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Electrical sensing systems, such as those involving eutectic salt, are mostly used in connection to leakage from ex-
isting airborne high-temperature air-conducting pipelines. Such complex structured systems are susceptible to external
interferences and, thus, cannot meet the increasingly strict monitoring needs of a complex air-conducting pipeline system
of an aircraft. In view of this point, this paper studies an alternative sensor system based on a dense array fiber grating. To
obtain a compact and light-weight airborne signal processing system, a field programmable gate array is used as the main
control core that controls the output of the light source. The functions of pulse modulation, analog-to-digital conversion,
data buffering and transmission are integrated into a single system, while the linear sensing monitoring is obtained by
detecting the time-division and wavelength-division wavelength drift signals of the fiber Bragg grating array. Our experi-
ments show that the spatial resolution of the linear sensing system approaches 5 cm, the temperature measurement accuracy
reaches 2 ◦C, the temperature measurement range is between 0–250 ◦C, and the response time is within 4 s. Compared
with the existing electrical monitoring systems, various monitoring indicators have been greatly improved and have broad
application prospects.

Keywords: gating array, quasi-distributed measurement, temperature monitoring, prague grating, miniaturiza-
tion

PACS: 42.81.–I, 42.81.Cn, 42.55.Wd, 07.60.Vg DOI: 10.1088/1674-1056/ac5889

1. Introduction
As modern science and technology research continues to

expand, especially in connection to aerospace vehicles and
modern aircraft applications,[1] the development trend is one
that centers upon an intelligent, self-aware, safe, and eco-
nomically viable new generation of aircraft. Prediction and
health management systems for aircraft are key technolo-
gies to improve aircraft reliability, testability, security and
maintenance.[2]

An important part of the aircraft is the health manage-
ment system, since it plays an important role in the temper-
ature monitoring of the aircraft ducts, engines and other key
components.[3] The U.S. military standard, MIL-87145 reg-
ulations require, in order to protect aircraft from any dam-
age caused by high temperature gas, that an efficient air leak-
age detection system is fitted.[4–7] When catheters under high
temperatures are present in the engine compartment, hanger,
wing, wheel wall and environmental control system equip-
ment compartment, etc., they should be monitored by ensur-
ing that there is sufficient air leakage detection. Wire insula-
tion, commonly used in aircraft equipment compartments, is
often the least temperature-resistant material, and in the sec-
tions where they exist, 176 ◦C is generally the allowable upper
limit temperature.[8] If the air transported by the catheter is at
or above this temperature, the catheter should contain a leak

detection system.[9]

There are three main types of temperature detectors used
on board an aircraft: thermistor temperature sensor, the co-
crystalline salt temperature detector, and the pneumatic tem-
perature detector.[10] These sensors are relatively mature in
development, but there are still obvious shortcomings in en-
vironmental adaptability and reliability, which include eutec-
tic salt temperature detector realizing the temperature alarm
based on its working principle, but without realizing the real-
time temperature monitoring. The response time is 10 s,[11]

the thermistor has poor linearity and low reliability, and can
only represent the average temperature of the area, which is
easy to report false alarm. The response time of 5 s[12] can
only be achieved in an environment far exceeding the alarm
temperature. The pneumatic temperature detector has a com-
plex structure and poor stability. On the other hand, however,
electric sensors are easily affected by electromagnetic interfer-
ence that weakens its measurement accuracy, and they can also
be safety hazards. Moreover, typical electronic temperature
sensors are mostly point sensors, which are limited by thermal
vacuum environments: monitoring of acoustic vibration pa-
rameters, as well as strain and pressure parameters at the limit
temperature of a wide range of multi-point measurements[13]

has yet to be achieved. Thus, a fully characterized perfor-
mance of spacecraft is currently difficult to achieve. In ad-
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dition, with the rapid development of aviation technology, the
response time and false positive rate, and other key indica-
tors in aircraft monitoring, the need for higher requirements is
obvious.[14]

