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A simple quasi-distributed fiber sensing interrogation system based on random speckles is proposed for weak fiber Bragg
gratings (WFBGs) in this work. Without using tunable lasers or spectrometers, a piece of multimode fiber is applied to
interrogate the WFBGs relying on the wavelength sensitivity of speckles. Instead of the CCD sensor, an InGaAs quadrant
detector serves as the receiver to capture the fast-changing speckle patterns. A supervised deep learning algorithm of the
multilayer perceptron architecture is implemented to process speckle data and to interrogate temperature changes or
dynamic strains. The proposed demodulation system is experimentally demonstrated for WFBGs with 0.1% reflectivity.
The experimental results demonstrate that the new system is capable of measuring temperature change with an accuracy
of 1°C and achieving dynamic frequency of 100 Hz. This speckle-based interrogation system paves a new way for distributed
WFBGs sensing with a simple design.
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1. Introduction

Optical fiber Bragg gratings (FBGs) have been widely used in the
fields of structural health monitoring, petrochemical industry,
subsurface deformation monitoring, and force monitoring in
biomedical devices for the advantages of compactness, passivity,
electro-magnetic resistance, in particular, excellent large-scale
multiplexing capacity[1–4]. The intrinsic capability of measuring
several parameters, such as temperature, strain, vibration, and
many others, is provided by FBG thanks to its spectral shift
as a function of these parameters. In recent years, weak FBGs
(WFBGs) have drawn immense interest in applications where
dense sensing points are required because of their weak reflec-
tivity, which greatly increases the multiplexing capacity and
scale of the sensor array[5–7].
The multiplexing techniques mainly include wavelength-

division-multiplexing (WDM), time-division-multiplexing
(TDM), optical frequency domain reflectometry (OFDR), code-
division multiple-access (CDMA), and the hybrid multiplexing
using two or three of the methods stated above[8–11]. For the
WDM method, the total number of FBGs is determined by
the bandwidth of the available optical source, which is often less
than 100 nm, and the multiplexing capacity is limited to a few

dozens. OFDR operates in the frequency domain, and the FBG
positions can be mapped into different heterodyne frequencies
using a linear sweep laser. Childers et al. experimentally multi-
plexed 3000 FBGs in four 8 m optical fibers based on an OFDR
system. However, this technique is restricted on a relatively short
sensing range and polarization fading[12]. Besides, Zhou et al.
reported a demodulation method based on microwave photon-
ics and chromatic dispersion, with a high demodulation speed of
40 kHz. With the help of the dispersion compensation fiber
(DCF), the wavelength shifts of WFBGs are converted to the
change of the beat frequencies[13]. Several other types of FBG
demodulation methods have been demonstrated in the form
of TDM as well[14–17]. The reflection spectra of FBGs can be
resolved by scanning hundreds of wavelengths. Nevertheless,
limited by the long establishment time of the reflection spec-
trum, it usually takes a few minutes to complete one round of
interrogation[18]. On the other hand, the reflection spectrum
can be obtained by a spectrometer consisting of diffraction gra-
ting and CCD line[19]. However, this TDM-based method can
only demodulate the FBGs one by one, which obviously will slow
down the demodulation as the sensing distance increases.
Chromatic-dispersion-induced wavelength-to-time mapping
was also utilized for high-speed wavelength demodulation,
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where the dispersive unit introduces a detectable time delay as a
function of the FBG central wavelength shift. A high sampling
rate of 40 GS/s was used to catch the marginal time difference
between two reflected pulses[20].
Recently, it has been realized that tracking changes of speckle,

which is the granular interference pattern produced when light
propagates through a random medium, allows highly resolved
wavelength measurement[21,22]. A wavelength precision of two
attometers was achieved by using a deep learning algorithm
to extract the spectral features from speckle patterns[23].
Moreover, the backscattered speckle pattern formed in a multi-
mode fiber (MMF) was used to interrogate a linear strain
response with a dynamic range of 74 dB at 1 kHz[24].
In this Letter, we proposed a simple quasi-distributed fiber

interrogation system for WFBGs. The measurement of temper-
ature and dynamic strain can be achieved by measuring the
speckles generated from a section of MMF, instead of using
the tunable laser, tunable filter, or spectrometer required in tra-
ditional demodulation methods. Instead of the CCD sensor, an
InGaAs quadrant detector (QD) served as the receiver to capture
the fast-changing speckle patterns. Thus, the proposed demodu-
lation system can measure all the WFBGs of the sensing link
with only one pulse. Amultilayer perceptron (MLP) architecture
was proposed to process the acquired speckle data. As a result, a
low-cost, high-speed, and simple system was realized for
WFBGs demodulation in this work.

