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Abstract: This study introduces a Fiber Specklegram Sensor (FSS) design for temperature
measurement utilizing a single-multi-single mode optical fiber configuration. FSS technology offers
unique advantages for potential development into portable sensing systems. This investigation
explores an FSS design compatible with miniaturization by optimizing the interrogation system
based on the relationship between speckle grain size and filtering fiber area. Temperature variations
are detected through fluctuations in optical power at the sensor output, offering a simple and
reduced interrogation scheme. The performance of the FSS is assessed through post-calibration
measurements compared to a commercial Fiber Bragg Grating (FBG) sensor, demonstrating
comparable results. These findings pave the way for compact and portable fiber optic temperature
sensing systems leveraging FSS advantages while maintaining compatibility with established fiber
optic measurements.
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1. Introduction

Fiber optic instrumentation, with its unique properties like multiplexing, electromagnetic
immunity, compact size, long-distance data transmission, and electrical isolation [1-3], presents
several advantages over traditional electronics. In today's context, custom-designed fiber sensors are
easily attainable, with notable applications spanning sectors such as aerospace [4] environmental
pollutant detection [5], and high-temperature measurement in demanding conditions [6]. These
sensors not only outperform conventional electronic devices but also demonstrate their versatility
across a diverse array of scenarios, particularly in compact or miniaturized sensor applications [7,8].

For temperature measurement, various approaches have garnered significant technological
interest and have been subject to extensive study using a variety of techniques [9-11]. Among the
most widely utilized techniques for temperature measurement are fiber-based sensors, with the Fiber
Bragg Grating (FBG) standing out. The spectral response of FBGs can be affected by direct changes
in mechanical or thermal conditions [12]. However, the high cost, complexity, and size of spectral
interrogation systems for FBGs can be limiting, particularly for applications that demand compact
and cost-effective sensing solutions.

In response to the challenges posed by FBGs, interest in studying fiber sensors based on modal
interference has increased. In this configuration, when a laser beam travels through a multi-mode
fiber, a speckle pattern appears at the output of the fiber [16]. These patterns provide valuable insights
into the spatial configuration of the fiber, allowing for the manipulation of energy distribution within
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the propagation modes when an external disturbance is applied to the fiber [17]. Analyzing these
patterns makes it possible to understand how the fiber responds and adapts to external influences.
Furthermore, according to the physical and geometric characteristics of the optical fiber and the laser
wavelength employed, different modes are excited. Thus, the statistical properties of the specklegram
at the output of the fiber can be defined for a specific configuration based on these characteristics.
Fiber speckle patterns can be represented mathematically by a sum of multiple random phasors,
known as a "random walk", where each characteristic amplitude and phase can be represented in the
complex plane. A resultant phasor describes constructive or destructive interference at each point,
which implies a bright or dark zone [16]. Supported on this phenomenon, it is possible to configure
different sensing schemes giving rise to the Fiber Specklegram Sensors (FSS).

Different techniques have been reported to take advantage of the FSSs, from holographic to non-
holographic techniques [18-23], some using correlation or amplitude analysis for the registered
patterns by digital cameras [21,24-26], while others utilize variations in light intensity or optical
power within the speckle pattern [27-30]. In specific cases, FSS have demonstrated the same or
superior resolution compared to spectral analysis [31,32].

The latter proposals can be further developed using direct optical power interrogation systems.
These systems enhance the intrinsic qualities of FSSs by offering simplicity in detection when
connected to a photodetector, as well as stability and cost-effectiveness. In prior research
contributions, it has been established that selecting optical properties for the specklegram and the
filtering fiber is critical in configuring suitable optical power interrogation systems. This careful
selection enables the designing of sensing systems characterized by a linear response. [18-
23,26,33,34].