In terms of data acquisition, at present, such a system is
based on a single chip microcomputer arm. The analogue-to-
digital (A/D) conversion of single chip microcomputer itself
involves in and out interruptions,[15] which require a signifi-
cant amount of time leading to a low conversion rate of the
whole system. There are also data acquisition systems based
on digital signal process (DSP).[16] The advantage is that it can
closely combine front-end acquisition and back-end data pro-
cessing. However, its programs in DSP cannot be executed in
parallel, so this type of acquisition system has disadvantages
in terms of its acquisition speed. Although the data acquisi-
tion board, based on a bus, can greatly meet the requirements
for experimental accuracy and speed, it is not conducive to the
construction of small systems and it is expensive.[17]

Based on the above problems, to circumvent the bottle-
neck of health measurement technology of the existing sens-
ing technology in airborne environment, the most important
changes are the improvement of the integration of the sys-
tem, the spatial resolution of the sensor and the seismic re-
sistance of the sensor. On this basis, we can accurately lo-
cate the leakage position, detect the temperature, and provide
a timely early warning. To achieve these aims, this paper
proposes the stable distributed temperature monitoring of air-
borne high-temperature air duct by use of fiber Bragg grating
wavelength division and time division multiplexing technol-
ogy, alongside FBG grating array technology, which employs

FPGA as the main control unit of the system, combined with
an anti-vibration sensor packaging design.

2. System principles and design
In this paper, a high spatial resolution overspot temper-

ature detection system based on a fiber-optic Prague grating
array that utilizes wave-divided/time-time hybrid multiplex-
ing technology is proposed, and this set-up is represented by
Fig. 1. It includes a tunable pulsed sweep light source, pro-
grammable logic gate array, semiconductor optical amplifier
(SOA), doped light amplifier photodetectors, high-speed data
acquisition, ringers, etc. The continuous spectrum emitted by
the laser light source is modulated by SOA pulses and then
transformed into narrow pulsed light. The pulse signal is am-
plified by EDFA and transmitted through the ringer to the sens-
ing FBG array. The grating array reflects incident light that
matches the wavelength present at the center of the grating in
the array. For time-sharing reasons, the reflected light is re-
flected at different times and transmitted into the photoelectric
conversion module for photoelectric conversion. After photo-
electric conversion, the electrical signal enters the high-speed
signal processing part, in which FPGA acts as the control core.
The latter includes the RF input of pulse trigger module (as the
light source and the SOA pulse modulator), high-speed data
acquisition from the A/D conversion module, data storage and
the underlying data demodulation processing. After the lower
layer completes the data processing, the results are transmitted
via a network port to the upper computer for display, which en-
ables notification of any overheating detection in the airborne
high-temperature air duct.

Tunable pulsed 
light source

SOA

FPGA

APD

APD

pc

EDFA

Triger 1 Triger 2

FBG array 2

FBG array 1

Fig. 1. System block diagram.

2.1. System key parameters

In a time-sharing system, the pulsed light source emits a
light pulse signal (in which the pulse width is not important)
into the fiber and it reflects a specific wavelength of the light
signal when it reaches the grating. This is related to the posi-

tion of the grating distance τi from the incident point

τi =
2neLi

c
, (1)

where ne is the effective refractive index of optical fiber and c
is the speed of light in a vacuum.
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In practical applications, the light pulse signal after the
modulation has a certain width. If the time required for the
signal to be transmitted between the two adjacent gratings on
the optical fiber link is less than the width of the pulse, then
the signal is reflected back by the adjacent two gratings and
reaches the optical signal detector at the same time; thus it
generates a signal crosstalk. However, signal demodulation er-
rors and other problems are common, so the spacing between
the two adjacent gratings must meet the need that the optical
pulse transmission time is greater than the width of the opti-
cal signal. In order to achieve the time division in 1 m space
distance, the output pulse width of the pulse light source must
be less than 10 ns which ensures that the return signals do not
overlap. Existing pulsed light sources are difficult to achieve
this condition or require a more complex light source structure,
which increases the system cost.[18]

2.2. System hardware design

The implementation of hardware logic includes three
parts: the high-speed A/D conversion module, the data acqui-
sition and storage module, and the data transmission module.
The logic block diagram for the system hardware is given in
Fig. 2.

