the temperature up to 800 ◦C, which
was limited by the utilized FBGs. According to the literature, femtosecond gratings in-
scribed in SiO2 glass can measure temperatures up to about 1100 ◦C [62]. However, with
the utilization of specialized optical fiber Bragg gratings, such as sapphire-based (SFBG)
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ones, much higher temperatures can be measured, reaching up to 2000 degrees Celsius
[63–66]. Such gratings are suitable for applications for which the possibility of measuring
high temperatures is essential [19,53]. However, sapphire-based FBGs have a stronger
Bragg wavelength and temperature dependence than standard fibers, and thus the value
of α = 0.023 nm

◦C and β = 4 · 10−6 nm
◦C2 [63]. Hence, it is necessary to utilize more gratings in

order to achieve the desired range of temperature measurement.

Optimization of the System

For systems in which the increase in a Bragg wavelength as a function of temperature
is large, it is necessary to use more FBGs, i.e., at least more than 3. Moreover, as concluded
in the previous section, with increasing temperature, the relative measurement range of a
specific grating for a constant interrogator wavelength range decreases, which is caused
by a nonlinear response to the temperature. Thus, a continuous temperature estimate
can be unambiguous. Furthermore, in the case of a blackout during measurement, the
reconstruction of the state of the measurement bench can be nonexecutable. Henceforth, let
us propose a reflectance-based multiplexation [67–70], which can allow one to determine an
absolute temperature range of a sensor without knowing the previous state of the system.
Namely, each utilized grating is assumed to have a unique reflectance and to be stable over
time and non-dependant on the temperature.

Let us assume that the utilized photodetector is able to receive reflectances from 0 to 1.
Next, assume that the reflectance values for each grating are linearly distributed. Then, a
reflectance of a k-th grating can be calculated by Equation (12).

Rk
max =

2k− 1
2K

. (12)

In such an approach, the operational range, together with base parameters such as Tk
0

or λk
B0, can be deduced from a reflectance value by comparing the received power with

the specific confidence intervals. For example, the reflectance of the first grating is in the
range of 0 to 1/K, the second in the range from 1/K to 2/K, and so on. The principle of the
system is similar to the concept presented in Section 3, but the grating number visible in
the interrogator range depends on the received power and not the previous measurement.
The concept is presented in Figure 14.

Figure 14. (a) Simulation of SFBGs spectra for different temperatures acting on sensors. The spectrum
of each grating shifts with respect to the Equation (2). The black lines indicate spectral measurement
range of the interrogator. (b) Bragg wavelength for each SFBG sensor in the function of a temperature.
Spectrum received from all sensors for 25, 1000, and 1800 degrees Celsius is presented in (c), (d), and
(e), respectively. The dashed lines in (c–e) represent reflectance confidence intervals.
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Each grating in the system is chosen in such a way that it is able to monitor a specific
range of temperatures with respect to the interrogator wavelength range. The current
temperature in the system can be calculated by Equation (13).

T(t) = ρk(λB(t)− λk
B0), k : R(λB(t)) ∈

[
k− 1

K
,

k
K

]
, (13)

where ρk is the inverse function of the wavelength changes for the k-th grating with central
wavelength equal to λk

B0, and R(λB(t)) is a current reflectance value. It should be noted
that since sapphire optical fibers have a relatively large core area and air cladding, the
obtainable FWHM of the gratings can reach up to a couple of nanometers [65], which can
be problematic in a system with a small wavelength range that is close to the FWHM of
the grating. However, it has been lately shown [71–73] that there is a possibility to obtain
SFBGs having clearly lower FWHM than the spectral range in the proposed interrogator.

The most important remark that must be justified is the fact that state-of-the-art SFBG
structures consist of up to 5 serially distributed gratings [74,75], which renders the proposed
concept potentially inapplicable. Such limitation comes from the production process of
SFBGs and the physical characteristics of the sapphire fiber, which causes a significant
increase in the insertion loss of structures. However, there is a possibility to overcome such
a limitation, where one can use parallelly connected sensors followed by an optical splitter.

As was previously reported, some types of gratings can change their reflectance
or even central wavelength over time when exposed to high temperatures. However,
to overcome such a problem, one can utilize the changing output power of the laser to
compensate for the reflectance drop or modify its temperature to neutralize the changes
of λk

B0, but such approaches will increase the power consumption of the system. Another
possibility is the implementation of a digital correction that will compensate for the drop of
the reflectance, through, for instance, monitoring of the exposure time of the gratings on
high temperature.

