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Smartphone-Based Interrogation of a Chirped FBG
Strain Sensor Inscribed in a Multimode Fiber

Aleksandr A. Markvart , Leonid B. Liokumovich , Iurii O. Medvedev, and Nikolai A. Ushakov

Abstract—Smartphone-based interrogation of a fiber Bragg
grating sensor is, to the best of our knowledge, reported for the
first time. The smartphone flashlight LED was used as a light
source and a transmissive diffraction grating projected the CFBG
spectra on the smartphone camera. In order to efficiently couple
light from the smartphone LED to the fiber with CFBG, multimode
fiber was used for inscription. Interrogation setup consists of a
smartphone and low-cost off-the-shelf available components. Mea-
surement principle was illustrated through the fiber strain caused
by applied longitudinal force. Attained measurement sensitivity
and resolution were validated via comparison with commercial
spectrometer and theoretical results based on Cramer–Rao ap-
proach. Also, to the best of our knowledge, the influence of modal
noise on the smartphone-based fiber optic sensor interrogation
system performance is considered for the first time.

Index Terms—Chirped fiber bragg grating, cramer-rao bound,
fiber bragg grating, modal noise, multimode optical fiber sensor,
smartphone-based optical spectrometer, smartphone-based sensor.

I. INTRODUCTION

O PTICAL fiber sensors (OFS) are a prominent research
area, which draws significant attention from scientific

groups all over the world. Thousands of companies develop
commercially available OFS systems. OFS applications span
from oil&gas, avionics and seismic to health care and biology,
internet of things (IoT) and many others [1]–[5]. The advantages
of OFS include high sensitivities and resolutions, immunity to
electromagnetic interference, ability to multiplex several sensing
elements, small footprint, chemical neutrality, ability to operate
in harsh environments. One of the most popular and commer-
cially successful type of optical fiber sensors is based on fiber
Bragg gratings [6] created by periodically modulating the refrac-
tive index in a short section of an optical fiber core. Reflective
spectrum of FBG appears to be a narrow sharp peak [7], which
shifts if a certain perturbation affects the FBG. One of the most
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widely used techniques to measure the shift of the FBG spectrum
involves an optical source with wide spectrum and an optical
spectrum analyzer [8], which enables one to directly observe
the spectral shift.

Due to rapid development of smartphones and other portable
gadgets, there is a strong interest in applying them for interroga-
tion of optical sensors [9]–[12], including fiber optic ones [1],
[13]–[18]. Further development of such techniques will pave
the way for low-cost, widespread and easily reconfigurable
optical fiber sensing systems, easily integrated with existent
telecommunication infrastructure. An increase in computing
capabilities of smartphones and bandwidth of wireless commu-
nication protocols will allow to create distributed sensing meshes
for various tasks, ranging from structure health monitoring to
biomedical inspection. Even though some steps towards the
FBG interrogation with portable devices have been made [19],
it’s the smartphones’ LED flashlights that impose a fundamen-
tal limitation on the use of conventional optical fiber sensors
with smartphones. It is due to the fact that LEDs irradiate
spatially incoherent light, which can’t be efficiently coupled to
a single-mode fiber [20]–[22]. Therefore, only multimode fibers
can be used with fully smartphone-based interrogation systems
(not incorporating any external devices, such as light source).
However, a possibility for developing smartphone-based FBG
interrogation systems is created thanks to the recent progress
in techniques for FBG inscription into multimode fibers [23],
especially into polymer fibers [24], [25], which demonstrate
outstanding strain sensitivities.

In this work a smartphone-based FBG sensor interrogation
system is, to the best of our knowledge, reported for the first time.
The sensor is a chirped fiber Bragg grating (CFBG) inscribed in a
graded-index multimode fiber (MM). This allowed to efficiently
couple the smartphone LED to the fiber containing the sensor.
The interrogation setup consists of low-cost and readily available
components: a smartphone, a piece of a DVD disk, a razor blade
slit and a 3D-printed holder.

