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Abstract

In this paper, a processing scheme based on the morphological similarities of
speckle patterns is proposed to extend the dynamic range of Fiber Speckle-
gram Sensors (FSS). The method has been applied to a low cost FSS demon-
strating its good performance to extend the dynamic range of strain mea-
surements. The scheme analyzes the pattern energy distribution to establish
the current modal state of the FSS and employs the correlation value with
the reference modal state specklegram to determine the fine strain measure-
ments. The achieved results exhibit a very high performance, making this
low cost technology applicable to structural monitoring.
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Extended range

1. Introduction

Optical fiber sensors have been widely employed for structural health
monitoring purposes. Particularly, those based on silica have been employed
in such different ways such as distributed sensing (Brillouin, Raman. . . ) or
punctual sensors (Fiber Bragg Gratings, Microbendings . . . ). They have
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many advantages, but their applicability can be sometimes limited by dif-
ferent factors such as cost, sensitivity or repeatability. On the other hand,
different sensor systems based on Polymer optical fibers (POF) have been
proposed, exhibiting the benefits of this technology for sensing purposes. Al-
though optical loss in POFs is much higher than in conventional glass fibers,
robustness, ease of handling and low cost have made them an attractive op-
tion for sensing applications such as health monitoring in civil engineering
or structures with large shape changes [1, 2]. In this regard, POFs exhibit
advantages including high elastic strain limits, high fracture toughness, and
excellent flexibility and adaptability. Furthermore, there is a wide variety
of multimode fiber core diameters available. More specifically, sensors using
these fibers have been successfully demonstrated such as Fiber Specklegram
Sensors (FSS) [3–7] that highlight, with a remarkable sensitivity to external
perturbations and, due to cost reduction in the electronics, with possibility
of being implemented as a low cost technology but maintaining an extremely
high sensitivity.

Using FSS, several parameters have been successfully measured such as
vibration [3, 7], micrometric displacements [4, 5], temperature [5] or angular
alignments [6]. Most of the reported applications are far from measuring
suitable parameters for structural monitoring applications due to the limited
dynamic range or the oversensitivity and cross-sensitivity of the FSS prin-
ciple. Nevertheless, a strain measurement scheme based on FSS has been
reported [8] by adhering multimode optical fibers to a cantilever beam and
measuring the speckle intensity variation, that is proportional to the ap-
plied strain. The achieved results exhibit a good linearity, but this scheme
is limited in dynamic range because it is based in a weak perturbation ap-
proximation. In other works, some photorefractive materials are employed
to stabilize the processed specklegrams [9, 10]. This effect can be applied to
reduce the extra noise due to the typical oversensitivity of specklegrams and
to extend the dynamic range for slow varying perturbations. Despite of the
adaptation capabilities of the proposed schemes, the setup is not suitable for
low cost applications.

In this work, a new processing scheme to extend the dynamic range of
Fiber Specklegram Sensors is proposed and demonstrated. The proposed
algorithm employs the morphological differences between two specklegrams
under very different perturbations to determine key-specklegrams as refer-
ence points. The speckle intensity variation is computed to the closest key-
specklegram and the absolute strain can be obtained by employing this par-
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tial variation. A FSS has been embedded into a composite beam and several
strain tests have been performed. The obtained specklegram sequence has
been morphologically processed obtaining a very good performance. The pro-
posed scheme is also suitable for applications where cost is a critical point.

2. Sensing principle

The speckle phenomenon in optical fibers has been treated by several
authors [11–13]. It is generally considered that the number of speckles pro-
jected by a multimode optical fiber on a screen is approximately equal to the
number of modes (M) that supports the fiber [14]. For a step-index fiber, the
number of modes is approximately M = V 2/2 and for a graded-index fiber is
M = V 2/4, where V is the normalized propagation constant. This value is
defined as V = 2πaNA/λ, where NA is the numerical aperture of the fiber, λ
the wavelength of the light source and a is the radius of the fiber core. For a
multimode step-index fiber, the expression forM can be calculated by resolv-
ing the Helmholtz equation considering a plane wave rectilinearly polarized.
Based on the ray model approximation, it can be considered that each mode
has a different phase velocity caused by different optical paths and, at the
output end of the fiber, each mode has a different spatial position.

When a coherent light is propagated through the fiber, the speckle phe-
nomenon is defined as an interference between different modes and self-mode
interaction [3]. The output speckle pattern (i.e. projected onto a screen)
is composed of a large number of bright spots (approximately the number
of modes M) whose intensity varies slowly, mainly caused by environmental
effects, but the total intensity of the speckle pattern remains constant.

