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Abstract—An optical fiber sensor system for distributed
optical absorption spectroscopy based on light diffusing opti-
cal fiber is proposed and evaluated. The sensor is composed
by two light-diffusing glass fibers radiatively coupled. The
light from a pulsed laser diode (PLD) propagates along the
first fiber and is locally diffused out into the medium between
the fibers. The light transmitted by the medium is partially col-
lected by the second fiber and detected at the end of the fiber
by an optical time-domain reflectometry (OTDR) detection
scheme. The system permits distributed measurements of the
optical absorption properties of the sample medium between
the fibers. The experimental results confirm the possibility of
distributed measurements with a spatial resolution of about
17 cm over 4 m of measurement range. Distributed chemical sensing has also been evaluatedby measuring the absorption
of water solutions containing copper ions. A limit of detection (LOD) of 710 ppm has been achieved.

Index Terms— Distributed sensors, fiber-optic sensors, light diffusing fiber (LDF), optical spectroscopy.

I. INTRODUCTION

OPTICAL fiber sensors are a powerful tool in a lot
of application fields. They offer several advantages,

including small weight, low size, immunity to electromagnetic
interference, and possibility of remote operation. In particular,
in last years, there was a great interest in their application in
the chemical and biochemical sensing.

Single point sensor based on surface plasmon resonance
(SPR) [1], [2], [3], [4], [5], [6] and localized SPR (LSPR)
[7], [8] has been proposed. These approaches might be ade-
quate for many applications. However, when many measure-
ment points are required, the distributed sensing capabilities
are an advantage.

Distributed fiber optic sensors enable high-resolution con-
tinuous measurements over long distance [9], [10]. Currently,
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these sensors employ low-loss single/multimode glass or poly-
meric fiber as sensing element [11], [12], [13], [14]. They
are mainly based on optical phenomena, such as Rayleigh,
Brillouin, or Raman scattering that are intrinsically present
in optical fibers [15], [16], [17], [18]. The spatial informa-
tion is usually resolved by optical time-domain reflectometry
(OTDR), launching an optical pulse into the fiber and mea-
suring the variation of the backscattered light measured as a
function of time [19]. The spatial location can be calculated
by taking into account the time-of-flight inside the fiber.
A lot of approaches have been developed in order to detect
physical external perturbations along the sensing fiber, such
as temperature, strain, pressure, and so on, by measuring the
variations in amplitude, frequency, polarization, or phase of
the backscattered sensing light [10], [20], [21]. Over the past
decades, there was a great effort to extend distributed fiber
sensing from the physical to chemical domain [22], [23].
However, this objective is intrinsically challenging because,
typically, common optical fibers are chemically inert and an
additional sensing element is required to convert the chemical
information into a signal measurable by the optical fiber,
such as strain/temperature [15], optical loss [24], or optical
absorption [25].

Most of the distributed chemical sensing methods are
based on the interaction of the evanescent field of the fiber
core modes with suitable sensing layers that act as fiber

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8424-9791
https://orcid.org/0000-0003-1205-5781
https://orcid.org/0000-0002-0005-7758
https://orcid.org/0000-0003-0300-4384


PERSICHETTI et al.: LIGHT DIFFUSING OPTICAL FIBER SENSOR 2177

cladding. Both fluorescence-based and absorption-modulated
processes have been investigated [25], [26]. Typically, in these
approaches, a chemical dye is immobilized into a suitable fiber
cladding material. The interaction of the dye with the chemical
substance alters the optical characteristics of the fiber, via
the evanescent fields, and induces a change in the absorption/
fluorescence backscatter signal.

Using these approaches, a number of distributed chem-
ical optical fiber sensors have been proposed for sensing
pH [27], [28] and oxygen concentration [29]. However, one
of the main difficulty of these approaches is related to the
development and the deposition on the fiber of a suitable
sensing layer materials that meet the required chemical and
optical properties.

Photonic bandgap hollow-core fibers have generated a par-
ticular interest for chemical sensing because of the possibil-
ity of guiding light inside the hollow core enables a large
light–material interaction [30]. However, while these fibers
have been fruitfully employed for single point sensing, their
application in distributed sensing has been strongly limited
because the analyte can enter only at the open end faces of
the fiber. In order to overcome this problem, manufacturing
approaches like drilling holes on the outer cladding [30] or by
opening slots on the side have been proposed.

