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Abstract— Tilted fiber Bragg gratings (TFBGs) give rise to a
dense comb of cladding mode resonances for which they are
appealing for high-resolution sensing. However, the interrogation
of such gratings tends to be complex and expensive. As an alterna-
tive to conventional interrogation approaches, herein, we propose
to discretize the TFBG spectra to form binary codes of “0”
and “1” and to correlate such bits with different values of a target
measurand. As an example, we demonstrate the measurements
of water–alcohol mixtures with TFBGs excited with randomly
polarized light and interrogated over a narrow (6 nm) wavelength
range. We have found that for each mixture surrounding a TFBG,
a unique set of bits can be generated. As bits are the language
of digital technologies and are easy to process, we believe that
the approach proposed here can pave the way for a new manner
of interrogating TFBGs. Moreover, the binary codes generated
by discretization of TFBG spectra may allow the generation of
unique visual labels (barcodes) for the identification of liquids,
thereby expanding the applications of TFBGs.

Index Terms— Optical fiber sensors, refractometry, spectral
barcodes, tilted fiber Bragg gratings (TFBG).

I. INTRODUCTION

T ILTED fiber Bragg gratings (TFBGs) are a family of
gratings that have periods like those of conventional fiber
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Bragg gratings, but with tilted grating planes relative to the
optical fiber axis [1], [2], [3]. Like fiber Bragg gratings,
TFBGs are fabricated by exposing a standard single-mode
optical fiber to a periodic laser pattern created via free-space
interferometry or a diffractive phase mask [4]. Nowadays, the
inscription process of conventional and tilted Bragg gratings is
well established and mature. This ensures important features
for optical sensing as reliable and robust TFBGs can be
produced in high volumes.

The inclination angle of the grating planes of a TFBG
allows the excitation of multiple cladding modes [5], [6], [7].
Since the cladding diameter of a conventional optical fiber
(typically 125 µm) is much larger than the excitation wave-
length (around 1.55 µm), tens or hundreds of cladding modes
can be excited, each mode at a specific wavelength. The
excited cladding modes can be identified as narrowband
(∼0.2 nm) resonances in the transmission or reflection spec-
trum of a TFBG.

The tilt angle, the period, and length of the grating as
well as the strength of the refractive-index modulation of the
grating and the polarization of the input light allow to control
the number and amplitude of cladding mode resonances. All
these control parameters make it easy to excite cladding
modes in a selective manner. That is why the interest in
TFBGs for sensing applications has grown in the last few
years [8], [9], [10].

It is well known that cladding modes are sensitive to the
environment that surrounds the fiber cladding or to nanolay-
ers deposited on the same. Thus, in the last two decades,
TFBGs have been widely used for refractometry [11], [12],
[13], [14] and for highly sensitive biochemical sensing [15],
[16], [17], [18]. For refractometry, TFBGs feature some
advantages. For example, TFBGs can be used without any
intermediate nanocoatings and no additional fiber etching
or tapering is necessary to interact with liquids. This is of
great advantage for refractive index sensing as robustness and
reliability are not compromised and the sensor fabrication
steps are reduced.

The refractive index value of a substance surrounding a
TFBG can be known, for example, by analyzing the upper
and lower envelopes of the complete spectral comb [19],
[20], [21] or by monitoring the wavelength separation of some
cladding mode resonances from the Bragg wavelength [22],
[23], [24]. In these cases, an interrogation scheme with high
spectral resolution over a wide range (approximately 70 nm)
is necessary. However, the most popular approach consists
of correlating the wavelength of the cutoff mode resonance
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with the refractive index of the sample [25], [26], [27].
The cutoff mode is identified in the spectral comb as the
cladding mode with a reduced transmission amplitude, indi-
cating a transition out of effective guiding conditions. The
disadvantage of this approach is the so-called cutoff mode
hopping, which leads to a staircase calibration curve [28],
[29], [30]. Some research groups have overcome this issue
with appropriate signal processing. For example, signal
processing based on convolutional neural networks [31], differ-
ential spectral responses [32], or the derivative of the envelope
of the spectral comb [33] have been reported. However, such
signal processing also requires bulky instruments with high
spectral resolution.