Several changes in the fiber geometry and in the refraction index are
caused when a external perturbation is applied to the fiber (such as temper-
ature, pressure or strain). These changes also cause variations in the output
speckle pattern distribution, but its total intensity remains constant. There
is a model [3] that determines the relation between the speckle pattern vari-
ation and the perturbation to be measured. The model considers that the
mode propagation and the mode interference are both modified by the per-
turbation (F (t)), that is reflected in the speckle intensity variation. This
model is limited to small perturbations and the intensity of each speckle Ii
can be calculated as the integration of the spatial intensity function for each
speckle area:
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Ii = Ai · {1 +Bi · [cos(δi)− F (t) · ϕi · sin(δi)]} (1)

where Ai represents the self-mode interaction; and F (t), Bi and δi define
the interaction between different modes. Particularly, F (t) is the external
perturbation of the fiber. The argument of the harmonic functions (δi) de-
scribes the difference in the propagation constant and the random phase of
all the pairs of modes considered within the same speckle intensity Ii. Ai,
Bi, ϕi and δi are constant values for any given i.

In order to extract the perturbation information (F (t)), a differential
processing method is applied to Eq. 1. The sum of the absolute value of the
changes in all the signals is computed and can be described by:

∆IT =
N∑
i=1

[
−Ai ·Bi · ϕi ·

dF (t)

dt
· sin (δi)

]
=

[
N∑
i=1

Ci · sin (δi)

]
· dF (t)

dt
(2)

In Eq. 2 the term within the brackets sums all the components of the
speckle pattern, so the sum will remain constant despite local variations (the
total energy is maintained). Eq. 2 can be written as:

∆IT =
dIT
dt

= C · dF (t)

dt
= C ·∆F (3)

Based on this approach, several sensors have been demonstrated [3, 8].
However, when the perturbation applied to the fiber is larger (not weak),
the approach required to achieve Eq. 3 is not valid, so the method is very
limited in dynamic range. In the described model, only the self-mode in-
teraction and the mode-mode interaction are taken into account, while the
physical process is much more complex. The influence of the radiated modes,
propagation losses, bendings or micro-bendings has been ignored so it can
be assumed that more complex phenomena besides the self-mode and mode-
mode interaction are produced. These effects in propagating waveguides have
been analyzed by using the perturbation theory [15]. By observing a speckle
pattern evolution, when a large perturbation is applied, the individual speckle
area and position change indicating that the modal state energy is being re-
distributed. Obtaining an analytical description of all these phenomena is
not a trivial task. However, a correlation between the speckle distribution
and the external perturbation can be computed using the available computer
methods.
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3. Morphological processing

As detailed in the previous section and demonstrated in [8], the speck-
legram correlation is proportional to the strain but just when ∆F is small
enough. The correlation between specklegrams is useful within the same
modal state where it is proportional to the external perturbation. Given that
the correlation is not an useful metric to compare two specklegrams of differ-
ent modal states, other approach is required. The morphological processing
obtains the distribution of the different bright speckles and employs it to
“define” the specklegram characteristics. Thus, to extend the dynamic range
through different modal states, the correlation term may be computed to
different Key-Specklegrams (KSs) associated with the different modal states.
These KSs are determined during the sensor calibration ramp and they are
associated with a strain value, establishing different local reference points
corresponding to the different modal states. The wrong determination of the
KSs may lead to a wrong sensor performance.

In the morphological processing the specklegram is converted to a binary
image (using a threshold) and the different white spots (correspondent to
bright speckles) are defined from their X-Y position and area. After the
thresholding, a circular averaging filter is employed to reduce the sharpness
of the obtained dots. This filtering creates a clustering effect by combining
several small dots into a bigger one reducing the final noise. The noise reduc-
tion is more significant when the bright speckles are close to the threshold,
where a big spot can be decomposed into several smaller ones.

a b c

Figure 1: Preprocessing steps. A 200x200 pixels gray level image of a specklegram (a).
The same specklegram thresholded (b) and filtered (c).

The obtained spots are sorted by area, making the larger ones more rele-
vant. The list of sorted spots is the geometrical representation of a speckle-
gram and it defines its high level morphological structure. Once the structure

5



of a specklegram has been determined, the spots with the larger area of both
specklegrams are compared to the closest ones taking into account their posi-
tion. After having established the spot correspondence, their area difference
is calculated and normalized against the total area. This value is related
to the amount of coincident bright speckles between the two specklegrams,
which is related to the coincidence (or not) of the modal state. A high er-
ror value indicates a completely different bright speckle distribution, what
implies a different modal state.

Matched  spots Most relevant spots

Figure 2: Morphological comparison between two specklegrams of different modal states.

In Fig.2 two specklegrams of different modal states are depicted. The five
spots with the larger area (most relevant) are marked with circles for both
images. The five most relevant coincident spots between specklegrams are
also marked with crosses. In this case, most of the bright speckle area is not
coincident (three of the most relevant spots of the right specklegram are not
matched) so the obtained value is high, indicating a different modal state.