Optical absorption spectroscopy represents a common
approach to water and gas monitoring as it offers the potential
of label-free spectral detection and identification of specific
analytes in a very easy way [31], [32].

In this article, for the first time, a distributed fiber optic
sensor for the continuous spatial measurement of the optical
absorption of the medium between the fibers is proposed.

The sensor consists of two parallel light diffusing fibers
(LDFs) that are radiatively coupled. LDF is an optical fiber
that radially diffuses the light outward from the core due to
the presence of nanometric scattering centers in the core [33].
By controlling the fabrication process, it is possible to obtain a
uniform scattering of the light that propagates through the fiber
circumference and along the length of the optical fiber. This
fiber has been intended for illumination purposes, but sensing
applications have also been recently demonstrated [34], [35].

In the proposed sensor, the illuminating fiber is connected to
a pulsed laser diode (PLD). The narrow light pulse propagates
along the fiber and locally diffuses outside the core. A portion
of this scattered light, after propagating through the sample
medium between the fibers, is coupled into the second fiber
and is finally delivered to an OTDR photodetection system.
By converting the time information into the spatial one, it is
possible to perform distributed measurements of the optical
absorption properties of the medium between the fibers.

Differently from the convectional evanescent field tech-
niques, this approach allows the coupling between the light and
the sample at very large distances compared to the working
wavelengths, thus increasing the path length that light travels
through the sample and enhancing the absorption sensitivity.
Furthermore, the power coupling occurs over a very broadband
wavelength range of more than 1000 nm [36]. Finally, it is
worth emphasizing that the proposed configuration does not
require any manipulation of the optical fiber, such as cladding

Fig. 1. Sensing principle layout.

removal, etching, and bending, in this way greatly simplifying
the sensor assembly.

II. SENSING PRINCIPLE

The proposed sensing principle layout is depicted in Fig. 1.
Two parallel LDFs are positioned at a distance d . The illumi-
nating fiber is connected to the light source; the detection fiber
is linked to the detection system. Due to the energy scattering
from random imperfections in the employed light-diffusing
optical fibers, there is a power-coupling mechanism enabling
a power exchange between the two fibers, which can occur
even when the fibers are at a very large distance in terms of
optical wavelength.

The coupling between the two fibers depends on the scatter-
ing fiber properties, the distance d , and the optical properties
of the medium between the fibers [36]. Using continuous
source, only an average information over the entire length
of the fiber is available. To get distributed measurement,
in analogy with OTDR, it is necessary the use of pulsed light
in the illuminating fiber. In this case, the interaction between
the fibers is essentially localized to the pulse position along
the fiber.

A narrow rectangular input pulse with power Pin arrives at
the position z along the illuminating fiber with a power [19]

P (z) = Pinexp (−αz) (1)

where P(z) describes the average power in the fiber, and α is
the total power attenuation coefficient along the illuminating
fiber, which is a combination of attenuations due to absorption
loss and scattering loss. For LDFs, the absorption losses
are typically negligible compared to the scattering losses,
and thus, the attenuation can be mainly attributed to the
concentration of scattering particles embedded in the fiber
causing side-scattering along the fiber.

The light power coupled to the detection fiber Pc, at the
abscissa z, can be evaluated by using the analytical solution
established in closed form in [35] for LDF coupled in the
counterpropagation configuration. In this case, the coupling
length is equal to spatial width H of the pulse (see Fig. 1).
Taking into account that the coupling coefficient between the
fiber due to the radiative transfer β � α, Pc can be expressed
as

Pc (z) ≈ PinβT (z)

α (1 + coth [αH ])
exp (−αz) (2)
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where T (z) is the transmittance of the medium between the
fiber.

The power coupled Pc(z) produces a signal, which arrives
at the end of detection fiber with a power

Pout = Pc (z) exp (−αz) ≈ PinβT (z)

α (1 + coth [αH ])
exp (−2αz) .

