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Abstract: This paper proposes a novel sensing system based on a tunable delay line interferometer.
The tunable delay line interferometer has been used to interpret strain, bringing us high accuracy
as well as tunability. The shifted wavelength of the fiber Bragg grating (FBG) sensor caused by the
applied strain can be visualized by an optical power meter (OPM) instead of an optical spectrum
analyzer (OSA) by converting it to a power change using a tunable delay line interferometer (TDI).
Different free spectral ranges (FSRs) are assigned to the TDI to investigate the accuracy and operation
range of the proposed system. Thus, we achieve high accuracy and sensitivity by adjusting the FSR
to 0.47 nm. Experimental results show that the maximum output power variation corresponding
to a strain of 10 pe is about 0.9 dB when the FSR is set to 0.47 nm. The proposed system is also
cost-effective regarding the equipment utilized for interrogation: a tunable delay line interferometer
and an optical power meter.

Keywords: tunable delay line interferometer; fiber Bragg grating (FBG) sensor; sensing system

1. Introduction

Roughly all aspects of communication technology nowadays have undergone a revo-
lution with the introduction of fiber-optic transmission. In recent years, numerous studies
have been conducted based on optical fiber sensors for a variety of purposes, including the
measurement of strain and temperature [1-4], vibration [5], electric current [6], pressure [7],
and liquid level [8]. Among the variety of fiber optic sensors, the fiber Bragg grating
(FBG)-based sensors have advantages due to their ability to perform the basic functions
of reflection, dispersion, and filtering that are commonly used in sensing applications.
Since the discovery of FBG [9] and the theory of sensor sensitivities presented in [10],
it has become a hot topic in the field of optical sensing due to FBG’s inherent benefits
such as compact size, real-time response, high accuracy, high sensitivity, low cost, and
immunity to electromagnetic interference [11]. By employing grating-based devices, it
is possible to sense a wide range of parameters [12]. Thus, there are numerous domains
where fiber Bragg gratings are currently used, including high-temperature sensors, health
and biomedical equipment, structural engineering, biochemical applications, radioactive
environments, and marine and civil engineering [13-16]. Although there has been substan-
tial progress in monitoring different environmental parameters using FBG sensors, it is still
difficult to interrogate the reflected wavelength because doing so increases both complexity
and expense.

The primary principle of interrogating the FBG response is based on scanning the
reflected wavelength. Therefore, either a broadband light source that covers the entire
measurement band or a tunable narrowband laser is used as the light source. Thus, after
determining the central wavelength, the shift of the central wavelength can be interpreted as
environmental changes, such as temperature, strain, and other external information, which
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form the basis of the sensing principle of the FBG sensor. In order to provide successful
monitoring in different applications, the establishment of an FBG-based monitoring system
entails the appropriate design of the sensing system, reasonable implementation, and
FBG sensor packing technology [11]. For instance, in [17], simultaneous discrimination of
temperature and strain changes using the FBG sensor was proposed. In [18], a combination
of polymer planar and Bragg grating was proposed as a tensile and compressive strain
sensor. Recently, to achieve an ideal monitoring system, a new approach using a 3D
printer [19] was proposed to improve the FBG sensor for achieving a linearity of greater than
98%, a sensitivity of about 0.7 pm/N, and an ability to withstand a force of 1 kN. However,
the criteria of precisely identifying the small and dynamic fluctuations of the FBG's central
wavelength cannot be addressed by standard spectrum interrogation techniques such
as using an optical spectrum analyzer (OSA) with low resolution and response speed.
Therefore, finding an FBG interrogation technique that has a high resolution and a fast
response time is crucial. This particular field has been the subject of a lot of studies
recently, including fiber grating filters [20-23] and filters of interferometers [24-27], which
require complex setups and highly skilled craftsmanship to make the fiber filters, and the
accuracy cannot be adjusted promptly. In [28], using arrayed waveguide grating (AWG)
as a demultiplexer of multiple FBGs and an array of edge filters to accurately interrogate
the wavelength shift of FBGs was proposed. They monitor each FBG separately, using two
adjacent channels of the AWG. Although this method reduces costs and has acceptable
accuracy, and a neural network can improve the wavelength interrogation range [29], the
accuracy is constant. Furthermore, a novel ultra-compact photonic tuneable notch filter
with a flat-bottom passband was proposed in [30]. Nonetheless, connecting this type of
filter to an FBG sensor requires a precise design of the connection between filter and sensor,
or the operating range of the FBG cannot be covered. Thus, it is necessary to consider a
sensing system that is both cost-effective and tunable for different purposes. As a result, it
is essential to develop new ways of decoding wavelength-encoded signals and converting
them into readable and efficient ones.