5. Discussion and Conclusions

In this work, a cost-effective and fast interrogation system for fiber-based sensors
was presented with a dedicated application in the field of high-temperature measurement.
However, it is worth noting that the achieved operational wavelength range of the system
is equal to approximately 10 nm. At first glance, such a feature renders the proposed
system not competitive. However, the appropriate sensor network design and selection
of initial central wavelengths of FBGs can lead to an increase in the system measurement
range. Since the FBG production process is well established and has been mastered in
a comprehensive way by many research groups, the need to adjust the sensors in the
designed system is not an inconvenience [76].

An experiment with two femtosecond FBGs has been employed, which allowed for
the examination of the concept. The results presented in the previous sections showed
that with the utilization of different fiber Bragg gratings, the wavelength limitation of an
interrogator is not a problem. Based on the approach of extending the measurement range
of the system, a concept of multiplexation in both reflectance and wavelength domains was
proposed for the most demanding applications.

The proposed optical interrogation system benefits from its simple architecture and
possible flexibility in terms of adaptation to the desired needs, such as a specific temperature
measurement range. The interrogator is based on continuous wavelength sweeping of a
VCSEL-HCG laser. While in the experiment, a measurement speed was equal to 427 Hz,
which resulted from the limitations introduced by the microcontroller. The tuning speed of
the HCG-based VCSEL can reach hundreds of kHz and can be achieved with the utilization
of, e.g., FPGA-based control of the system.

It is worth mentioning that the proposed concept for bypassing the limitations of the
interrogator forces users to utilize more physical measuring points. Indeed, for precise
spatial resolution, such an approach can be impractical. However, please note that the
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production cost of a single Bragg grating is, with a proper production site, negligibly small,
and the number of gratings employed for sensing has an insignificant effect on the final
costs of the system, which is essential for the industry. However, such a statement is valid
only if one uses FBGs without housing. When the system designer intends to utilize proper
housing, the sacrification of sensing points problem can influence the final price of the
system. In such a situation, there is a wide field for optimization, especially around the
concept that puts multiple FBGs in one housing. Surely, the presented approach forces
system designers to optimize the possible positions of the sensors around the measurement
point. Finally, if a higher spatial resolution is required, by means of higher measurement
points, an optical switch can be employed to achieve a higher capacity of the sensing
system, which allows to increase the number of sensors connected to the interrogation unit,
as indicated in Figure 1.

The architecture of the interrogation system is suited for Industry 4.0 applications.
Data are transferred through the Ethernet interface along with the utilization of the UDP
and IP protocols. If one wants to achieve encrypted communication, an STM32 built-in
cryptographic library can be used. The power consumption of an optical interrogator
is equal to 3.5 W. However, the energy efficiency can be improved by decreasing the
processor clock speed, or PCB design optimization along with the disposal of unnecessary
components, such as diagnostic LEDs. What is more, the total costs of components that
were used to build the interrogator can be optimized much below 2000 EUR, which is a
considerable advantage over other commercial solutions available on the market.

The parameters of the proposed interrogating system are presented in Table 2. Since
the tuning curve of the VCSEL, i.e., relation between output wavelength and applied
voltage to the HCG structure is nonlinear, the calculation of the resolution parameter can
be dubious. This is why it is calculated as the highest value of the derivative of the output
wavelength versus the HCG voltage relation.

Table 2. Parameters of the proposed interrogator system.

Parameter Name Value

Interrogation speed 427 Hz
Wavelength range 10 nm

Wavelength resolution 4.77 pm
Communication Ethernet & UART

Average power consumption 3.5 W
Suppply voltage 9–18 V

Weight ≈200 g
Price <2000 €

Since the measurement speed obtained may be insufficient for some applications,
further work will focus on the utilization of an FPGA instead of an ARM-based controller
to speed up the interrogator. In addition, future work will be associated with the imple-
mentation of a system for multipoint measurement of high temperatures in jet engines,
which will help to detect the temperature in the combustion chamber. The proposed mul-
tiplexation scheme and the concept of bypassing the span limitation of the interrogator
open the possibility of detecting a temperature gradient using many FBG sensors. It is
worth noting that, in the future, a deep analysis of the noise present in the system must
be performed to significantly reduce the temperature error obtained by the system. The
measurement platform still needs a more reliable approach to calibrate both FBG sensors
and the VCSEL laser.
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ADC Analog-to-digital converter
AI Artificial intelligence
BBS Broadband light source
CSU Control & storage unit
DAC Digital-to-analog converter
FBG Fiber Bragg grating
GPIO General-purpose input/output
HCG High contrast grating
MCU Microcontroller unit
ML Machine learning
OPAMP Operational amplifier
OSA Optical spectrum analyzer
PD Photodetector
SFBG Sapphire fiber Bragg grating
SLED Superluminescent diode
TEC Thermoelectric cooler
TMM Transfer matrix method
UART Universal asynchronous receiver-transmitter
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References
1. Schütze, A.; Helwig, N.; Schneider, T. Sensors 4.0—Smart sensors and measurement technology enable Industry 4.0. J. Sens. Sens.