This system selects a frequency sweep pulse light source
with a light source of 40 ns. According to calculations by us-
ing Eq. (1), a pulse light source less than 10 ns is required to
meet the time division in 1 m space distance. Therefore, the
required fine pulse width is generated by using a phase-locked
frequency doubling and the phase configuration technology in
FPGA. Next, the frequency is synthesized by use of a wide
ranged pulse that is generated by the counter. A trigger 2 sig-
nal, with a pulse width of 5 ns and an amplitude of 3 V, is
output as the trigger signal of the SOA and modulates the light
source pulse.

Another circuit of trigger 1 is triggered, which becomes
the light source. According to the requirements for light
source triggering and the required trigger signal timing in
Fig. 3, the following parameters for the ready signal are used:
1 µs, switch signal; 10 µs, T1; the time required for config-
uring the light source ≥ 5 µs, T2; holding time after the light
source is stable ≥ 1 µs, Tdelay; and scanning interval ≥ 1 ms.
Therefore, the lowest trigger cycle of the light source is given
by ready +T1 +T2 = 7 µs, and the trigger1 is set as the pulse
signal with a frequency of 33 kHz, a pulse width of 1 µs and
an amplitude of 3.3 V.

Fiber Bragg
grating
sensing
system

U
p
p
e
r 

c
o
m

p
u
te

r

APD

Pulse
trigger
module

FPGA
High speed data 

transmission 
module

High speed
A/D conversion

module

Data storage 
module

Fig. 2. Hardware logic block diagram.

Tdelay

Ready
T1

T2 Swtich

T2

T1Ready

Fig. 3. Trig signal sequence diagram.

3. Grating array design

We employ a weak grating as the temperature grating,
alongside the use of polyimide in the coating layer of the fiber
optical grating that withstands high temperatures. This con-
trasts to the ordinary fiber optical grating, with acrylic resin
as the coating layer that has degrading performance at high

temperatures and ages more quickly. While our system has

greater radiation resistance, stability and durability, etc.[19] It

can also operate normally for a long period of time under a

temperature of 300 ◦C[20,21] and four hours at 350 ◦C, mean-

ing that it is suitable for use in high temperatures and harsh

environments. There are two interlaced grating arrays, each of
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which is divided into three groups, as shown in Fig. 4. Each
set is engraved with a total of ten different wavelength fiber
gratings, denoted by λ1–λ10. The spacing between different
wavelength gratings is 10 cm, identical wavelength spacing for
adjacent grating arrays is 1 m, and any two grating arrays are

displaced by 5 cm. To meet the requirements of a 3 m detec-
tion distance and 5 cm positioning accuracy, ten sets of differ-
ent wavelengths for the gratings are accessed by wavelengths,
and the gratings with the same wavelength are accessed by
time.

1 m

10 cm

5 cm

FBG array 2FBG array 1

λ1-1 λ2-1 λ9-1 λ10-1

λ1-1 λ2-1 λ9-1 λ10-1

FBG array 3

λ1-2 λ2-2 λ9-2 λ10-2

λ1-2 λ2-2 λ9-2 λ10-2

λ1-3 λ2-3 λ9-3 λ10-3

λ1-3 λ2-3 λ9-3 λ10-3

Fig. 4. System block diagram.