Despite the advances in signal processing mentioned above,
TFBG-based refractometers and other biochemical sensors
still have some important disadvantages. These include the
need of polarization control, the requirement of monitoring
the Bragg wavelength and many cladding mode resonances,
or only a specific (cutoff) resonance. Polarization controllers
and broadband high-resolution spectral analysis increase the
complexity and cost of the interrogation of TFBG-based
sensors. In addition, the spectral changes of TFBGs are
difficult to interpret; hence, it is not easy to transform such
changes into quantitative information about the measurand.
All these factors limit the practical applications of TFBG
sensors. Therefore, it is important to propose new alternatives
to the processing of the spectra generated by TFBGs to allow
wider use of sensors based on such gratings.

As an alternative to prior art, in this work, we propose
to discretize the TFBG spectral combs to form binary codes
of “0” and “1” to represent different values of the sur-
rounding environment. This means we propose to use the
well-established language of digital technologies to decode the
spectral combs. It will be demonstrated that a unique set of
bits and barcodes can be generated from the output spectra
of TFBGs immersed in different liquids. We believe that our
approach can be useful in applications of TFBG sensors,
where the identification of a threshold is the only measurement
needed. The main advantage of our approach is that the TFBGs
can be interrogated in a narrow spectral range (6 nm) even
with low spectral resolution. It is also possible to implement
an inexpensive interrogation system for TFBG sensors with a
narrowband tunable laser and photodetectors.

In addition to monitoring the refractive index of liquids,
TFBGs can be used for coding or labeling. This means our
work can expand the use and applications of tilted Bragg
gratings.

II. MATERIALS AND METHODS

The TFBGs used in our experiments were fabricated at the
facilities of the Advanced Photonic Components Laboratory at
Carleton University, Canada. The gratings were inscribed in
a standard single-mode optical fiber, SMF-28 from Corning.
To enhance photosensitivity, the optical fiber was loaded with
hydrogen for 14 days at a pressure of 17 MPa. After that,
the gratings were written by irradiating the optical fiber with
a pulsed KrF excimer laser at 248 nm and using a phase

Fig. 1. Schematic of the experimental setup. Data from the detection system
are postprocessed to generate the bits.

mask inclined with respect to the fiber axis [4]. Under these
conditions, a permanent change in the refractive index of the
fiber core was achieved. Afterward, the TFBGs were baked
at 100 ◦C for 12 h to accelerate the hydrogen diffusion and
obtain a stable spectrum. All the TFBGs fabricated and used in
our experiments had a tilt angle of 10◦; the Bragg wavelength
was 1610 nm, and a grating length was 10 mm.

After the fabrication, we measured the TFBG transmis-
sion spectra over a wide wavelength range (full spectrum
not shown). To monitor the Bragg wavelength (located
at 1610 nm) and all the cladding mode resonances that
expanded to 1520 nm, two amplified spontaneous emission
light sources (JDSU model BBS1560-2FA and BBS1590-1FA)
mixed with a broadband coupler and a 20-pm resolution
optical spectrum analyzer (Yenista OSA20) were used. Such
characterization setup of the TFBGs is not practical for
low-cost sensing applications. Thus, we implemented an
interrogation setup, sketched in Fig. 1, with a homemade
narrowband (∼20 nm) light source and an optical spectrum
analyzer (Anritsu model MS9740A with a resolution of 50 pm
at 1550 nm) that was available during the experiments.
Polarization controllers were not used. The light source was
implemented with a segment of erbium-doped optical fiber
pumped with a laser diode (model BL976-SAG300 from
Thorlabs), lasing wavelength of 976 nm, and controlled by a
stabilized laser diode driver (model LDC250C from Thorlabs).
The generated light had a Gaussian spectral shape with
peak emission at 1560 nm and full-width at half-maximum
(FWHM) of 10 nm. Even though we monitored only a slice
of the TFBG spectrum, we could discretize the spectra and
correlate the generated binary codes with the refractive index
of the liquids that surrounded the TFBG.

The sensing of liquids was implemented as follows.
We immersed the TFBG in different mixtures of tri-distilled
water and isopropyl alcohol (IPA). To do so, we prepared
several sets of 5 mL each, with IPA concentrations ranging
from 0% to 100% v/v. After that, we proceeded to immerse
the TFBG in different mixtures. During our experiments, the
TFBG was carefully secured with a pair of fiber holders to
tense the fiber and to eliminate possible wavelength shifts of
the comb when the TFBG was immersed in the water–IPA
solutions. After immersing the TFBG in each mixture, the zone
of the fiber with the grating was cleaned with plenty of water
and dried with air. All the experiments were carried out at a
room temperature, approximately at 24 ◦C, with fluctuations
of about 2 ◦C. The experiments were carried out 5 times
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Fig. 2. (a) Transmission spectrum of a TFBG in a mixture of water–IPA with 20% IPA concentration. (b) Spectrum of the same TFBG when the IPA
concentration was 50%. The resonances are numbered from 1 to 16. The shadowed and dotted rectangles show the spectral windows, where the absolute
minima were calculated. The horizontal dotted lines show an arbitrary threshold.