(3)

As demonstrated in [36], in a weak-coupling regime, the
coupling coefficient β between two parallel light-diffusing
multimodal optical fibers of equal and finite lengths, of equal
diameter D, and placed at a distance d , assumes the form

β = K
(αD)2

d
(4)

where K is a constant that takes into account a geometric
factor and the transmittance of the lateral surface of the
illuminating and detection fibers. Combining (3) and (4),
we can write

Pout = C PinT (z) exp (−2αz) (5)

where C = K ((αD2)/d)(1/(1 + coth[αH ])).
According to the Lambert–Beer law, the transmittance T (z)

of the medium placed between the two fibers is related to the
power absorption coefficient of the medium αm(z) as follows:

T (z) = e−2αm(z)d . (6)

Equations (5) and (6) permit to directly relate the power
Pout, measured at the end of detection fiber, with the transmit-
tance/absorption profile along the fiber length, enabling opti-
cal absorption spectroscopy distributed measurements. If the
optical pulse could not be considered narrow, the measured
profile is the convolution of spatial response of fiber sensor
system [instrument response function (IRF)] with the true
spatial distribution of the measurand given by (5) [20], [37].

III. EXPERIMENTAL SETUP

The sensor has been assembled using two LDFs Fibrance
with FC/PC connectors by Corning. This is a glass fiber
designed to diffuse the light uniformly around its circum-
ference, whereas, along the fiber length, the fiber could be
assumed as a Lambertian diffuser [36]. This behavior is
obtained by placing into the fiber core a ring of random
distributed scattering sights with their diameters that span from
50 to 500 nm. The distance over which 90% of laser light
is emitted through side scattering is called diffusion length.
Two Fibrance fibers with a diffusion length of 5 m have
been used. The diameters of core and cladding are 170 ±
3 and 230 ± 10 μm, respectively [38]. The fiber has a 900-
μm-diameter loose tube protection jacket made of transparent
polyvinyl chloride (PVC). The bending losses are also small
with minimum bending radius of 5 mm. The operating wave-
length range is 405–1000 nm. However, the possibility to work
up to 1550 nm has also been demonstrated [35], [36], thus
enabling the prospect of distributed absorption spectroscopy
measurements both in the visible and in the near infrared
ranges.

Fig. 2. (a) Sensor configuration. (b) Section view of the sensor geometry.
(c) Photograph of the assembled sensor.

Fig. 3. Experimental setup.

The sensor configuration is illustrated in Fig. 2. The two
fibers, with a total length of 5 m, are glued on the edges of
a U-shaped aluminum bars (8 × 8 mm) (see Fig. 2), with
a distance between the fibers d = 7 mm and a sensing
length L = 4 m. The thickness of the bar profile is 1 mm.
A picture of the assembled sensor when the illuminating and
detection fibers are coupled with a green and red light source,
respectively, is shown in Fig. 2(c). The bar is black painted
in order to minimize unwanted light reflections. It should be
noted that the proposed layout permits a simple and reliable
alignment between the fibers.

The measurements have been performed by an approach
similar to photon-counting OTDR. A schematic layout of the
optical interrogation setup is shown in Fig. 3. A PLD at λ =
850 nm is connected to the illuminating fiber by a graded
index multimode fiber with a 50 μm core diameter. The laser
delivers optical pulses with a width of 83 ps [full-width half-
maximum (FWHM)], at a repetition rate of 5 MHz and with
an average power of 0.5 mW.

The light coupled back to the collecting fiber is delivered to
a fiber-coupled single photon avalanche diode (SPAD)-based
detector. Both the SPAD and the laser synchronization signals
are connected to a time-correlated single photon counting
(TCSPC) system (Picoharp 300). The photon arrival histogram
is collected with a time-bin width of 32 ps, corresponding to
a sampling resolution of about 3.2 mm, and it is transferred
to a personal computer for the signal processing. Each mea-
surement has been repeated eight times for statistical error
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Fig. 4. Measured power when T(z) = 1.

analysis, and a moving average over a length of 3.2 cm was
performed to remove part of the noise.

Although the Fibrance fiber exhibits a strong light scattering
behavior, the possibility that very short pulse can propagate
inside this fiber has been however observed [39], [40].

In Fig. 4, the case of T (z) = 1 (no absorbing medium
between the two fibers) is addressed, and the power measured
as a function of the distance is reported. An exponentially
decaying of the signal according (5) is clearly visible. By fit-
ting the data, a total attenuation coefficient α = 0.35 [m−1] has
been evaluated, which is in good agreement with the results
obtained in [36].