II. SMARTPHONE-BASED CFBG INTERROGATION PROTOTYPE

The concept of the smartphone-based interrogation system,
similar to most of the already known smartphone-based spec-
trometers (SPBS) [12], [13], [16] is depicted in Fig. 1(a). The
smartphone LED was used as a light source. SPBS was assem-
bled using the smartphone camera, a piece of a DVD disk acting
as a diffraction grating and a slit consisting of two halves of
a razor blade. These components were fixed on a 3D-printed
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Fig. 1. The schematic overview (a) and the photograph (b) of the developed
smartphone-based CFBG interrogation system. The inset in the photo demon-
strates a DVD-based grating and a razor blade slit combined on the 3D-printed
holder. Physical representation of the u and v coordinates of the spectrum image
is shown in the bottom-left corner of the figure.

holder, attached to the smartphone with a peg. The interrogated
CFBG was inscribed in the multimode fiber which was cou-
pled to the smartphone LED and the spectrometer through the
above-mentioned 3D-printed holder. The photo of the assembled
system is shown in Fig. 1(b), the inset shows the part of the setup,
containing a piece of a DVD disk and a razor blade slit.

In this study we have used graded index multimode fiber
(G.651) with a core diameter of 50 μm and numeric aperture
0.22. A 15 mm-long chirped fiber Bragg grating (CFBG) has
been inscribed with a KrF excimer laser system and a Talbot
interferometer. The inscription system is described in detail
in [26]. The reference transmission spectra of the grating were
measured with a LED and a Hamamatsu C10082CAH spectrom-
eter, which spectral resolution (defined as a full width at half
maximum (FWHM) of an ISRF) is δλ = 1 nm and wavelength
sampling interval at 634 nm is Δ = 0.35 nm/pixel. A spectrum
example is shown in Fig. 2(a). FWHM of the measured CFBG
spectrum is ∼6 nm with peak reflectivity of 18% at 634 nm.

The CFBG was used as a sensitive element in order to avoid
the multi-peak behaviour of fiber grating spectra typically ob-
served in multimode fibers [27] due to the mode dispersion.
In turn, spectrum of a CFBG is a superposition of broadened
peaks corresponding to individual mode groups, resulting in
a broadened but nevertheless single peak, shown in Fig. 2(a).
This effect was enhanced thanks to limited spectral resolution
of the spectrometer. CFBG inscription in a limited area of fiber
cross-section [28] is another way of obtaining a single-peak
spectrum of a fiber grating inscribed in MM fiber, however,
such gratings interact only with the fundamental mode, leaving
the rest of the modes unaltered. Therefore, the visibility of the
dip in the transmission spectrum will be negligible, sufficiently
degrading the sensor resolution.

Fig. 2. Spectra of the CFBG obtained with (a) commercial spectrometer and
(b) smartphone-based spectrometer. (c) Wavelength calibration of the SPBS
using two laser pointers (emission peaks at λgreen ≈ 532 nm and λred ≈
637 nm).

In order to detect subnanometer shifts of a Bragg wavelength
(BW), we have used a smartphone with a high-performance
camera, namely, Huawei P20 PRO model. It has a 20 megapixels,
1/2.78” monochrome sensor with f/1.6-aperture lens produced
by Leica. The use of the monochrome sensor has advantages
in comparison with RGB sensors such as higher resolution and
several times higher signal-to-noise ratio (SNR).

A transparent piece of a DVD+R disk has been used as a
low-cost and readily available diffraction grating. Its spiral guide
groove has a sufficiently fine and regular pitch of 0.74μm, which
allows to use the DVD as a transmission diffraction grating. The
entrance slit has been mounted on the top of the DVD piece.
On the one hand, the performance of the diffraction grating
is optimal in case of an incident plane wave [29] (which is
equivalent to parallel rays in geometric optics approximation).
However, the beam exiting the multimode fiber with numeric
aperture 0.22 has a large divergence angle about 25 degrees.
Therefore, the slit extracts a relatively small portion of the wave
front (containing rays within reduced angular range) exiting the
fiber, which determines the spectral resolution of the spectrom-
eter. On the other hand, the broader is the beam incident on
the diffraction grating (the wider is the slit), the higher signal
intensity can be achieved. The slit width of 70 μm was set to
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achieve a trade-off between the spectrometer resolution and the
signal quality.