Syst. 2018, 7, 359–371. [CrossRef]
2. Javaid, M.; Haleem, A.; Singh, R.P.; Rab, S.; Suman, R. Significance of sensors for industry 4.0: Roles, capabilities, and applications.

Sens. Int. 2021, 2, 100110. [CrossRef]
3. Oztemel, E.; Gursev, S. Literature review of Industry 4.0 and related technologies. J. Intell. Manuf. 2020, 31, 127–182. [CrossRef]
4. Thoben, K.D.; Wiesner, S.; Wuest, T. “Industrie 4.0” and Smart Manufacturing—A Review of Research Issues and Application

Examples. Int. J. Autom. Technol. 2017, 11, 4–16. [CrossRef]
5. Georgilakis, P.S. Spotlight on Modern Transformer Design; Power Systems; Springer: London, UK, 2009; Volume 38. [CrossRef]
6. Ba̧ba, S. Multiparameter reliability model for SiC power MOSFET subjected to repetitive thermomechanical load. Bull. Pol. Acad.

Sci. Tech. Sci. 2021, 69, e137386. [CrossRef]
7. Oh, K.Y.; Epureanu, B.I. Characterization and modeling of the thermal mechanics of lithium-ion battery cells. Appl. Energy 2016,

178, 633–646. [CrossRef]

http://doi.org/10.5194/jsss-7-359-2018
http://dx.doi.org/10.1016/j.sintl.2021.100110
http://dx.doi.org/10.1007/s10845-018-1433-8
http://dx.doi.org/10.20965/ijat.2017.p0004
http://dx.doi.org/10.1007/978-1-84882-667-0
http://dx.doi.org/10.24425/bpasts.2021.137386
http://dx.doi.org/10.1016/j.apenergy.2016.06.069


Sensors 2022, 22, 9768 20 of 22

8. Oh, K.Y.; Siegel, J.B.; Secondo, L.; Kim, S.U.; Samad, N.A.; Qin, J.; Anderson, D.; Garikipati, K.; Knobloch, A.; Epureanu, B.I.; et al.
Rate dependence of swelling in lithium-ion cells. J. Power Sources 2014, 267, 197–202. [CrossRef]

9. Duan, J.; Tang, X.; Dai, H.; Yang, Y.; Wu, W.; Wei, X.; Huang, Y. Building Safe Lithium-Ion Batteries for Electric Vehicles: A Review.
Electrochem. Energy Rev. 2020, 3, 1–42. [CrossRef]

10. Raijmakers, L.H.; Danilov, D.L.; Eichel, R.A.; Notten, P.H. A review on various temperature-indication methods for Li-ion
batteries. Appl. Energy 2019, 240, 918–945. [CrossRef]

11. Hill, K.; Meltz, G. Fiber Bragg grating technology fundamentals and overview. J. Light. Technol. 1997, 15, 1263–1276. [CrossRef]
12. Kersey, A.; Davis, M.; Patrick, H.; LeBlanc, M.; Koo, K.; Askins, C.; Putnam, M.; Friebele, E. Fiber grating sensors. J. Light. Technol.

1997, 15, 1442–1463. [CrossRef]
13. Rao, Y.J.J. In-fibre Bragg grating sensors. Meas. Sci. Technol. 1997, 8, 355–375. [CrossRef]
14. Othonos, A. Fiber Bragg Gratings. Rev. Sci. Instrum. 1997, 68, 4309. [CrossRef]
15. Lee, B. Review of the present status of optical fiber sensors. Opt. Fiber Technol. 2003, 9, 57–79. [CrossRef]
16. Chai, Q.; Luo, Y. Review on fiber-optic sensing in health monitoring of power grids. Opt. Eng. 2019, 58, 1. [CrossRef]
17. Girard, S.; Morana, A.; Ladaci, A.; Robin, T.; Mescia, L.; Bonnefois, J.J.; Boutillier, M.; Mekki, J.; Paveau, A.; Cadier, B.; et al. Recent

advances in radiation-hardened fiber-based technologies for space applications. J. Opt. 2018, 20, 093001. [CrossRef]
18. Ecke, W.; Latka, I.; Willsch, R.; Reutlinger, A.; Graue, R. Fibre optic sensor network for spacecraft health monitoring. Meas. Sci.