Strain specklegram sensors need to be calibrated before their application
thus, a calibration procedure is required. During this step, a controlled strain
ramp is applied to the POF while the specklegrams are acquired. When the
applied perturbation (i.e. strain) is high enough, the modal state is not
maintained and the speckle intensity variation (∆IT ) does not replicates the
perturbation. The morphological metric is employed to identify the different
modal states during the calibration ramp and to establish their correspondent
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KSs to have local reference points (KSs) where the speckle intensity variation
will be calculated. This parameter, for two specklegrams of NxM pixels, can
be defined as follows:

∆IT{i, j} =
1

K ·N ·M

N∑
n=1

M∑
m=1

∣∣pin,m − pjn,m
∣∣ (4)

where K is the full scale value of the specklegram colormap (i.e K = 255
for 8-bit grayscale) and pn,m corresponds to the pixel of the n,m position of
the specklegram i or j. Applying this notation to Eq. 3, the perturbation
value of the i-th specklegram under a weak perturbation having the initial
specklegram as reference can be obtained with:

∆F{i} =
1

C
·∆IT{0, i} = L0 ·∆IT{0, i} (5)

being L0 the proportionality constant (slope) between the speckle in-
tensity variation (between the i-th and the first specklegram). During the
sensor calibration step, different KSs are detected and their associated slopes
(LKS(k)) and strain values (SKS(k)) are also saved. Consequently, when a new
specklegram is available, I(i), can be evaluated in terms of its closest KS un-
der the weak perturbation assumption. The speckle intensity variation of the
incoming specklegram is calculated with all the stored KSs. The closest is
employed as a strain reference and, with its slope, the strain value can be
calculated. The second closer KS is employed to indicate the direction (d(i))
of the calculated strain offset. The absolute strain value can be obtained as:

Strain(i) = ∆F{i} = SKS(i) + d(i) · LKS(i) · IT{KS(i), i} (6)

where KS(i) denotes the KS associated with the I(i) specklegram; SKS(i)

and LKS(i) denote the strain value and slope correspondent to the KS asso-
ciated with the i-th specklegram and d(i) ∈ [−1, 1] describes the intensity
variation direction (positive or negative). However, for the incoming speck-
legrams that falls in the middle of two KSs, the final strain value is taken
as the mean value of both references. This effect is detected when the two
closest KSs intensity variations are very similar. The absolute strain value
under this assumption is computed as:

Strain(i) = 1/2 ·
[
SKS(i)1 + d(i) · LKS(i)1 · IT{KS(i)1, i}

]
+

1/2 ·
[
SKS(i)2 − d(i) · LKS(i)2 · IT{KS(i)2, i}

] (7)
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where KS(i)1 and KS(i)2 denote the two KS with a lower intensity vari-
ation with the i-th specklegram. This averaging step reduces the amount of
noise in transition areas where the distance (intensity variation) between two
specklegrams is very close.

4. Experiments and results

The described processing scheme has been tested with an experimen-
tal strain measurement. For this purpose a Glass Fiber Reinforced Plas-
tic (GFRP) beam has been manufactured with an embedded easy-to-handle
POF. Despite several POFs with a diameter of few micrometers are commer-
cially available, for FSSs, larger core diameters are required. Particularly,
wide set of commercial POFs for FSS can be found with diameters from 50
µm to 3 mm. The chosen POF has a core diameter of dc = 50 µm and
an external diameter of do = 250 µm. A graded-index profile has been also
chosen to reduce the number of modes, thus decreasing the noise. A Fiber
Bragg Grating written in a standard telecommunications fiber has been also
embedded to obtain the strain reference for the calibration ramp and further
measurements. The beam has a constant thickness of 2 mm and a final size
of 400x60 mm.

4.1. Experimental setup

The beam is fixed in one side and the other is attached to a mobile
part connected to a screw that stretches the whole beam uniformly. One
edge of the POF is connected to a cheap laser diode and the other side is
connected to a CCD camera (Pixelink PL-A741). The FBG is attached to a
Fibersensing FS4200 interrogation unit to obtain the reference strain value
of each experiment. The whole setup is depicted in Fig. 3.
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Laser
GFRP beam POF

CameraLoading setup

Figure 3: Experimental setup. The POF is attached to a laser diode and a CCD camera.
The FBG is interrogated using a commercial unit.

Several increasing and decreasing strain ramps were applied to the beam
provoking a maximum deformation of ∆s ≈ 200µϵ. The strain was uniformly
distributed along the 400 mm of the stretched beam. During the experiment,
the first increasing ramp has been employed for the sensor calibration. The
rest of the measured values have been used to study the performance of the
sensor out of the calibration ramp. Specklegrams were captured at 25 frames
per second.