A custom-made holder has been 3D-printed from ABS plastic.
It performs two functions: 1) it combines the DVD diffraction
grating and the slit; 2) it holds the first FC-PC connector for
coupling the LED light to the fiber, and the second FC-PC
connector tilted at a 600 angle with respect to the vertical axis
for coupling the light exiting the fiber to the SPBS. In case of 600

angle, the 1st-order diffraction beam falls to the camera sensor
while the 0-order beam does not.

In order to perform the measurements the smartphone LED
and the camera were turned on. The camera was switched to the
manual mode for precise settings adjustment. As the light beam
irradiated from the fiber end is subject to diffraction-caused
divergence, the camera focus was set to minimal value in order
to obtain a sharper spectrum image with minimal distortions. In
order to obtain maximal SNR the ISO was set to minimal value of
50, while the exposure time was adjusted to 1.6 s, in which case
the signal spanned the whole 8-bit scale of the camera sensor
without any saturation.

The photo of the CFBG transmission spectra is presented in
Fig. 2(b). In such a way, rows of the presented 2-dimensional
spectrum (along the v axis) correspond to individual spectra
realizations, denoted as raw one-dimensional spectra (R1DS),
and the whole image must be averaged along theu axis in order to
obtain a single spectrum. It can be seen that there is an indistinct
black radial curve on the right-hand side of the photo which
corresponds to the Bragg transmission dip (it is marked with a
CFBG sign and an arrow). However, it should be noted that since
the groves in the DVD disk are radial, the curve corresponding
to CFBG dip is also radial. Therefore, prior to image averaging,
the R1DS must be shifted in such a manner that the CFBG dip
position coincides in all of them, which can be easily performed
after the wavelength scales for all R1DS are calibrated.

III. SENSOR CALIBRATION AND SIGNAL PROCESSING

In order to calibrate the wavelength scale of the assembled
SPBS, we have used two laser pointers with 532 nm and 637 nm
wavelengths, respectively, which were connected to SPBS via a
conventional graded-index MM 50 μm patchcord. The response
to each laser in registered 2D spectrum would be a 2D sickle-like
figure, which cross-sections along the v axis are very narrow and
are shifted with respect to their positions along the u axis. The
positions of the peaks corresponding to different lasers would
provide information about the wavelength scale of the SPBS.
Obviously, speckles, caused by intermode interference of coher-
ent light [30], [31] at the output of MM fiber, were observed in
the registered 2D spectra. In order to eliminate speckle influence
on the calibration results, spectra were registered several times,
while the patchcord was bent and re-shaped, which caused the
change of the intermode phase relations, and hence, the speckle
pattern [31]. The obtained spectra were averaged, resulting in a
significant decrease in speckle visibility.

In the resultant averaged 2D spectra each dependence of
R1DS on v coordinate was fitted by a gaussian function, hence,
giving the maximum positions used to align the CFBG spectra.

Fig. 3. Example of inverted CFBG spectrum and its gaussian fit according to
eq. (1).

The calculated positions vs. the pixel number along theu axis are
depicted in Fig. 2(c). The dependencies of maximum positions
on the u pixel number were approximated by second-order poly-
nomials, which were subsequently used for the wavelength scale
calculation and the rows alignment. The equations describing the
fits are shown in Fig. 2(c). Although the coefficients of the fitting
equations are slightly different, the actual difference between
the wavelength scales of different R1DS was less than 1%. The
difference between the positions of spectra corresponding to
532 nm and 637 nm lasers was used to calculate the sampling
interval of the wavelength scale of assembled SPBS which
turned out to be Δ = 0.18 nm per pixel.