Technol. 2001, 12, 974–980. [CrossRef]
19. Mihailov, S.J. Fiber Bragg Grating Sensors for Harsh Environments. Sensors 2012, 12, 1898–1918. . [CrossRef]
20. Schena, E.; Tosi, D.; Saccomandi, P.; Lewis, E.; Kim, T. Fiber Optic Sensors for Temperature Monitoring during Thermal Treatments:

An Overview. Sensors 2016, 16, 1144. [CrossRef]
21. Davis, K.M.; Miura, K.; Sugimoto, N.; Hirao, K. Writing waveguides in glass with a femtosecond laser. Opt. Lett. 1996, 21, 1729.

[CrossRef]
22. Martinez, A.; Dubov, M.; Khrushchev, I.; Bennion, I. Direct writing of fibre Bragg gratings by femtosecond laser. Electron. Lett.

2004, 40, 1170. [CrossRef]
23. Sutapun, B. Pd-coated elastooptic fiber optic Bragg grating sensors for multiplexed hydrogen sensing. Sens. Actuators B Chem.

1999, 60, 27–34. [CrossRef]
24. Yeo, T.; Sun, T.; Grattan, K.; Parry, D.; Lade, R.; Powell, B. Characterisation of a polymer-coated fibre Bragg grating sensor for

relative humidity sensing. Sens. Actuators B Chem. 2005, 110, 148–156. [CrossRef]
25. Zhang, Y.; Feng, D.; Liu, Z.; Guo, Z.; Dong, X.; Chiang, K.; Chu, B. High-sensitivity pressure sensor using a shielded polymer-

coated fiber Bragg grating. IEEE Photonics Technol. Lett. 2001, 13, 618–619. [CrossRef]
26. Sahota, J.K.; Gupta, N.; Dhawan, D. Fiber Bragg grating sensors for monitoring of physical parameters: A comprehensive review.

Opt. Eng. 2020, 59, 1. [CrossRef]
27. Kashyap, R. Fiber Bragg Gratings; Optics and Photonics; Academic Press: Burlington, VT, USA, 2009; ISBN 9780080919911.
28. Lo Presti, D.; Massaroni, C.; D’Abbraccio, J.; Massari, L.; Caponero, M.; Longo, U.G.; Formica, D.; Oddo, C.M.; Schena, E.

Wearable System Based on Flexible FBG for Respiratory and Cardiac Monitoring. IEEE Sens. J. 2019, 19, 7391–7398. [CrossRef]
29. Cusano, A.; Cutolo, A.; Albert, J. Fiber Bragg Grating Sensors: Recent Advancements, Industrial Applications and Market Exploitation;

Bentham Science Publishers: Sharjah, United Arab Emirates, 2012.
30. Lee, B.W.; Seo, M.S.; Oh, H.G.; Park, C.Y. High-Speed Wavelength Interrogator of Fiber Bragg Gratings for Capturing Impulsive

Strain Waveforms. In Advanced Materials Research; Trans Tech Publications Ltd.: Baech, Switzerland, 2010; pp. 123–125. [CrossRef]
31. Xu, M.G.; Geiger, H.; Dakin, J.P. Modeling and performance analysis of a fiber bragg grating interrogation system using an

acousto-optic tunable filter. J. Light. Technol. 1996, 14, 391–396. [CrossRef]
32. Johnson, G.; Todd, M.; Althouse, B.; Chang, C. Fiber Bragg grating interrogation and multiplexing with a 3/spl times/3 coupler

and a scanning filter. J. Light. Technol. 2000, 18, 1101–1105. [CrossRef]
33. Jeong, S.Y.; Choi, S.J.; Pan, J.K. An Implementation of FBG Interrogator with a Tunable Fabry-Perot Filter. In Advanced Photonics

2017 (IPR, NOMA, Sensors, Networks, SPPCom, PS); OSA: Washington, DC, USA, 2017. [CrossRef]
34. Diaz, C.A.R.; Leal-Junior, A.G.; Avellar, L.; Antunes, P.F.C.; Pontes, M.J.; Marques, C.A.; Frizera, A.; Ribeiro, M.R.N. Perrogator: A