2. Experiments and Methods

The schematic configuration of the proposed speckle-based
WFBGs interrogation system is shown in Fig. 1. The system con-
sists of a light source, a fiber sensing link, an MMF as the light
scatteringmedia, and a detection subsystem. Light from a broad-
band amplified spontaneous emission (ASE,MFAS-Er-1550-M)
was filtered by a 2 nm bandwidth optical filter (based on an
FBG) with a center wavelength of 1530.5 nm. The continu-
ous-wave (CW) light was modulated into nanosecond pulses
by a semiconductor optical amplifier (SOA, Kamelian OPB-
12-15-N-C-FA). Considering the bandwidth of the used
InGaAs QD (Hamamatsu G6849), the pulses had a temporal

width of 30 ns, and the pulse light was then amplified by an
erbium-doped fiber amplifier (EDFA) with peak power up to
1 W. Note that the pulse width was selected to be less than the
time interval between two adjacent gratings to avoid signal
overlap. Different WFBGs can be identified by their different
time delays from the reflection signal. Then, the pulse light
was launched into the sensing link of identical WFBGs by a
circulator.
The injected pulse light was reflected by eachWFBG and pro-

duced a pulse train, in which the central wavelength of the pulse
is determined by the local environment. The pulse train exited
port 3 of the circulator and then entered a 6 m long MMF
(Nufern MM-S105/125-22A). It has 105 μm diameter cores
(NA = 0.22), which serve as the random scattering media.
Note that the MMF was coiled on a spool and fixed by glue
for mechanical stability. Then, the speckle patterns generated
at the output of the MMF were divided into four parts, as shown
in the inset graph of Fig. 1, and captured by a QDwith the band-
width of 30 MHz. A series of QD data were finally acquired by a
data acquisition card (DAQ, ART Technology PCIe8586M) at a
sampling rate of 100 MS/s.
When the reflection light injects into the MMF, the electric

field at the end of the MMF can be expressed by adapting the
standard one-dimensional impulse response model[25,26]:
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where Rn�λ� and τn are the spectral reflectivity and the delay
time of the nth FBG, L is the length of the MMF, and w is the
pulse width of the incident light. Am and φm are the amplitude
and the initial phase of themth mode, which has the spatial pro-
file ψm and the propagation constant βm. As the local environ-
ment changes, the wavelength shift of the FBGs modifies the
propagation constant, causing the guided modes to accumulate
different phase delays, thereby changing the speckle
pattern[21,27].

3. Results and Discussion

In order to validate the speckle changes with the wavelength
shifts of the WFBG, we recorded the speckle patterns with an
InGaAs camera (Hamamastu, C10633) and the corresponding
reflection spectrum by an optical spectrum analyzer (OSA,
Yokogawa AQ6370) with the resolution of 0.02 nm. Figures 2(a)
and 2(b) show four speckle patterns and their corresponding
reflection spectrum at the temperatures of 20°C, 21°C, 22°C,
and 30°C, respectively. It can be seen that the speckle patterns
appear in different profiles and intensity distributions at differ-
ent temperatures. The larger the temperature changes, the more
differences between the speckle patterns emerge. The measured

Fig. 1. Schematic configuration of the speckle-based WFBGs interrogation
system. The inset graph shows four quadratic photosensitive areas of the QD.
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peak wavelength of the WFBG under different temperatures is
illustrated in Fig. 2(c), with the temperature sensitivity of
11.5 pm/°C.
To investigate the performance of the proposed interrogation

system, 10 WFBGs with the identical central wavelength of
1530.30 nm and an equal separation of 4 m were written on a
single-mode optical fiber (SMF-28e) in series. The central wave-
lengths of reflected light from each WFBG are quite uniform
when the local environment such as temperature and strain is
stable. Besides, all the WFBGs have a uniform peak reflectivity
of 0.1% (−30 dB). Figure 3 shows the whole trace of four mea-
surement channels corresponding to the QD of theWFBG (inset
of Fig. 1). The speckle pattern was equally divided into four
parts, as shown in the inset graph of Fig. 1. The QD data can
be regarded as being significantly compressed compared with
the entire speckle images.
In the following experiment, we placed WFBG#9 of the sens-

ing link in the temperature control chamber with a temperature

controlling precision of 0.1°C, setting the temperature range
from 15°C to 44°C. The QD data at different temperatures
were recorded every 1°C step. Figure 4(a) shows the original
acquired QD data, where I, II, III, and IV correspond to the
quadrant receiving area of the QD. When the temperature
increased, the QD data changed randomly due to the intrinsic
randomness of the speckle distribution. To test the system’s sta-
bility, the temperature measurements of WFBG#9 at 15°C were
repeated for 50 pulses under the same test environment, as
shown in Fig. 4(b). It should be noted that the QD intensities
were up and down with the same direction, while the data fluc-
tuations were mainly caused by the pulse intensity variation
itself.
To interrogate the wavelength dependence of the speckle data,

a supervised deep learning algorithm based on the MLP archi-
tecture[28] was implemented in this study. The MLP is a data-
driven deep learning algorithm that can learn features from
high-dimensional data and is used to map speckle data to tem-
peratures or central wavelengths. The schematic diagram is
shown in Fig. 5. Here, the input was a series of quadrant data
including temperature changes. The MLP consisted of seven
hidden layers, each containing 100, 200, 400, 800, 400, 200,
and 100 nodes, respectively. The output of each hidden layer
was activated by the rectified linear unit (ReLU). The output
layer has n neurons with a Softmax activation function to con-
vert it into a probability distribution and gives corresponding
classifications, in which n denotes the number of temperature
classes. The loss function optimized in this classification net-
work was the standard square error (MSE). An Adam opti-
mizer[29] with a learning rate of 10−3 decayed by 50% every
300 epochs. All the codes were conducted using PyTorch.
In the following, we presented the capabilities of MLP to

extract temperature-related features from QD data. We varied
the temperature by 1°C steps over a range of 30°C. Each data
point is represented as a five-dimensional vector whose first
element is the temperature label (output), and the remaining