After performing the rows alignment, the shifted R1DS were
averaged along the u axis over all the rows containing CFBG
transmission dips. Then, the resultant spectra were normal-
ized on the illuminating LED’s spectra shape, which, in turn,
was measured in the same manner with rows alignment and
averaging. However, the fiber with CFBG was replaced by a
conventional graded index MMF patchcord.

Examples of processed CFBG spectra are presented in Figs. 3
and 4(a). Compared with the spectrum obtained by commercial
Hamamatsu spectrometer, shown in Fig. 2(a); the FWHM of
the CFBG spectra measured with SPBS turns out to be around
6 nm, which is the same as the one measured with Hamamatsu
spectrometer, indicating that the spectral resolution δλ of the
assembled SPBS is close to 1 nm. Different amplitudes of CFBG
dips are likely to be caused by non-uniform distribution of refrac-
tive index modulation across the fiber cross-section and hence,
unequal interaction of different fiber modes with the grating. In
turn, different slit widths of the used spectrometers resulted in
different spatial filtering of incoming light. Namely, narrower
slit width in Hamamatsu spectrometer prevented higher-order
modes that didn’t interact with the CFBG from being captured
by the spectrometer. On the other hand, wider slit in the SPBS
resulted in higher number of modes being measured, however,
since they were not spectrally filtered by the CFBG, they con-
tributed only to the constant component of the spectrum, thus
decreasing the visibility of the measured CFBG spectrum. The
spatial nonuniformity of the inscribed CFBG is the drawback
of using the inscription setup that was suited to work with
single-mode fibers and potentially can be overcame by the use of
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Fig. 4. Strain sensitivity of developed sensing system: spectra shift due to
applied strain (a), relation of the measured BW with applied strain for two
experimental setup: SPBS and Hamamatsu spectrometer (b).

point-by-point inscription technique [32]. This and also different
shapes of the ISRF of SPBS and Hamamatsu spectrometer
attributes to different shapes of the measured spectra.

After obtaining the CFBG spectrum, it could be processed
in order to find the Bragg wavelength, which value represents
the quantity to be measured. One of the most straightforward
and accurate ways to demodulate the BW is to fit the measured
spectrum with an analytical function. Since FBG spectrum (and
CFBG especially) is described by a relatively complex function
containing several grating parameters [7] that are not directly
relevant to the measurement process, a simpler fitting model
such as Gaussian is typically applied [33], [34]. Therefore, the
BW can be found by fitting the CFBG spectrum by equation

Si(λ0, w,A) = A exp(−(λi − λ0)
2/(2w2)), (1)

where Si is the i-th spectral point of the gaussian function, A is
the amplitude of the gaussian peak, λi is the i-th wavelength
point, λ0 is the position of the center of the peak or Bragg
wavelength, w is the half width at 1/

√
e of maximum. The three

parametersA,w and λ0 are found as a result of fitting procedure.
An example of experimentally measured CFBG spectrum and
its gaussian fit is shown in Fig. 3, R2 value of the fit was 0.98.
Therefore, the model in eq. (1) is in a very good agreement with

the shape of the experimental spectrum and can be used for BW
demodulation.

The signal processing was performed in MATLAB Mo-
bile app, installed on the smartphone. MATLAB Mobile is a
lightweight desktop on a smartphone that connects to a MAT-
LAB session running on the MathWorks Computing Cloud.

We have also tested the temperature stability of the assembled
smartphone-based measurement system. For that, the SPBS was
placed in an environmentally-isolated box, conditions in which
could be controlled by an intrinsic heater. The same 637 nm
laser was used as a light source, for which the ambient conditions
were constant. The position of the laser spectrum was monitored
as described above, and was recorded during the temperature
change inside the chamber. The temperature was varied from
15 Celsius to 45 Celsius with a 10 degree step, the spectrum
position shift was proportional to the temperature with overall
shift 0.72 nm, resulting in ∼24pm/C temperature sensitivity.