Portable Energy-Efficient Interrogator for Dynamic Monitoring of Wavelength-Based Sensors in Wearable Applications. Sensors 2019,
19, 2962. [CrossRef]

35. Ibrahim, S.K.; O’Dowd, J.A.; McCue, R.; Honniball, A.; Farnan, M. Design Challenges of a High Speed Tunable Laser Interrogator for
Future Spacecraft Health Monitoring. In CLEO: 2015; OSA: Washington, DC, USA, 2015. ._AT. 2015.ATu1M.3. [CrossRef]

36. Ball, G.; Morey, W.; Cheo, P. Fiber laser source/analyzer for Bragg grating sensor array interrogation. J. Light. Technol. 1994,
12, 700–703. [CrossRef]

37. Yun, S.H.; Richardson, D.J.; Kim, B.Y. Interrogation of fiber grating sensor arrays with a wavelength-swept fiber laser. Opt. Lett.
1998, 23, 843–845. [CrossRef] [PubMed]

38. Sano, Y.; Yoshino, T. Fast optical wavelength interrogator employing arrayed waveguide grating for distributed fiber bragg
grating sensors. J. Light. Technol. 2003, 21, 132. [CrossRef]

39. Dai, Y.; Liu, Y.; Leng, J.; Deng, G.; Asundi, A. A novel time-division multiplexing fiber Bragg grating sensor interrogator for
structural health monitoring. Opt. Lasers Eng. 2009, 47, 1028–1033. [CrossRef]

http://dx.doi.org/10.1016/j.jpowsour.2014.05.039
http://dx.doi.org/10.1007/s41918-019-00060-4
http://dx.doi.org/10.1016/j.apenergy.2019.02.078
http://dx.doi.org/10.1109/50.618320
http://dx.doi.org/10.1109/50.618377
http://dx.doi.org/10.1088/0957-0233/8/4/002
http://dx.doi.org/10.1063/1.1148392
http://dx.doi.org/10.1016/S1068-5200(02)00527-8
http://dx.doi.org/10.1117/1.OE.58.7.072007
http://dx.doi.org/10.1088/2040-8986/aad271
http://dx.doi.org/10.1088/0957-0233/12/7/339
http://dx.doi.org/10.3390/s120201898
http://dx.doi.org/10.3390/s16071144
http://dx.doi.org/10.1364/OL.21.001729
http://dx.doi.org/10.1049/el:20046050
http://dx.doi.org/10.1016/S0925-4005(99)00240-3
http://dx.doi.org/10.1016/j.snb.2005.01.033
http://dx.doi.org/10.1109/68.924043
http://dx.doi.org/10.1117/1.OE.59.6.060901
http://dx.doi.org/10.1109/JSEN.2019.2916320
http://dx.doi.org/10.4028/www.scientific.net/AMR.123-125.867
http://dx.doi.org/10.1109/50.485598
http://dx.doi.org/10.1109/50.857755
http://dx.doi.org/10.1364/IPRSN.2017.JTu4A.16
http://dx.doi.org/10.3390/s19132962
http://dx.doi.org/10.1364/CLEO_AT. 2015.ATu1M.3
http://dx.doi.org/10.1109/50.285367
http://dx.doi.org/10.1364/OL.23.000843
http://www.ncbi.nlm.nih.gov/pubmed/18087360
http://dx.doi.org/10.1109/JLT.2003.808620
http://dx.doi.org/10.1016/j.optlaseng.2009.05.012


Sensors 2022, 22, 9768 21 of 22

40. Díaz, C.A.; Marques, C.A.; Domingues, M.F.F.; Ribeiro, M.R.; Frizera-Neto, A.; Pontes, M.J.; André, P.S.; Antunes, P.F. A
cost-effective edge-filter based FBG interrogator using catastrophic fuse effect micro-cavity interferometers. Measurement 2018,
124, 486–493. [CrossRef]

41. Lloyd, G.; Everall, L.; Sugden, K.; Bennion, I. Resonant Cavity Time-Division-Multiplexed Fiber Bragg Grating Sensor Interrogator.
IEEE Photonics Technol. Lett. 2004, 16, 2323–2325. [CrossRef]

42. Marin, Y.E.; Nannipieri, T.; Oton, C.J.; Pasquale, F.D. Current Status and Future Trends of Photonic-Integrated FBG Interrogators.
J. Light. Technol. 2018, 36, 946–953. [CrossRef]

43. Marin, Y.; Nannipieri, T.; Oton, C.J.; Di Pasquale, F. Fiber Bragg grating sensor interrogators on chip: Challenges and opportunities.
In Proceedings of the 2017 25th Optical Fiber Sensors Conference (OFS), Jeju, Republic of Korea, 24–28 April 2017; p. 103230D.