IV. SENSOR CHARACTERIZATION

A. Spatial Resolution
The spatial resolution represents the smallest distance of the

fiber required to fully detect a localized variation step occur-
ring to the measurand along the fiber. Typically, the spatial
resolution achievable by an OTDR TCSPC-based system is
assumed approximately equal to the FWHM of its IRF. The
IRF summarizes its overall timing precision (spatial), and it is
therefore determined by the performances of the interrogation
system, such as the laser pulse duration, the photodetector, and
the TCSPC electronics [37], but it is also strongly influenced
by the optical properties of the system under analysis, such
as the numerical aperture of the fibers [37]. In our case, the
IRF has been evaluated by inserting a black screen between
the fibers leaving only a small coupling region of 5 cm at
z = 1.5 m. Fig. 5 reports the IRF of the systems showing an
FWHM of 9.3 cm.

However, in the field of distributed fiber optic sensors, the
spatial resolution is typically defined as 10%–90% rise/fall
transient length of the sensor response in correspondence of a
sharp transition of the measurand [41]. Since the rise and fall
lengths could be in generally different, the spatial resolution
is evaluated as the average of the rise and fall lengths.

Fig. 6 shows the measured transmittance when a dark screen
with a length of 1 m is placed between the fibers (from z =
1.5 to 2.5 m). The measured rise and fall length are 17.9 and
17.6 cm, respectively, with an average of 17.7 cm.

Fig. 5. Instrument response function.

Fig. 6. Measured and theoretical evaluation of the 10%–90% rise/fall
spatial resolution.

It is important to underline that the two approaches in
the evaluation of spatial resolution are not in contradiction.
As demonstration, the theoretical transmittance profile, evalu-
ated as the convolution between the theoretical profile with the
IRF [20], [37], is also reported in Fig. 6. As it can be observed
from the figure, there is a very good agreement between the
measured and the convoluted profiles.

B. Sensor Calibration
The calibration of the sensors has been performed by

inserting thin-film neutral density filters (Kodak Wratten filter,
thickness 0.1 mm) with a calibrated transmittance ranging
from 0.082 to 1. The filters have a length of 30 cm and are
placed between z = 1.5 m and z = 1.8 m. The measured
transmittance profiles for different filter transmission values T
are reported in Fig. 7. For proper instrument calibration, the
influence of the IRF on the measurements has to be taken into
account. For this reason, the theoretical transmittance profiles,
evaluated as the convolution between the reference profile with
the IRF [20], [37], are also reported in Fig. 7.

The sensor calibration curve reporting the theoretical trans-
mittance versus the measured transmittance is depicted in
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Fig. 7. Measured and theoretical transmittance profile for different
transmittance values (T = 0.85, T = 0.73, T = 0.62, T = 0.41, T =
0.27, T = 0.18, and T = 0.12).

Fig. 8. Transmittance calibration curve.

Fig. 8 with the error bars that represent standard deviation
evaluated over eight measurements. In Fig. 8, it is also
depicted the linear fitting curve. The model fitting quality has
been evaluated by the coefficient of determination R2, which
has been found to be R-square: 0.9998.

V. DISTRIBUTED MEASUREMENTS

A. Distributed Optical Measurements
To verify the effectiveness of the proposed approach,

an extensive experimental characterization has been performed
by measuring different transmittance profiles along the fiber
length. The profiles are synthesized by spatial combination of
calibrated neutral density filters inserted between the fibers,
as depicted in Fig. 9.

The first test case concerns with three different attenuation
variations of decreasing value along the fiber. Each variation
corresponds to 30 cm of fiber length. The measured transmit-
tance profile along with the reference transmittance profile is
reported in Fig. 10. The differences between the two profiles
are essentially due to limited resolution of the system, which
makes it difficult to measure profile with very sharp variation.

Fig. 9. Distributed transmittance measurement layout.

Fig. 10. Measured transmittance for a profile with three different
attenuation variations of decreasing value along the fiber.

In fact, in practice, the theoretical transmittance profile is
the convolution of the reference profile with the IRF [20], [37].
In order to better evaluate the accuracy of the system,
in Fig. 10, the theoretical profile is also reported. As it can
be observed from the figure, there is a very good agreement
between the measured and the convoluted profiles. The eval-
uated maximum transmittance error between the two profiles
is 0.05, whereas the average error is 0.016.

In the second example, the employed reference transmit-
tance exhibits a symmetric staircase profile with two steps
of 15 cm. In Fig. 11, the measured profile, the reference
profile, and the theoretical profile are depicted using different
colors. The evaluated maximum error is 0.050, whereas the
average error is 0.015. As a more complex example, we have
analyzed an asymmetric staircase profile with steps of 30 cm
(see Fig. 12). In this case, the evaluated maximum error is
0.061, whereas the average error is 0.013.