3.1. Sensor anti vibration package

To eliminate the cross-effect of stress on the temperature
measurements, a side-by-side fiber is used to eliminate the ef-
fect of grating strain on such measurements. The naked fiber,
coated with polyimide, is used as the force fiber, and the sens-
ing fiber that is engraved with the fiber grating is employed as
the stress-free fiber. The dispensing point is provided on the
forced fiber. The grating spacing within the same grating ar-
ray is set at 10 cm, and the sensing fibers engraved with both
grating arrays are arranged in a 5 cm misalignment. Moreover,

the same normal sensing fiber acts as the force fiber, and the
starting and the up-wavelengths of the two grating arrays are
displaced. We set a dispensing point at every 5 cm above the
ordinary sensing fiber, and fix the forced fiber and the stress-
free fiber at the dispensing point. The length of the stress-
free sensing fiber, between the two adjacent fixed dispensing
points, is equal to or greater than 101% of the length of the
forced fiber. When there is an external stress, the ordinary
fiber is straightened. As a result, the sensing fiber is still under
a force, eliminating the cross-effect of stress.

Dispensing 

point
Ordinary 

optical fiber

Grating

Sensing 

optical fiber

5 cm

Fig. 5. Stress relief structure diagram of optical fiber sensor.

Grating array

Sleeve 3

Sleeve 1

Fig. 6. Sensor packaging design.

To ensure that the temperature measurements are accurate
and the seismic resistance of the sensor is effective, a multi-
layer metal sleeve is selected for the packaging. The two-way
fiber Bragg grating array is misaligned by 5 cm and it is ad-
hered with a sufficient amount of high-temperature-resistant
glue, then threaded into sleeve 3, and next both ends are sealed
and fixed again with high-temperature-resistant glue. In ad-
dition, a sufficient amount of glue is adhered to the surface

of casing 3 which is penetrated into casing 1, and the nano-
magnesium oxide powder is filled between the gaps. Again
both ends are sealed and fixed with high-temperature-resistant
glue. The magnesium oxide powder can effectively prevent
vibrations, it is flame retardant and has good thermal conduc-
tivity. In this structure, the grating is fixed in sleeve 1, and the
grating receives a certain amount of tension when it traverses
through sleeve 1. Magnesium oxide powder is filled between
sleeves 1 and 3, which can effectively reduce the impact of the
external vibrations on sleeve 3 and the internal gratings.

3.2. Sensor anti vibration package

We placed the sensor on a shaking table. During the ex-
periment, we use the frequencies of 20 Hz, 60 Hz, 80 Hz,
100 Hz, 300 Hz, 600 Hz, 1000 Hz, and 1500 Hz. The change
in the grating wavelength data is collected by the demodulator.
After data processing, the results given by Fig. 7 are obtained.
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Fig. 7. Variation of central wavelength at different vibration frequencies.

Under this packaging mode, low-frequency vibrations are
shown to have a significant impact on the sensor, especially
between 20–100 Hz. However, the overall fluctuation range
is within 20 pm, which meets the necessary accuracy require-
ments.

4. System experiment and analysis
4.1. Grating array temperature calibration

Selecting the first set of 10 grilles, λ1−1–λ10−1, of the
grating array to calibrate the temperature, we position this part
of the sensor into the high temperature energy-saving tube fur-
nace (which has a constant temperature accuracy of 1 ◦C). For
every 25 ◦C, we need to wait for a constant furnace temper-
ature over a one hour time period after each read of the tem-
perature value. Taking the value of the central wavelength of
the reflection spectrum, the central wavelength is recorded one
by one, starting at room temperature and rising to 250 ◦C. On
taking an average of three measurements, the resulting data is
shown in Fig. 8, and the linear fit curve parameters are shown
in Table 1.

From the experimental temperature fitting curve, we can
observe good linearity and sensitivity, and the ten gratings pro-
vide an average slope of the curve as 0.00995, which indicates
that the temperature changes by 1 ◦C. The central wavelength
drift of the grating is determined as 9.95 pm, and this value is
consistent with the theoretical value category of wavelength–
temperature 10 pm/◦C.
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Fig. 8. Fitting curve of sensor calibration.
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Table 1. Fitting curve parameters.