44. Rao, Y.; Yang, W.; Chase, C.; Huang, M.C.Y.; Worland, D.D.P.; Khaleghi, S.; Chitgarha, M.R.; Ziyadi, M.; Willner, A.E.; Chang-
Hasnain, C.J. Long-Wavelength VCSEL Using High-Contrast Grating. IEEE J. Sel. Top. Quantum Electron. 2013, 19, 1701311.
[CrossRef]

45. Mishra, V.; Singh, N.; Tiwari, U.; Kapur, P. Fiber grating sensors in medicine: Current and emerging applications. Sens. Actuators
A Phys. 2011, 167, 279–290. [CrossRef]

46. Taffoni, F.; Formica, D.; Saccomandi, P.; Pino, G.; Schena, E. Optical Fiber-Based MR-Compatible Sensors for Medical Applications:
An Overview. Sensors 2013, 13, 14105–14120. [CrossRef]

47. Canning, J. Fibre gratings and devices for sensors and lasers. Laser Photonics Rev. 2008, 2, 275–289. [CrossRef]
48. Yariv, A. Coupled-Mode theory for guided-wave optics. IEEE J. Quantum Electron. 1973, 9, 919–933. [CrossRef]
49. Morey, W.W.; Meltz, G.; Glenn, W.H. Fiber Optic Bragg Grating Sensors. In Fiber Optic and Laser Sensors VII; SPIE: Bellingham,

WA, USA, 1990; Volume 1169, pp. 98–107. [CrossRef]
50. Matsuoka, J.; Kitamura, N.; Fujinaga, S.; Kitaoka, T.; Yamashita, H. Temperature dependence of refractive index of SiO2 glass. J.

Non-Cryst. Solids 1991, 135, 86–89. [CrossRef]
51. Flockhart, G.M.H.; Maier, R.R.J.; Barton, J.S.; MacPherson, W.N.; Jones, J.D.C.; Chisholm, K.E.; Zhang, L.; Bennion, I.; Read, I.;

Foote, P.D. Quadratic behavior of fiber Bragg grating temperature coefficients. Appl. Opt. 2004, 43, 2744. [CrossRef] [PubMed]
52. Mahakud, R.; Kumar, J.; Prakash, O.; Dixit, S.K. Study of the nonuniform behavior of temperature sensitivity in bare and

embedded fiber Bragg gratings: Experimental results and analysis. Appl. Opt. 2013, 52, 7570. [CrossRef]
53. Ma, S.; Xu, Y.; Pang, Y.; Zhao, X.; Li, Y.; Qin, Z.; Liu, Z.; Lu, P.; Bao, X. Optical Fiber Sensors for High-Temperature Monitoring: A

Review. Sensors 2022, 22, 5722. [CrossRef]
54. Laffont, G.; Cotillard, R.; Ferdinand, P. Multiplexed regenerated fiber Bragg gratings for high-temperature measurement. Meas.

Sci. Technol. 2013, 24, 094010. [CrossRef]
55. Roths, J.; Seydel, C.G.; Heinrich, A.; Bosselmann, T.; Dutz, F.; Lindner, M.; Koch, A.W. Multipoint high temperature sensing with

regenerated fiber Bragg gratings. In Fiber Optic Sensors and Applications XV; Du, H.H., Mendez, A., Baldwin, C.S., Eds.; SPIE:
Bellingham, WA, USA, 2018; Volume 10654, pp. 68–78. [CrossRef]

56. Pakmehr, M.; Behbahani, A.R.; Moslehi, B.; Costa, J.; Black, R.J. A Review of Fiber Optic Technology for Turbine Engine
Instrumentation Channel: Control, PHM, and Test Cell Applications. In Proceedings of the 50th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference, Cleveland, OH, USA, 28–30 July 2014; American Institute of Aeronautics and Astronautics: Reston, VA,
USA, 2014; pp. 1–18.