In this paper, to the best of our knowledge, we propose a new sensing system based on
the tunable delay line interferometer (TDI), where the accuracy and operating range of the
system can be adjusted by tuning the free spectral range (FSR) of the TDL. To achieve higher
accuracy, the TDI is set at a lower FSR so that a slight shift of the FBG center wavelength
causes a significant change in the power value. In contrast, to have a wider operating range,
the TDI is set at a higher FSR. However, to have high accuracy when using an interferometer
with a low FSR, which leads to a narrow operating range, an FBG with a narrow reflection
response is required. Thus, among the different FBG sensors, such as uniform, chirped, and
tilted superstructures, the FBG sensor with uniform fiber grating was chosen in this study.
The proposed system is cost-effective since we used mainly a TDI and an optical power
meter (OPM) as components of the measurement system. The advantage of the OPM-based
system over an OSA-based system is the quicker response speed. Additional benefits of the
TDI system over other homemade interferometer-based methods are high tunability and
efficiency. Moreover, the FSR of the fiber optic interferometer in other similar experimental
setups is difficult to reach at 0.4 nm when compared to this proposed scheme. Therefore,
the proposed structure gains some advantages over other fiber optic interferometer-based
sensors. The main novelty of the proposed system can be highlighted as follows:

Our proposed system is tunable according to the tunability of the TDI;

Compared with other systems, the proposed system is cost-effective because interroga-

tion of FBG reflection spectra requires only the OPM and no other expensive equipment;
e Since the interrogation of the system and the measurement of various parameters

can be performed by the TDI and OPM in the sensing center or the central office, the

proposed system is portable.
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2. Experimental Setup

Figure 1 depicts the proposed experimental setup, a conceptual schematic of the
internal structure of the TDI, and a conceptual schematic of the reflection response of
the strain that was applied to the FBG before and after passing through the TDI. In this
setup, the broadband light source (BLS) of 14.95 dBm is fed to the FBG through an optical
circulator (OC). The FBG sensor will reflect a Gaussian wave whose central wavelength
will be shifted according to the applied strain. The reflected wave is then fed into the
TDI, which demodulates the wavelength shift into the power change for detection by the
OPM, and the components of the TDI are sealed in an iron box to prevent the internal
components from the external ambient. The inner TDI consists of two plate beam splitters
and a triangular prism, creating an optical path difference and causing interference, while
a mirror on the other side is positioned to create a phase difference that splits two outputs
by nearly 180 degrees. The FSR tunable interference of the TDI is formed by a tunable
triangular prism using the tunable micrometer knob of the TDI, which can adjust the delay
path length of the TDI, as shown in the lower-left corner of Figure 1. Figure 2a shows the
two outputs of the TDI, which have a phase difference of 180 degrees and can be thought
of as the power filter. In Figure 2b, output 2 shows four different FSRs (4.79 nm, 2.38 nm,
1.61 nm, and 0.71 nm). It can be observed that by decreasing the FSR, the rising/falling
slope of the interference pattern will change. Thus, the slope change of the operating range
gives us different accuracies. However, the FSR can be tuned to a higher value in cases
requiring a more comprehensive operating range. Moreover, under different FSRs, the lobe
crests or lobe troughs of the interference pattern can be adjusted to the same wavelength
position to match the wavelength of the same FBG.

strain
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Figure 1. The proposed experimental setup and internal structure of the tunable delay line interfer-
ometer. The data acquisition in the experimental setup was made by first connecting outputs 1 and 2
of the tunable delay line interferometer (TDI) to the optical power meter (OPM) and optical spectrum
analyzer (OSA) to measure power and record the spectra, then connecting output 2 to the OPM to
measure power. The broadband light source (BLS) feeds the fiber Bragg grating (FBG) strain sensor
through the optical circulator (OC). The reflected wave is modulated by a TDI and detected by an
OPM and an OSA. The wavelengths and power changes of the FBG without and after the TDI under
different strains are shown in the upper and lower right corners, respectively.
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Figure 2. (a) The outputs of the TDI based on output 1 and output 2 (b) the TDI output for different
FSR values using output 1.

In this paper, different strains were applied to the FBG sensor to shift the central
wavelength. The FBGs are light-reflecting structures that reflect Gaussian light at particular
wavelengths while transmitting the rest of the light spectrum. The peak wavelength
of the reflected spectrum from a single sensor, the Bragg wavelength (Ag), is the center
of the Gaussian reflected spectrum. The Bragg uniform structure can define the Bragg
wavelength [31].