Finally, we have evaluated the spatial resolution of the
system by considering two transmittance perturbations with
an extension of 15 cm spaced by 15 cm (see Fig. 13).

This measurement has been carried out toward the end of
the sensing length, where the worst signal-to-noise-ratio is
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Fig. 11. Measured transmittance for a symmetric staircase profile with
two steps of 15 cm.

Fig. 12. Measured transmittance for asymmetric staircase profile with
steps of 30 cm.

Fig. 13. Measured transmittance for two transmittance perturbations of
an extension of 15 cm spaced of 15 cm profile.

achieved, so that the measured spatial resolution is effective for
the entire sensing length. As it is shown in the figure, the two
fiber sections are clearly resolved, confirming the estimated

Fig. 14. Measured absorbance profiles for different copper ions con-
centration values.

spatial resolution. The evaluated maximum transmittance error
is 0.047, whereas the average error is 0.007.

B. Distributed Chemical Measurements
In order to verify the possibility to perform distributed

chemical sensing, measurements with different solutions of
copper ion have been performed. Copper plays an important
role in the human body. However, it could represent a danger-
ous pollutant as an excessive ingestion of copper may cause
remarkable effects in humans, including nausea, vomiting, and
diarrhea. Large amounts might damage the kidneys, inhibit
urine production, and cause anemia due to the rupture of red
blood cells (hemolytic anemia) and even death. The copper
ions aqueous solution exhibits a broad spectral absorption band
around 809 nm that could be used for sensitive detection [42].

In this case, the absorption profile is synthesized by a
custom made plastic [poly(methyl methacrylate)] cuvette with
a length of 30 cm and a path length of 6 mm that has been
inserted between the fibers from z = 1.5 to 1.8 m. The plastic
cuvette walls are very thin (0.5 mm) and do not affect the
coupling coefficient β between the optical fibers.

According to the Lambert–Beer law, the absorbance A is
related to the concentration C of the absorbing substance as
follows:

A = ε(λ)Cd (7)

where ε(λ) is the molar absorption coefficient of the absorbing
substance at the working wavelength and d is the thickness of
the absorbing layer.

Copper ions solutions were prepared by dissolving cop-
per(II) nitrate trihydrate (Sigma-Aldrich) in bidistilled water.
The experimental measurements have been performed by
filling the cuvette with solutions concentration spanning
from 663 to 13042 ppm. For each concentration, eight repeated
measurements have been performed. The measured absorbance
profiles are shown in Fig. 14. From the absorbance peak values
calculated at each concentration, a calibration curve has been
constructed (see Fig. 15). The error bars reported in the figure
represent the measurement standard deviation evaluated over
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Fig. 15. Measured absorbance versus copper ions concentration value.

eight measurements. A linear regression of the data has been
performed, and an R-square = 0.9986 has been obtained. From
the slope of the linear fit, we have calculated an absorbance
sensitivity of 2.3 × 10−5 [1/ppm]. The limit of detection
(LOD) has been determined as the concentration of analyte,
which gives a signal 3σ above the mean blank signal, i.e., the
signal of pure water (where σ is the standard deviation of the
blank signal). The LOD determined for copper ions in water
is 710 ppm.

VI. CONCLUSION

A distributed fiber optic sensing approach for optical
absorption spectroscopy and chemical sensing has been pro-
posed and validated for the first time. The sensor is based on
two light diffusing optical fibers that are radiatively coupled
by scattering from random imperfections in the fibers. The
proposed configuration requires a very simple approach for
sensor fabrication and does not require any manipulation of
the optical fiber, such as cladding removal, etching or bending.
By an OTDR TCSPC-based interrogation system, the sensor
is able to perform distributed optical measurements of the
transmission/absorption properties of the medium between
the fibers with a spatial resolution of about 17 cm along
a 4-m length fiber. The application to distributed chemical
sensing has also been demonstrated. The sensor permits to
monitor the concentration of copper ions in water with an
LOD of 710 ppm. Future studies will be devoted to extend
the proposed approach to near infrared range up to 2500 nm
and to understand how the proposed sensor could be applied
to the detection of other pollutants (e.g., ammonia, bacteria,
etc.) [43], [44], [45], [46].
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