57. Fajkus, M.; Kovar, P.; Skapa, J.; Nedoma, J.; Martinek, R.; Vasinek, V. Design of Fiber Bragg Grating Sensor Networks. IEEE Trans.
Instrum. Meas. 2022, 71, 1–11. [CrossRef]

58. Erdogan, T. Fiber grating spectra. J. Light. Technol. 1997, 15, 1277–1294. [CrossRef]
59. Askins, C.G.; Putnam, M.A.; Friebele, E.J. Instrumentation for interrogating many-element fiber Bragg grating arrays. In Smart

Structures and Materials 1995: Smart Sensing, Processing, and Instrumentation; Spillman, W.B., Jr., Ed.; International Society for
Optics and Photonics, SPIE: Bellingham, WA, USA, 1995; Volume 2444, pp. 257–266. [CrossRef]

60. Negri, L.; Nied, A.; Kalinowski, H.; Paterno, A. Benchmark for Peak Detection Algorithms in Fiber Bragg Grating Interrogation
and a New Neural Network for its Performance Improvement. Sensors 2011, 11, 3466–3482. [CrossRef]

61. Tosi, D. Review and analysis of peak tracking techniques for fiber bragg grating sensors. Sensors 2017, 17, 2368. [CrossRef]
62. Liao, C.R.; Wang, D.N. Review of femtosecond laser fabricated fiber Bragg gratings for high temperature sensing. Photonic Sens.

2013, 3, 97–101. [CrossRef]
63. Habisreuther, T.; Elsmann, T.; Pan, Z.; Graf, A.; Willsch, R.; Schmidt, M.A. Sapphire fiber Bragg gratings for high temperature and

dynamic temperature diagnostics. Appl. Therm. Eng. 2015, 91, 860–865. [CrossRef]
64. Elsmann, T.; Lorenz, A.; Yazd, N.S.; Habisreuther, T.; Dellith, J.; Schwuchow, A.; Bierlich, J.; Schuster, K.; Rothhardt,

M.; Kido, L.; et al. High temperature sensing with fiber Bragg gratings in sapphire-derived all-glass optical fibers. Opt. Express
2014, 22, 26825. [CrossRef] [PubMed]

65. Busch, M.; Ecke, W.; Latka, I.; Fischer, D.; Willsch, R.; Bartelt, H. Inscription and characterization of Bragg gratings in single-crystal
sapphire optical fibres for high-temperature sensor applications. Meas. Sci. Technol. 2009, 20, 115301. [CrossRef]

66. Elsmann, T.; Habisreuther, T.; Graf, A.; Rothhardt, M.; Bartelt, H. Inscription of first-order sapphire Bragg gratings using 400 nm
femtosecond laser radiation. Opt. Express 2013, 21, 4591. [CrossRef]

http://dx.doi.org/10.1016/j.measurement.2018.03.067
http://dx.doi.org/10.1109/LPT.2004.834849
http://dx.doi.org/10.1109/JLT.2017.2779848
http://dx.doi.org/10.1109/JSTQE.2013.2246780
http://dx.doi.org/10.1016/j.sna.2011.02.045
http://dx.doi.org/10.3390/s131014105
http://dx.doi.org/10.1002/lpor.200810010
http://dx.doi.org/10.1109/JQE.1973.1077767
http://dx.doi.org/10.1117/12.963022
http://dx.doi.org/10.1016/0022-3093(91)90447-E
http://dx.doi.org/10.1364/AO.43.002744
http://www.ncbi.nlm.nih.gov/pubmed/15130015
http://dx.doi.org/10.1364/AO.52.007570
http://dx.doi.org/10.3390/s22155722
http://dx.doi.org/10.1088/0957-0233/24/9/094010
http://dx.doi.org/10.1117/12.2305300
http://dx.doi.org/10.1109/TIM.2021.3127642
http://dx.doi.org/10.1109/50.618322
http://dx.doi.org/10.1117/12.207681
http://dx.doi.org/10.3390/s110403466
http://dx.doi.org/10.3390/s17102368
http://dx.doi.org/10.1007/s13320-012-0060-9
http://dx.doi.org/10.1016/j.applthermaleng.2015.08.096
http://dx.doi.org/10.1364/OE.22.026825
http://www.ncbi.nlm.nih.gov/pubmed/25401829
http://dx.doi.org/10.1088/0957-0233/20/11/115301
http://dx.doi.org/10.1364/OE.21.004591