AB = MegA 1

In Equation (1), the neff and A are the effective index and period of the grating,
respectively. The FBG sensor’s Bragg wavelength shifts as it is strained. A shift in the
Bragg wavelength is the result of a change in FBG length that has occurred from either
compressive or tensile strain, which affects the period of the grating (A). The equation
below shows the relation between wavelength change and strain [32]:

ANg =Ag X (1 — pg) X €m 2)

where pe is the photo-elastic coefficient of the fiber, e, = AL/L is the mechanical strain,
and L is the fixed length of FBG. Thus, the strain applied to the FBG can be interpreted as a
shift of the Bragg wavelength, and therefore the FBG wavelength shift superimposed on
the interference pattern of the TDI leads to a decrease/increase of the power intensity, as
demonstrated in the next section. The central wavelength of the FBG tested in this paper
is shifted to about 1 pm for each microstrain applied. In this paper, the FBG optical long-
gauge sensor (FS310) used was a commercial device purchased from 3L Technologies Inc.
(Taiwan), which is a fiber Bragg grating (FBG) sensor with a durable and flexible polymer
tube. The delay line interferometer under test in this study is a Kylia WT-MINT, which
enables setting the delay of the interferometer to the required value via a micrometer head.

3. Results and Discussion

Nevertheless, it is not desirable to interpret the FBG response through the OSA. Here
we just use it to illustrate how different FSRs lead to different accuracy and operating
ranges. Therefore, one output of the TDI was connected to the OSA, and the FBG sensor
was set to a Bragg wavelength of 1545 nm. Afterward, five different strains were applied to
the FBG to cover the operating range. According to Figure 2, the reflected wavelength of
the FBG can be shifted within the operating range, which starts from the peak and ends at
the valley of the TDI interference. Therefore, reducing the FSR leads to a reduction in the
operating range, which means that the bandwidth of the lobe is reduced, and the slope of
the filter increases. Figure 3 shows the OSA outputs of five different strain steps (s0, s1, s2,
s3, and s4) for five different FSR values.
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Figure 3. From (a—e), FBG is subjected to strain variation spectra with FSR of 9 nm, 6.85 nm, 2.44 nm,
1.24 nm, and 0.47 nm for the TDI, where the strain size is set according to the magnitude of the FSR.

In Figure 3a, the FSR is set to 9 nm, which has a high operating range, and a strain of
800 e is applied at each step of the wavelength, resulting in a variation of the output power.
As can be seen from Figure 3a—e, the accuracy is significantly improved by reducing the FSR
from 9 nm to 0.47 nm. It should be noted that in Figure 3e, the operating range is reduced
so that the trade-off between accuracy and operating range can be adjusted according to the
requirements of different applications. As mentioned before, using the OSA to interrogate
a sensing system is not desirable according to its limitations in accuracy and response
time. Hence, the modulated wavelength shift is changed into optic power that is measured
by the OPM. In Figure 4, the output power is depicted versus the different strains at the
same number of steps. It should be noted that for different FSRs (according to Figure 3)
we applied the same number of steps, but different steps of strains for different FSRs. For
example, for the 9 nm FSR the strain increases by 800 pe for each step (purple line with
square point), while for the 0.47 nm FSR the strain increases by 40 pe for each step (blue
line with triangular point). Figure 4a,b show the measured values of the two outputs of the
TDI, which correspond to the same strain ratios for the different FSR settings in Figure 3a-e,
respectively. For example, at FSRs of 0.47 nm, 1.24 nm, and 2.44 nm, the wavelength drift
caused by the applied strain is close to two-thirds of half the FSR. Therefore, it can be seen
from Figure 4a,b that the optical power curves of 1.24 nm and 2.44 nm FSR are close to
each other, while the FSR of 0.47 nm cannot be close to them because the bandwidth of the
FBG exceeds 0.47 nm and crosses to another lobe that can be observed from Figure 3e. For
example, the wavelength drift caused by the applied strain was less than and more than
two-thirds of half the FSR for FSR settings of 6.85 nm and 9 nm, respectively. Therefore,
the slope of the power variation curve for the 6.85 nm FSR is slightly smaller than that of
other FSRs, as can be seen from step 0 to step 2 of Figures 3b and 4b, and the slope of the
power variation curve for the 9 nm FSR is also slightly larger than that of other FSRs, as
can be seen from the step 2 to 4 of Figure 4b. This means that the measurement under this
system is very accurate, and the power variation can be completely mapped to the different
interference patterns at different FSRs.
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Figure 4. The power variation curves in the same number of steps via the results of Figure 3, where
the FSR of the TDI and the strain applied to each step are 800 e strain for 9 nm FSR, 500 e strain
for 6.85 nm FSR, 200 pe strain for 2.44 nm FSR, 100 e strain for 1.24 nm FSR, and 40 pe strain for
0.47 nm FSR. (a) When the power change is measured from the TDI output 1, the FBG is strained
from the lobe trough where the slope is large until the FBG wavelength shifts to about two-thirds
of the FSR half (b) when the power change is measured from the TDI output 2, the FBG is strained
from the lobe peak where the slope is small until the FBG wavelength shifts to about two-thirds of
the FSR half.