Fig. 3. (a) Minima of the 16 spectral ranges shown in Fig. 2(a) and (b) observed in a TFBG immersed in different water–IPA mixtures. (b) Sum of the
16 minima as a function of IPA concentration.

by increasing and decreasing the IPA concentrations in steps
of 10% v/v.

III. RESULTS AND DISCUSSION

Fig. 2(a) and (b) shows the normalized transmission spectra
of the TFBG described in the above paragraphs when it was
immersed in tri-distilled water with two concentrations of
isopropyl alcohol. The spectra were normalized to the power
spectrum of the light source. The observed resonances in
the monitored wavelength range are numbered from 1 to 16.
We have chosen 16 resonances because it is a multiple of
an 8-bit byte, which is the basic computing unit. It can be
noted that resonance 4 in Fig. 2(a), dip at 1545.07 nm, and
resonance 12 in Fig. 2(b), dip at 1555.26 nm, are the cutoff
modes for the concentration of 20% and 50% v/v, respectively.
While the wavelength of the cutoff mode can be used to
determine the concentration (i.e., refractive index), this method
has limited accuracy because of the wavelength separation
between mode resonances [12].

To discretize the spectra, we divided them into 16 spectral
ranges, which are highlighted with shaded and dotted rect-
angles in Fig. 2(a) and (b). Each spectral range had a width
of 1.25 nm and had only one resonance. The spectral ranges
are wide enough to ignore any small wavelength shifts of the
resonances that can be due to temperature drift, small bending,
or strain in the optical fiber. The absolute minimum of the
16 spectral ranges for concentrations of IPA between 10%
and 80% v/v is shown in Fig. 3(a). All the minima were
rounded to two decimal points. In Fig. 3(b), we show the
sum of the 16 minima as a function of IPA concentration.
The results shown in Fig. 3(b) suggest that it is possible
to quantify the changes of the environment that surrounds
a TFBG by tracking the minimum of a small number of
resonances.

To generate a binary code from the data shown in Fig. 3(a),
we established an arbitrary threshold to the calculated minima.
As shown in Fig. 2(a) and (b), with horizontal dotted lines,
the threshold was set to 0.5 on the normalized transmission
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Fig. 4. (a) Binary codes generated for different IPA concentrations based on the minima of Fig. 3(a) and the arbitrary thresholds (0.5) shown in Fig. 2(a) and (b).
Two 1-D barcodes generated with the set of bits, highlighted with the shadowed rectangles, are also shown.

spectrum, although any other value can be chosen. Thus, the
minima below 0.5 were considered 0 and 1 for those above 0.5.
The resulting binary digits for all the measured concentra-
tions are shown in Fig. 4. It can be observed that each
IPA concentration generates a unique set of bits, but in all
cases, the information generated by each concentration is
only 2 bytes.

One-dimensional barcodes can also be implemented with a
series of bits. As an example, in Fig. 4, we show the barcodes
generated for an IPA concentration of 20% and 50% v/v. Once
a barcode is generated, it can be decoded fast with a simple
and inexpensive read out unit. That is why barcodes are widely
used in our daily lives; popular applications include labeling
and identification of all sorts of items.

The discretization of the TFBG spectra discussed above
allows the generation of unique bits or barcodes. The lat-
ter can be an alternative to the multicolor optical barcodes
generated from the collective behavior of the reflection or
transmission spectrum of microresonators [34], [35], [36],
lasers [37], or interferometers [38]. In these cases, high
spectral resolution over a broad spectral range is required.
Moreover, the decoding of multicolor optical barcodes is not
straightforward.