IV. NOISE ANALYSIS

For sensor resolution to be analytically analyzed, the level and
influence on the sensor signal of most dominant noise mecha-
nisms must be evaluated. Modal noise is an inherent feature of
the most of the optical fiber sensors with multimode fibers, so it
deserves an individual consideration. Also we will analyze how
additive noise of any origin affects sensor resolution.

A. Modal Noise Analysis

Despite its importance for smartphone-based optical fiber
sensors interrogation, the influence of modal noise on the mea-
sured CFBG spectra is usually omitted. The effect of inter-mode
interference is well-known and appears to be an obstacle in fiber
optic communication systems [35], while it is also harnessed for
various measurement applications in singlemode–multimode–
singlemode sensors [36]. According to the model derived in [35],
speckle visibility at the output of a fiber with length L, group
delay dispersion τ irradiated by nonpolarised source with 1/e
spectral width δν is given by

C = [1 + (πτδνL)2/2]−1/4. (2)

In case of δν = 1 THz, which is equivalent to the above-
mentioned spectral resolution δλ = 1 nm, graded-index fiber
with length L= 20 m and with all nearly equally excited modes,
estimation according to eq. (2) yields speckle visibility as low
as C ≈ 0.017, where group delay dispersion was assumed to be
40 ns/km, which is equivalent to 25 MHz · km. The index profile
of the used fiber is tailored to provide 500 MHz·km bandwidth
at both 850 nm and 1300 nm, however, as follows from the wave
theory analysis of graded index fibers (a reader can be referred
to a number of textbooks, for example [37]), due to chromatic
dispersion of fiber materials, optimal α-profile strongly depends
on the wavelength and is a bit less than 2 for 850 nm and 1300 nm
windows, while it raises up to 2.15 for 630 nm. At the same
time, deviation of fiber profile from the optimal even as small as
0.01 causes around 6 times decrease of the bandwidth [37] and
degrades further in case of larger deviations of fiber profile.
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On the other hand, the visibility of inter-mode interference
signal stipulated by spatial filtering (in our case the slit acts as a
spatial filter) is given by [38]

V = [(1− ρ)/(ρ · (M + 1))]1/2, (3)

where relative area ρ = SSF /Sbeam is the ratio of the aperture
through which the light beam is spatially filtered and the ini-
tial beam areas and M is the number of propagating modes.
Eq. (3) was derived under assumption of unity visibility of
speckle pattern, therefore, the spatial filtering corresponds to
integration of a pattern with standard deviation equal unity.
Due to the speckle visibility decrease described by eq. (2), the
resultant interference signal visibility will beC times smaller, as
a result, the visibility of parasitic inter-mode interference signal
is given by

V = [(1− ρ)/(ρ · (M + 1))]1/2/[1 + (πτδνL)2/2]1/4. (4)

In our case of 50μm optical beam irradiated from the 0.22 NA
fiber, travelling about 0.5 mm to the slit causes its broadening
to about 135 μm, after which its spatial filtering by 70 μm
slit results in relative area ρ = 0.37. For the 50 μm graded
index fiber with numeric aperture 0.22, there are around M =
750 propagating modes for red light, which according to eq. (4)
results in parasitic interference signal visibility equal to V ≈
7.8 · 10−4. For the measured optical spectrum normalised on
the input optical spectrum, V will provide an estimate of modal
noise level σMOD.

Since the modal noises are integrated by the instrument
spectral response function (ISRF) of the spectrometer having
the width δλ, which is greater than the sampling interval of
the spectrum Δ, their impact will not have the form of a white
noise, but a low-frequency fluctuations instead. The upper spatial
frequency of the modal noise will be inversely proportional to
the spectrometer spectral resolution δλ.