Sensor Slope of fitting curve
Linear correlation

Residual sum of squares
coefficient

1 0.01010 0.9996 0.0014
2 0.01036 0.999 0.0049
3 0.01004 0.9998 0.0046
4 0.00991 0.9995 0.0019
5 0.00999 0.9996 0.0015
6 0.00925 0.9992 0.0028
7 0.01005 0.9991 0.0038
8 0.00988 0.9995 0.0021
9 0.00983 0.9989 0.0047

10 0.01014 0.9992 0.005

4.2. System principle verification

Following the set-up of the system, the light source scan-
ning range is set from 1529 nm to 1562 nm, and a full band
spectral signal is collected at a sampling rate of 500 M, as
shown in Fig. 9, corresponding to the ten central wavelengths,
λ1–λ10. Each wave cluster contains a return signal for the
same wavelength grating. The ordinates in the figure repre-
sent the code value of the intensity of the spectrogram, and the
horizontal coordinates signify the number of sampling points.
The selected grating reflectivity is 1%. In theory, the intensity
of the reflective spectrum of each band should be close to this
value, but may vary slightly due to the inconsistency of the re-
flectivity of the grating engraving process and the difference
in grating performance that is caused by a certain intensity
difference. The effect of the reflection spectrum intensity on
the precision of the demodulation is reduced by a subsequent
treatment, such as a spectral peak recombination and smooth-
ing.
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Fig. 9. Full band spectrogram.

Each spectral expansion can provide the same wavelength
segment spectral information. By select the larger 5th spec-
trum to enlarge, as shown in Fig. 10, its effective grating spec-
troscopic signal in the timeline can be expanded to three dif-
ferent locations for the same wavelength grating information.
The same wavelength grating physical spacing of 1 m is distin-
guishable according to the spectral information that is returned
at different times.
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Fig. 10. Grating spectrogram for the same wavelength.

Extract the spectral information of the same wavelength
grating λ5 at three different positions in the grating array and
the spectral information of different wavelengths λ1–λ10 for
splicing are shown in Figs. 11 and 12. After fitting, the central
wavelength and the error are shown in Table 2.
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Fig. 11. Spectrum mosaic for the same wavelength grating.
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Fig. 12. Spectrum mosaic for different wavelength gratings.

It can be seen from Fig. 13, by using the λ1–λ10 grat-
ing center wavelengths and the same wavelength λ5−1, λ5−2,
and λ5−3, that the error of the grating center wavelength af-
ter fitting is less than 0± within 20 pm, and the feasibility of
the time/wavelength division multiplexing is verified. Concur-
rently, the linear coefficient of temperature drift of 9.95 pm/◦C
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is obtained from the relationship between the temperature
change and the grating center wavelength drift and the temper-
ature calibration experiment. We can see that the measurement
accuracy is within 2 ◦C, which meets the requirements for its
efficient use in aircraft.

Table 2. Fitting error of the central wavelength.

Sensor Slope of fitting curve
Linear correlation

Residual sum of squares
coefficient

1 0.01010 0.9996 0.0014
2 0.01036 0.999 0.0049
3 0.01004 0.9998 0.0046
4 0.00991 0.9995 0.0019
5 0.00999 0.9996 0.0015
6 0.00925 0.9992 0.0028
7 0.01005 0.9991 0.0038
8 0.00988 0.9995 0.0021
9 0.00983 0.9989 0.0047

10 0.01014 0.9992 0.005
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Fig. 13. Fitting error chart.

4.3. System warming experiment

As the system heats up, the wavelength of the thermal
grating drifts backwards, as shown in Fig. 14. Moreover, the
first grating with the same wavelength drifts backwards when
altered by the temperature. Real-time temperature monitoring
is obtained by fitting the demodulating of the drifted peak.

To verify the actual de-adjustment accuracy of the system
when the temperature changes, we now design a working sen-
sor for high temperature environments, as shown in Fig. 15.
This is used to simulate the uniform flow of high temperature
gas in the aircraft duct, and carry out experiments according to
the requirements of field experiments (place any section of the
fiber grating sensing probe in the airflow at a temperature of
300 ◦C±2 ◦C from room temperature, the exposure length is

about 25.4 mm, the airflow diameter is 25.4 mm, and the dis-
tance between the fiber grating sensing probe and the airflow
is 25.4 mm, and when it reaches 154 ◦C. The response time
should not be greater than 10 s). One side of the catheter has
5 cm gaps between the leak hole, and the packaged sensor has
clips fixed to the side that has the leakage pores, and there is
grating point alignment with the holes.
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Fig. 14. Grating drift map after the heating.