The above results were obtained by postprocessing the
data collected with a bulky optical spectrum analyzer, which
cannot be practical in many applications. Presently, compact,
cost-effective low-resolution spectrometers and tunable lasers
that operate in a narrowband are commercially available
and so are photodiode arrays and demultiplexers. If such
alternatives are used to implement an interrogation scheme
for TFBGs, the transmitted spectral comb can be monitored.
When using low-resolution spectrometers, the measured spec-
tra are also given by the input optical power in the resolution
wavelength window given by the spectral resolution. In the
case of a demultiplexer and photodetectors, the photodiodes
output electric current is given by the input optical power

Fig. 5. Schematic of the discretization process. First, the spectra are divided
into windows. Second, the sum of values of each window is calculated by the
sum of the transmitted powers in that window. Third, the value of the sum of
values is compared to a threshold value to obtain the binary code.

in a given wavelength window. To simulate the interrogation
of our TFBGs in transmission mode with a narrowband and
low-resolution system, we proceeded as depicted in Fig. 5.
We analyzed only a small range over the spectra of the TFBG.
For each IPA concentration, the monitored spectrum must be
divided into a finite number of spectral windows. To mimic
the behavior of low-resolution spectrometers or demultiplexer
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Fig. 6. (a) Histograms of sum of values for IPA concentrations of 80%, 90%, and 100% v/v. These were generated by dividing 5.44 nm of the TFBG
transmission spectrum into 32 spectral windows each with a width of 170 pm and by adding the transmission values in each window. (b) Binary codes
obtained from (a) when the threshold was set to 36.

and photodetector interrogation systems, we added all the
transmitted power values, Ti , over the wavelength in each
window, as depicted in Fig. 5. This must be performed for
each value of IPA concentration. In this manner, we could
calculate a “sum of values” value in each spectral window.
As before, an arbitrarily threshold must be set to discretize
the results of each window into 0 and 1.

In our case, we analyzed the spectral range
from 1564 to 1569.44 nm and set 32 spectral windows;
the width of each window was set to 170 pm (typical
resolution of a low-cost spectrometer or a multiplexer).
We calculated the sum of values for concentrations of IPA
from 0% to 100% v/v. The sum of values for the cases of
IPA concentrations of 80%, 90%, and 100% v/v are shown
in Fig. 6(a). The threshold we used was 36 a.u. in “sum of
values.” Thus, the values bigger than 36 were set as 1, and
those smaller than 36 were set as 0. The binary codes that
were obtained with this procedure are shown in Fig. 6(b). Note
that in all IPA concentrations, the series of bits are different.

The results shown in Fig. 6 suggest that with a low-cost
interrogation system and through discretization of the TFBG
spectra, it seems possible to train (machine learning) a sensing
device to have standardized bits coming out of TFBG measure-
ments. More importantly, the data size or computer memory
needed to encode or decode the IPA concentrations is minimal
(2 or 4 bytes only). Such data size can be processed at high
speed.

To the best of our knowledge, this is the first time that
the discretization of TFBGs spectra has been proposed. Such
discretization allows to generate unique set of bits that is
the language of digital devices. The set of bits can also be
used to generate simple visual labels, such as 1-D barcodes.
A potential application of the set of bits or barcodes can
be the detection of a concentration threshold. In this case,

high spectral resolution may be required but only in a narrow
wavelength range and there is no need to track picometer
wavelength shifts of narrowband resonances. In addition,
no polarizers and polarization controllers may be necessary.
These features may reduce substantially the instrumentation
necessary to generate barcodes or a set of bits with TFBGs.

Regarding the potential applications of the discretization
of TFBG spectral combs, it can be useful, for example,
to generate unique identification labels of pure liquids and
mixtures. Thus, the applications of TFBGs can be expanded
beyond optical sensing.

IV. CONCLUSION

The output spectra of TFBGs contain abundant data and
information about the environment that surrounds the grating.
To decode the information contained in the spectrum of a
TFBG, multiple techniques have been reported. In most of
them, minute changes of amplitude or picometer wavelength
shifts of the resonances are tracked. To do so, broad-
band light sources, high-resolution spectrometers that operate
over a wavelength range exceeding 70 nm, and polarization
controllers are necessary. The complexity of this interro-
gation limits the widespread applications of TFBG-based
sensors.

As demonstrated here, the spectrum of TFBGs can be
analyzed without polarizers, and over a narrow spectral range,
high resolution may be necessary but in a small bandwidth.
We have demonstrated that IPA concentrations in water can be
correlated with a set of bits or with simple 1-D barcodes. The
set of bits or barcodes can be used for labeling, coding liquids,
or mixtures. Through discretization of the TFBG spectra,
sensors can communicate with digital devices or instruments
in their language. Therefore, the results shown here may allow
us to expand the use of TFBGs beyond optical sensing.
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