It should be noted that the above estimate is approximate and
requires precise knowledge of the fiber parameters at the oper-
ating wavelength, which are not provided by the manufacturer
(obviously, since the fiber is designed for IR light transmission)
and obtaining them deliberately requires conducting additional
experiments and is out of the scope of the current paper. How-
ever, as will be shown in Section V, the estimated level of the
modal noise is in a good agreement with the experimental data.

B. Influence of Additive Noise on Sensor Resolution

When the level of additive noise and the analytical equation
used for the sensor signal demodulation are known, the measure-
ment resolution can be estimated according to the Cramer-Rao
formalism [39], [40], which is widely used for evaluation of the
lowest possible variance of the measurement outcome.

The derivation of Cramer-Rao bound for the achievable
resolution of BW measurement when the spectrum is fit-
ted by gaussian function given by eq. (1) is performed in
Appendix VII. In order to perform the theoretical estimations,
the level of the white noise σN in the measured CFBG spectra
must be evaluated and substituted into eq. (VII.6).

Fig. 5. Comparison of averaged FFT magnitude of the experimentally mea-
sured spectra and the estimated noise levels, (a) - SPBS (interrogation rate
0.625 Hz), (b) - commercial spectrometer (interrogation rate 0.5 Hz). The
normalisation corresponds to the units of spectral density. Like in spectral
and white-light interferometry, the horizontal axis of optical spectrum FFT
corresponds to spatial frequency.

The influence of the modal noises on the CFBG readings can
also be evaluated with the use of the developed formalism based
on the Cramer-Rao relation. An essential assumption made
during the derivation of eq. (VII.6) is that the additive noise
is white, so its adjacent samples are uncorrelated. As explained
above and verified through experiment, which is illustrated in
Fig. 5, modal noise is not white, so its samples’ values are
correlated within the interval of about spectral resolution δλ
width. Therefore, if the measured spectrum is δλ/(2Δ) times
decimated, the noise samples will become uncorrelated and eq.
(VII.6) can be applied. In fact, an identical result will be obtained
if the number of points N substituted in eq. (VII.6) is δλ/(2Δ)
times decreased and the noise is assumed to be white, which is
equivalent to the result obtained in [41]. Therefore, in case of
a coloured noise, the resolution limit can be estimated from eq.
(VII.6) as

σλ0
≈ 2

σMOD

A

√
awδλ

2
√
πNΔ

. (5)

Of course, such simplification can be applied only in case of
the target signal with relatively small spatial frequencies, which
spatial frequency spectrum overlaps with the area of maximal
spectral density of the noise, which is true for the considered
case of a CFBG.

V. EXPERIMENTAL VALIDATION

In order to validate the proposed smartphone-based CFBG
interrogation system concept, we have performed a series of
experimental measurements. Strain sensing was chosen as a
test example of the CFBG sensor perturbation. The longitudinal
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TABLE I
COMPARISON OF THEORETICALLY ESTIMATED AND EXPERIMENTALLY

ACHIEVED RESOLUTIONS OF BW MEASUREMENT

strain from 0 to 2.4 [mε] with a step of 0.6 [mε] was applied to
the multimode fiber by adding loads from 0 to 2 N with a step
of 0.5 N. For each strain value, 10 spectra images were captured
with the interrogation rate of 0.625 Hz. The camera settings and
the approach of CFBG spectrum processing were the same as
those mentioned in Section II and III.

The obtained dependency of the measured BW value on the
applied strain is presented in Fig. 4(b). The errorbars indicate
standard deviations of the measured BW values at each value
of the applied strain. The experimental data was fitted by a
linear function, the fit equation is presented in Fig. 4(b) as
well. The sensitivity, estimated from the fit turned out to be
0.401 nm/mε or 2.23 pixel/mε. The standard deviation of the
BW fitting was below 11.5 pm or 0.064 pixel, which corresponds
to standard deviation of strain measurement 29 με (for 0.625 Hz
interrogation rate); the R2 for the linear fit approximating the
dependency of the CFBG spectral shift on the applied strain is
0.9979.