Fig. 2. (a) and (b) Speckle patterns and their corresponding reflection spectrum at the temperatures of 20°C, 21°C, 22°C, and 30°C, respectively. (c) WFBG central
wavelength as a function of temperature.

Fig. 3. Acquired four QD data traces of the WFBGs.
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four elements are the QD data (input). The intensity values in
each QD data were normalized between 0 and 1. The complete
dataset consisted of 3000 (30 × 100) data, which were randomly
divided into training, validation, and test subsets by fractions of
80%, 10%, and 10%, respectively. The training and validation
subsets were used to train and cross-validate the fine-tuned
hyperparameters such as the learning rate and the batch size,
while the testing subset was reserved for evaluation. To calibrate
the MLP, the training was performed using every data in the

training set and implemented in Python over Nvidia RTX
3060Ti. During training, mini-batches of QD data passed for-
ward through the MLP, which were randomly sampled from
the training subset, and the error was minimized by adjusting
the network’s weights following the standard backpropagation.
The loss and the prediction accuracy on the training and valida-
tion subsets were monitored after every epoch. This process was
repeated until the loss converged to a minimum value, taking
approximately 5 min. Figure 6(a) shows the training and valida-
tion losses of the MLP during the training epochs, which drop
dramatically at the beginning, then approach zero. In order to
evaluate the trained MLP, the untrained QD data in the test sub-
set were passed through the network to predict the correspond-
ing temperatures, and the single algorithm runtime was about
5 μs. Moreover, the classification accuracy of test subset by
MLP led to 100% measurement accuracy. To visualize the
results, we calculated the confusion matrix using the test
subset, shown in Fig. 6(b), and it is clear that the resolution
of the proposed system is 1°C. Therefore, the trained MLP
can extract the features only caused by temperature changes and
resist the fluctuations of the light pulse intensity. Furthermore,
the temperature was tuned in the step of 0.5°C over a range of
30°C under the same experimental setup. The accuracies of the
training subset and validation subset were 92.8% and 94%,
respectively.

Fig. 4. (a) Original QD data of FBG#9, with I, II, III, and IV corresponding to the quadrant channels. (b) Repeated measurements of FBG#9 at 15°C for 50 pulses.

Fig. 5. Schematic diagram of the MLP architecture used in this work.

Fig. 6. (a) Training and validation loss reduced during the training epochs. (b) Confusion matrix for the output of the MLP.
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Benefiting from the high-speed readout of the QD, the fea-
sibility of vibration measurement was proven by the proposed
interrogator in the following experiment. A speaker was used
as the vibration source to generate dynamic strain acting on
the last WFBG in the sensing link. The data were captured by
the DAQ, synchronizing with the input pulse light. A series
of QD data caused by vibration signals were passed through
the trained MLP. Then, we can obtain the corresponding fluc-
tuation of the central wavelength, based on the function of tem-
perature–wavelength [as shown in Fig. 2(c)]. Figure 7(a) shows
the wavelength variance of WFBGs in the time domain at 60 Hz
and 100 Hz. Figure 7(b) presents the corresponding frequency
spectrum intensity by making fast Fourier transform (FFT).
Moreover, the high-order harmonics can be observed in
Fig. 7(b), which may come from the sinusoidal driving signal
or the nonlinear features of speckles.

4. Conclusions

In summary, we experimentally demonstrated a simple quasi-
distributed WFBGs interrogation system based on random
speckles. In the random scattering media, wavelength shifts of
WFBGs are converted to intensity and profile change of speckle
patterns. A QD was employed as the speckle patterns receiver,
which has a high responding bandwidth compared to the tradi-
tional CCD. Although the data were greatly compressed by the
QD, the wavelengths of cascade WFBGs could still be demodu-
lated with the help of the MLP. The experiment results showed
that the proposed system can realize the wavelength demodula-
tion of WBFGs with 0.1% reflectivity with 4 m spatial interval
and the temperature measurement from 15°C to 44°C with an
accuracy of 1°C (∼11.5 pm). Besides, the measurement of the
dynamic stain up to 100 Hz was demonstrated. In contrast to
traditional demodulation methods using a tunable laser, tunable
filter, or spectrometer, the proposedmethod exhibits advantages
such as low cost and high measurement speed, which greatly
simplifies the research forWFBGs interrogation. Only one pulse
light can measure the strain/temperature-induced changes in
the reflectance of all FBGs, and the limitation of this system
is just the round trip time in the fiber. It is believed that the

speckle-based interrogation system paves a new way for
quasi-distributed sensing with a simple design.
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