4.2. Results and discussion

The morphological processing scheme is applied to obtain the KSs of
an increasing strain ramp. For the analyzed data, the processing scheme
has obtained five KSs during the calibration step (the last one is added
to determine the direction of the strain values above the last KS). Once
the calibration procedure was finished, the same specklegrams sequence was
employed to estimate the strain using the proposed method.
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Figure 4: Calibration strain ramp. Strain values obtained with the morphological pro-
cessing (solid line) are compared against the strain measured with the FBG (dashed line).
The values proportional to the speckle intensity variation are also plotted (dotted line).

In Fig.4 the five identified KSs (circles) are plotted over the reference
strain value (obtained with the FBG). The strain values obtained using the
morphological processing are also depicted (solid line) and compared to the
correlation processed ones (dotted line). The correlation method (Normalized
Speckle Intensity Variation, NSIV) is described in [8] and it is limited to
small deformations because it is only valid for the same modal state. As
can be observed in Fig. 4, when the deformation is enough to change the
modal state, the correlation method is useless because specklegrams cannot
be directly compared. The achieved accuracy within the calibration ramp
of the morphological scheme is remarkable, being always under max(∆s) ≈
29.0µϵ with a mean error of ∆s ≈ 5.6µϵ, good enough for the majority of
structural applications. However, the presented case is an optimistic situation
when the application scenario is exactly the same as the testing one, thus,
the same calibration parameters have been also employed to test the sensor
with other strain ramps.
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Figure 5: Strain values obtained with the morphological method (solid line) are compared
against the strain measured with the FBG (dashed line) during strain ramps not included
in the calibration. The values proportional to the speckle intensity variation are also
plotted (dotted line).

A more realistic scenario is depicted in Fig.5 where the calibration pa-
rameters obtained in the previous ramp (Fig.4) have been applied to process
specklegrams from other increasing and decreasing ramps. The KSs em-
ployed during this test are the same ones established during the calibration
test. Morphological processed values (solid line) are plotted against the strain
reference (dashed line) and the NSIV values (dotted line). The accuracy of
the morphological method is not as good as the previous one, but it still
is remarkably good for many structural applications, having a mean strain
error of ∆s ≈ 13.2µϵ and a maximum of max(∆s) ≈ 65.1µϵ. The worst cases
are located during a transition between two reference KSs. This particular
test indicates the suitability of the proposed processing scheme to work with
a good response out of the calibration area, despite the noisy nature of the
specklegram sensors. Besides, the maximum strain error is obtained during
the transition between KSs when distances to both references are larger but
it is not proportional to the sensor dynamic range.

Several factors are contributing to the final error, but one of the most
significant is to light up the sensor with a multimode POF which varies the
modal state before reaching the sensing area. This problem can be reduced
by using a monomode fiber to carry the light to the sensing area, as proposed
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in [8], or by locating the CCD camera right at the end of the sensing area,
reducing extra perturbations. Similar results can be obtained using also
low-cost techniques such as intensity based POF sensors [2], however Fiber
Specklegram Sensors (FSS) can simplify the sensing head, what makes their
installation easier.

Despite the obtained accuracy, using the correlation term to calculate the
strain deviation in the morphological processing, is good enough for many
applications, it can be improved by employing other comparison methods
less noise dependent. The morphological scheme has been also tried as a
method to obtain the strain deviation over a KS but, due to its noise immu-
nity, it renders useless to perform this task. Some trade-off between noise
immunity (morphological scheme) and sensitiveness (correlation) is required
for a metric to obtain strain from specklegrams in real scenarios.

The dynamic range of the proposed technique is mainly limited on the
KSs detection, when two equal KSs arise from the calibration ramp. Having
identical KSs may lead the strain reconstruction to a wrong value. The
probability of reaching two equal KSs is given by several factors such as
the number of speckles of the specklegrams (proportional to the number of
modes of an optical fiber) or the captured spot area and resolution. Based
on the experimental tests, the probability of reaching two equal KSs with the
proposed setup is very low, enabling this technique to be applied to full-range
applications (i.e. 5000 µϵ) without modifying the setup

5. Conclusions

In this work, a morphological processing method to enhance the dynamic
range of Specklegram strain sensors is proposed and demonstrated. The
proposed method analyzes the geometrical properties of the specklegram to
determine if the modal state of the hosting multimode fiber remains the
same. Once the working range of each modal state is established (given
by its associated Key-Specklegram), the correlation between the incoming
specklegram and the KS is employed to obtain the absolute strain value.
The processing scheme has been experimentally checked, exhibiting a great
accuracy even with specklegrams not considered in the calibration steps,
obtaining a final mean error of ∆s ≈ 13.2µϵ. A low cost implementation of
the proposed scheme is possible, enabling this method for different sensing
purposes.
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