In order to validate the obtained results we carried out an
additional experiment and compared the experimental results
with the developed theoretical model based on the Cramer-Rao
approach. At first, the change of BW with respect to strain
was recorded by commercial Hamamatsu spectrometer as well,
the measured CFBG sensitivity comprised 0.399 nm/mε as
presented in Fig. 4(b). Therefore, the difference between the
results obtained by different measurement devices is around 1%.
Also, these sensitivities are in accordance with the previously
reported data for FBGs in visible range [42]. The standard
deviation of BW measured with Hamamatsu spectrometer was
σλ0

= 3.53 pm for the interrogation rate of 0.5 Hz.
Secondly, we analytically estimated the achievable standard

deviation of the measured BW. The standard deviation of the
electronic noise was estimated from the residuals between the
measured spectra and gaussian fit according to FFT median
level algorithm described in [43] and comprised 2.7 · 10−4 with
0.625 Hz interrogation rate. This value was substituted into eq.
(VII.6) with the rest parameters as follows: N = 161, a =
14.4 nm (80 pixel), w = 2.1 nm (11.7 pixel), A = 0.019. Here,
averaged values of fitting parameters w and A are reported.

The values of the A/σN , which is an analogue of SNR of
the measured CFBG spectra, estimated standard deviation of
CFBG peak position and average of BW standard deviations
at different strain steps are reported in Table I. It should be
noted that the Cramer-Rao bound isnt a characteristic of any
particular algorithm, but instead gives the fundamental limit of
best achievable resolution for a particular measurement task.
Therefore, an agreement between theoretical and experimental
results of about 20% is good and shows that the utilized signal
processing approach is efficient against the noise.

We have also verified the modal noise level estimated by eq.
(4) through the analysis of the experimental data obtained by

TABLE II
COMPARISON OF SPECTROMETERS PARAMETERS AND MEASUREMENT RESULTS

both Hamamatsu and smartphone-based spectrometers. Since
the components of measured optical spectrum corresponding
to CFBG, modal noise and electronic noise are much easier
to be identified when FFT of optical spectra are analyzed, a
comparison of measured spectra FFTs with theoretical esti-
mates is shown in Fig. 5(a) for SPBS and (b) for Hamamatsu
spectrometer. First of all, FFT of all measured optical spectra
were calculated and their magnitudes were averaged in order
to obtain smoother and more evident curves. Electronic noises
were estimated according to median level of optical spectra FFT,
modal noises standard deviations were calculated according
to eq. (4), their spectra widths were implied to be equal to
inverse spectral resolutions δλ. FFTs of gaussian functions of
form (1) representing the CFBG spectrum were also shown.
The parameters of optical spectra A, w, levels of electronic and
modal noise σN , σMOD and spectral resolutions δλ obtained by
SPBS and Hamamatsu spectrometers are listed in Table II. When
the modal noise for Hamamatsu spectrometer was estimated
according to eq. (4), it was taken into account that the slit
width is 10 μm and the distance between the fiber and the
slit was 3 mm. The plotted FFT values were normalised such
that they represented the noise spectral density, horizontal axis
corresponds to the spatial frequency values of the respective
FFT components, similarly to representation of optical spectra
FFTs in spectral and white-light interferometry. As can be seen
in Fig. 5, both experimentally measured optical spectra are in
excellent agreement with the estimations of the considered target
and noise components.

As supported by the analysis described above, the assump-
tions made during the derivation of the modal noise properties
are correct, so the BW uncertainty caused by the modal noise
can be estimated according to eq. (5) to be around σλ0

≈ 45 pm.
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However, such large variation of the measured BW values can
be produced only if the modal noise realisations in different
spectra are completely uncorrelated, which requires a significant
perturbation of a large section of the feeding MM fiber to take
place. However, we believe that the detailed consideration of
the modal noise influence on smartphone-interrogated sensors
requires a separate investigation and falls out of the scope of the
current paper.