Sensors 2022, 22, 9768 22 of 22

67. Manie, Y.C.; Peng, P.C.; Shiu, R.K.; Hsu, Y.T.; Chen, Y.Y.; Shao, G.M.; Chiu, J. Enhancement of the Multiplexing Capacity and
Measurement Accuracy of FBG Sensor System Using IWDM Technique and Deep Learning Algorithm. J. Light. Technol. 2020,
38, 1589–1603. [CrossRef]

68. Yeh, C.H.; Zhuang, Y.H.; Tsai, N.; Chow, C.W. Capacity and capability enhancements of FBG sensor system by utilizing intensity
and WDM detection technique. Smart Mater. Struct. 2017, 26, 035026. [CrossRef]

69. Peng, P.C.; Lin, J.H.; Tseng, H.Y.; Chi, S. Intensity and Wavelength-Division Multiplexing FBG Sensor System Using a Tunable
Multiport Fiber Ring Laser. IEEE Photonics Technol. Lett. 2004, 16, 230–232. [CrossRef]

70. Zhang, L.; Liu, Y.; Williams, J.A.; Bennion, I. Enhanced multiplexing capacity of FBGs strain sensing using intensity and
wavelength dual-coding technique. IEE Colloq. 1999, 11, 67–70. [CrossRef]

71. Guo, Q.; Zhang, Z.D.; Zheng, Z.M.; Pan, X.P.; Chen, C.; Tian, Z.N.; Chen, Q.D.; Yu, Y.S.; Sun, H.B. Parallel-Integrated Sapphire
Fiber Bragg Gratings Probe Sensor for High Temperature Sensing. IEEE Sens. J. 2022, 22, 5703–5708. [CrossRef]

72. Yang, S.; Homa, D.; Heyl, H.; Theis, L.; Beach, J.; Dudding, B.; Acord, G.; Taylor, D.; Pickrell, G.; Wang, A. Application of
sapphire-fiber-bragg-grating-based multi-point temperature sensor in boilers at a commercial power plant. Sensors 2019, 19, 3211.
[CrossRef] [PubMed]

73. He, J.; Xu, X.; Du, B.; Xu, B.; Chen, R.; Wang, Y.; Liao, C.; Guo, J.; Wang, Y.; He, J. Stabilized Ultra-High-Temperature Sensors
Based on Inert Gas-Sealed Sapphire Fiber Bragg Gratings. ACS Appl. Mater. Interfaces 2022, 14, 12359–12366. [CrossRef] [PubMed]

74. Xu, X.; He, J.; Liao, C.; Yang, K.; Guo, K.; Li, C.; Zhang, Y.; Ouyang, Z.; Wang, Y. Sapphire fiber Bragg gratings inscribed with a
femtosecond laser line-by-line scanning technique. Opt. Lett. 2018, 43, 4562. [CrossRef] [PubMed]

75. Xu, X.; He, J.; He, J.; Xu, B.; Chen, R.; Wang, Y.; Yang, Y.; Wang, Y. Efficient point-by-point Bragg grating inscription in sapphire
fiber using femtosecond laser filaments. Opt. Lett. 2021, 46, 2742. [CrossRef]

76. Wang, Y.; Gong, J.; Dong, B.; Wang, D.Y.; Shillig, T.J.; Wang, A. A Large Serial Time-Division Multiplexed Fiber Bragg Grating
Sensor Network. J. Light. Technol. 2012, 30, 2751–2756. [CrossRef]

http://dx.doi.org/10.1109/JLT.2020.2971240
http://dx.doi.org/10.1088/1361-665X/aa5747
http://dx.doi.org/10.1109/LPT.2003.818916
http://dx.doi.org/10.1109/68.806872
http://dx.doi.org/10.1109/JSEN.2022.3149508
http://dx.doi.org/10.3390/s19143211
http://www.ncbi.nlm.nih.gov/pubmed/31330910
http://dx.doi.org/10.1021/acsami.1c24589
http://www.ncbi.nlm.nih.gov/pubmed/35175728
http://dx.doi.org/10.1364/OL.43.004562
http://www.ncbi.nlm.nih.gov/pubmed/30272683
http://dx.doi.org/10.1364/OL.426407
http://dx.doi.org/10.1109/JLT.2012.2205897

	Introduction
	Principle of Working
	FBG Sensor Network
	Optical Interrogator
	Control & Storage Unit
	Bypassing Limitations of Optical Interrogator

	Examination of the Concept
	Calculation of Central Wavelength
	Decreasing Error in the System
	Experiment Results

	System Enhancement
	Discussion and Conclusions
	References