It is also worth mentioning that since the phases of the two outputs of the TDI are
orthogonal, the power measurement of output 1 in Figure 4a starts from the bottom of
the lobe, corresponding to the larger slope shown in Figure 2b. Since the power variation
between the two outputs of the TDI is different, with output 1 taking a path from the lobe
valley to the lobe slope change area and output 2 taking a path from the lobe crest to the
lobe slope change area, one of the two outputs can be used as a reference to monitor the
measurement accuracy of the other output. Incidentally, if we need to measure a larger
parameter of environmental variation and do not need the interference pattern of the two
slope curves, we can also adjust the FSR of the TDI to about 20 nm, then the power variation
measured by the conventional FBG will have only one slope. In addition, it can be seen
from Figure 4a that the power variation is significantly smaller than in other FSR settings
when the FSR is 0.47 nm, which is because the value of the FSR is proportional to the
extinction ratio, as shown in Figure 2b, where the lobe bottom power level rises at an FSR
of 0.47 nm. Given the problem that the 40 microstrains per step applied at 0.47 nm FSR
were too large to prevent the FBG from crossing to another lobe, another experiment was
supplemented at 0.47 nm FSR to obtain maximum accuracy.

In this experiment, output 1 of the TDI was connected to the OPM, and output 2 of
the TDI was connected to the OSA. After this, a minimum strain (10 pe) was applied to the
FBG using our test equipment. Figure 5a shows the change in the output power of output 1
of the TDI in these ten steps. In Figure 5b, output 2 of the TDI obtained from the OSA is
plotted as ten strain steps, and since the strain only varies from 0 e to 90 pe, the power of
the FBG will not significantly be shifted to the next lobe. Thus, in the FSR of 0.47 nm, we
achieved a strain of 10 pe, corresponding to a maximum output power variation of about
0.9 dB. For the most part, the characteristics of most fiber optic interferometers make it
difficult to achieve an FSR of 0.4 nm and retain an extinction ratio of more than 15 dB [33,34],
but in our proposed system, we achieved high-precision sensor signals with FSR values of
0.47 nm and extinction ratios close to 20 dB. In this study, FSR values higher than 0.47 nm
were chosen to show different accuracy and operating ranges depending on the operating
range of the FBG sensor. However, different FSRs can also be applied by controlling the
micrometer knob of the TDI according to the designed application preference. Furthermore,
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unless the FSR is adjusted a great amount, the power variation of the FBG under this
system will be consistent with the curve of the interference pattern of the TDI, and it is
difficult to achieve perfect linearity. Fortunately, we have previously accomplished the
use of machine learning to predict the strain on the FBG wavelengths under different FBG
superimpositions [2,35]. Therefore, the same concept of utilizing machine learning can be
used to solve the problem that the power variation of this system does not show perfect
linearity, which affects the determination of how much strain is applied.
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Figure 5. (a) Power variation at output 1 of the TDI, where the FBG is subjected to a strain of 10 e per
step, with strains corresponding to 0 pe to 90 pe from step 0 to step 9. (b) spectral variation at output
2 of the TDI, where the FBG is subjected to a strain of 10 pe per step, with strains corresponding to
0 pe to 90 pe.

4. Conclusions

In this paper, we proposed a new sensing system based on a tunable delay line inter-
ferometer (TDI) for high-precision interrogation of a fiber Bragg grating (FBG) strain sensor.
Moreover, the proposed system is tunable, which brings more freedom for different appli-
cations by adjusting the accuracy and operating range. Depending on the characteristics of
the TDI, the free spectral range (FSR) can be tuned, allowing the sensing system to realize
different accuracies. To achieve higher accuracy, the TDI is set at a lower FSR so that a slight
shift of the central wavelength of the FBG leads to a significant change in the power value. It
should be noted that simultaneously achieving both an FSR of 0.4 nm and a good extinction
ratio for significant variation in power is a hard task for other similar experimental devices,
such as fiber optic interferometers. Furthermore, the proposed system is cost-effective since
we use only a light source, a TDI, and an optical power meter (OPM) as components of the
measurement system. Therefore, the proposed structure gains some advantages over other
fiber optic interferometer-based sensors.
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