VI. DISCUSSION AND CONCLUSION

The smartphone-based interrogation of a fiber Bragg grating
sensor was, to the best of our knowledge, demonstrated for
the first time. The interrogated CFBG was inscribed in a stan-
dard graded-index multimode fiber. Interrogation setup consists
of low cost and readily available components. The proof-of-
concept experiment was performed by sensing strain applied
to the CFBG. The developed prototype of a smartphone-based
CFBG sensing system demonstrates picometer-level Bragg
wavelength and micro-strain-level strain measurement resolu-
tion and excellent linearity. The obtained results were validated
with the use of a commercial spectrometer and by theoretical
analysis. Also, to the best of our knowledge, the work contains
the first analysis of the modal noise effects in smartphone-based
interrogation systems for optical fiber sensors with a spectral
read-out.

The goal of the present work, however, is not to make a
replacement of conventional FBG interrogators operating at
telecommunication windows. It is obvious that the devices that
are tailored for the FBG interrogation will outperform those
based on a general-purpose platforms such as smartphones.
However, we believe that this work, along with the other stud-
ies on smartphone-based interrogation of optical fiber sensors
will pave the way for ultra-low cost, wide-spread and portable
sensing systems that will unite the advantages offered by the
optical fiber sensors and the smartphones. Moreover, even this
pilot study was able to clearly demonstrate the feasibility of
further research on smartphone-based interrogation of OFS,
including those based on various gratings, as well as to probe a
prominent way to implement a smartphone-based fiber grating
interrogation and to identify the obstacles that are yet to be
overcame.

We would also like to emphasize that the achieved charac-
teristics of the developed smartphone-based spectrometer are
similar and some even superior to those of a commercial Hama-
matsu spectrometer, used in this work as a reference. The Bragg
wavelength measurement resolution achieved with Hamamatsu
spectrometer was better, however, the measurement resolution of
a smartphone-based spectrometer can be substantially improved
when a fiber grating better suited for the task is interrogated.
The comparison of spectrometers’ characteristics and Bragg
wavelength measurement resolutions is presented in Table II.

Further work should be directed towards performance im-
provement of the smartphone-based spectrometer, application
of the developed technique for the interrogation of FBG arrays
and other fiber optic sensors, further analysis and suppression
of modal noise mechanisms. Moreover, as follows from the

presented analysis, the properties of the fibers and gratings
used for the sensing elements of the smartphone-interrogated
sensors must be selected very carefully, additional evaluation of
their characteristics at visible wavelengths would also advance
the field. In case of a smartphone-based spectral interrogation
of MMF sensors, accurate tailoring of their characteristics for
particular applications is also a key to achieving superior per-
formance.

APPENDIX A

CRAMER-RAO LOWER BOUND FOR BW RESOLUTION Cramer-
Rao lower bound for CFBG BW λ0 parameter estimation reso-
lution can be found as [40]

σλ0
=

⎡
⎣ 1

σN

√√√√ N∑
i=1

(
∂Si

∂λ0

)2
⎤
⎦
−1

, (A.1)

where σλ0
– standard deviation of λ0, Si – samples of the

measured CFBG spectrum, N – number of spectral points, σN

– standard deviation of additive noise, which is assumed to be
white and gaussian.

In this work we approximate the measured CFBG spectrum
by a gaussian function as in eq. (1). The sum in equation (A.1)
can than be rewritten in the following form
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We substitute λi − λ0 for a new variable λ′
i
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In case of relatively large number N of summation terms, there
is an equivalence between the last sum and a definite integral

N/2∑
i=−N/2
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≈ N
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∫ a
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w4
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(
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where a is the width of the spectral interval containing all
N points that are approximated. The integral in (A.4) can be
rewritten in the next form

N/2∑
i=−N/2
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(A.5)
where erf is the error function. In case of rather large a > 3w we
can simplify the first term and neglect the second term. There-
fore, the Cramer-Rao lower bound for the Bragg wavelength
standard deviation can be written in the following form

σλ0
≈ 2

σN

A

√
aw√
πN

, (A.6)
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