In order to ensure the rationality of the simulated exper-
imental environment, it is necessary to simulate and analyze
whether the temperature at the outlet of the small hole can
meet the experimental requirements. The fluid domain model
shown in Fig. 16 is established. The diameter of the ventila-
tion pipe is 60 cm, and there are 2.5 cm distributed mall holes
as heat sources on the side of the pipe wall.

The simulated air pipe is fed with high temperature gas at
300 ◦C and a flow rate of 10 m/s, and the temperature distri-
bution is shown in Fig. 17.

The simulation results show that the average air tempera-
ture at the small hole is 287.67 ◦C, which is slightly lower than
the input air temperature. When it is still higher than the actual
temperature measurement range, it can be used as a simulated
heat source.

When the gas temperature rises from 25 ◦C to 300 ◦C, the
recording of the grating array 1 (λ1−4) and 2 (λ1−5) with the
temperature values of multiple temperature points is applied
and displayed on the computer after the demodulation of the
system. A comparison between the demodulation data and the
actual temperature is shown in Table 3.

Demodulator

PC

High temperature airwayAir leakage holeClamp

High 
temperature gas

Sensor

Fig. 15. Environmental simulation experiment.
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Fig. 16. Airway fluid domain model.

Fig. 17. Tube body temperature distribution.

Table 3. Actual demodulation temperature error.

Standard temperature (◦C)
λ1−4 measured λ1−5 measured

temperature (◦C) temperature (◦C)
28 28.45 28.31
75 73.25 76.85
100 101.93 98.23
120 119.54 120.68
150 151.91 147.89
180 179.00 179.65
200 202.82 200.40
230 229.37 231.35
250 249.93 251.88

The demodulation error is essentially within 2 ◦C, which
is consistent with the above experimental results, and the two
adjacent gratings are fully distinguished within a 5 cm dis-
tance.

4.4. Temperature response time experiment

In order to simulate the actual leakage environment, place
any section of the fiber grating sensor from room temperature
in an airflow with a temperature of 300 ◦C±2 ◦C and a flow
rate of 10 m/s, and test the response time to 154 ◦C. It can be
seen from Table 4 that the response time to reach the warning
temperature when the system is heating up does not exceed
4 s.

Table 4. Heating response time.

Temperature (◦C) Time (s)
Center

wavelength (nm)
25 45:40.6 1540.423
75 45:42.0 1540.936

125 45:42.9 1541.428
175 45:44.0 1541.935
214 45:45.2 1542.318

5. Conclusion
Part of keeping an aircraft safe involves the very impor-

tant task of monitoring the aircraft’s hot air ducts. Tradi-

tional electrical sensors are susceptible to interference from
the external environment, which means that the spatial res-
olution and accuracy of monitoring have certain limitations.
As the demands on aircraft health monitoring increase, meet-
ing these demands has gradually become more difficult. In
this paper, we propose a high spatial resolution hot spot tem-
perature detection system based on fiber Bragg grating arrays
and a distributed high temperature sensor with better stabil-
ity is designed for the complex use environment. The system
adopts wavelength division/time division hybrid multiplexing
technology, uses programmable logic gate array as the main
control core, and adds semiconductor optical amplifiers to the
system to realize extremely narrow optical pulse modulation
and control. Our experiments show that the designed sensor
can guarantee good stability under different vibration frequen-
cies. The spatial resolution of the system temperature moni-
toring reaches 5 cm, the accuracy reaches 2 ◦C, and the alarm
response time is within 4 s. It can not only meet long-distance
and large-scale temperature detection, but also realize high-
precision real-time monitoring, which is very suitable for air-
craft health monitoring in complex environments.
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