This work reports an alternative portable-oriented FSS interrogated through optical power
detection to evaluate its performance in a temperature measurement scheme as the sensing region
length is modified. For comparative purposes, this work incorporates a parallel temperature sensing
system utilizing an FBG, and the outcomes of both approaches are presented. This paper is organized
as follows. Section 2 explains the underlying principles, the significance of appropriate component
selection, and the methodology for assessing the FSS's performance. In section 3, the characterization
of the proposed scheme is reported. The experimental validation of the proposal is reported in Section
4. The text finishes with conclusions summarizing findings and future work.

2. FSS Scheme For Temperature Measurements

2.1. Modal Analysis of the Speckle Pattern

When laser light with a wavelength (A) propagates through a multi-mode fiber (MMEF), the
spatial intensity distribution at its output results from the combination of several optical modes
traveling through it. The number of modes (M) in the fiber can be derived from the normalized
frequency of the fiber V [16],

V = Kya NA. 1)

In Eq. (1) NA is the numerical aperture of the fiber, a is the core radius, and K, is the
wavenumber of light in vacuum given by K, = 2r/A.

In the case of a step profile optical fiber, when the radius of the fiber is much greater than the
wavelength of laser radiation, M can be approximated as

M=v?/2. 2)

Additionally, in the near-field approximation, the average grain size of the speckle pattern Ds is
given by [16,22]:

(Dsy=A/NA. ®)

For the proposed Fiber Speckle Sensing (FSS) system, both the choice of optical fibers and the
laser wavelength are crucial. Specifically, these components are selected so that the average grain size
(Ds) is approximately equal to the diameter of the filtering optical fiber. This careful selection ensures
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optimal interaction between the speckle pattern and the filtering optical fiber, enhancing the
sensitivity and performance of the FSS system.
The total power that is filtered on the core area A of the single-mode fiber can be expressed as

P= fA 1dA, 4)

where I = (1/ 2)ce0n0|§|2, is the intensity of the speckle pattern as a function of the electric field E of
the optical mode superposition [23].

2.2. FSS Scheme and Experimental Setup

A filtering configuration of fibers that converts thermal variations into changes in optical power
has been considered to develop a sensing scheme for optical fibers as a function of the local changes
in the specklegram spatial distribution. The setup has been engineered with portability in mind,
allowing for easy deployment in various environments. This can be achieved by placing a short
(<20cm) and lightweight (<100 grams) single-mode fiber (SMF) after the speckle is generated at the
output of the multi-mode fiber (MMF), which serves as a test filter tip. In this way, when the speckle
is disturbed, the SMF detects a change in light from the specklegram, which is converted into a
voltage signal by a photodetector. These temperature variations, produced by the heating
mechanism, are indirectly measured by monitoring changes in the optical power registered by the
photodetector at the fiber sensing scheme (FSS) output.

This proposal uses a standard SMF as a filter to measure the changes in light intensity of the
speckle pattern grains formed by the propagation modes in an MMF. In the proposed setup, a 12 cm
multi-mode fiber (MMF) (Thorlabs model FGO50LGA, with NA 0.22, 50 um core diameter) is
seamlessly connected between two 15 cm segments of standard single-mode fiber (SMF) (Thorlabs
model 1550-BHP, 9 um core diameter). In this configuration, the fiber structure is illuminated using
a 1490 nm fiber laser (Promax PROLITE-105), and at the output, a photodetector (Thorlabs
DETO01CFC), sensitive in the range of 800-1700 nm, is positioned. Although this laser has been selected
for validation purposes, standard diode lasers can be readily incorporated into the system to achieve
comparable measurements. Furthermore, the design's modularity allows for easy integration of
portable power sources, such as battery packs or compact power supplies, enabling seamless
operation in remote or off-grid locations.

Considering equation (3), the optical parameters of the laser wavelength and the numerical
aperture of the multi-mode fiber yield an average grain size of 6.8 um, which is lower but comparable
to the core diameter of the filtering single-mode fiber (9 um). Therefore, the process of power capture
by the filtering fiber can exhibit a significant variation under thermal perturbation.

Given that the laser light falls in the near-infrared range, the speckle pattern is not directly
registered. Instead, a simulated specklegram generated by the Finite Element Method (FEM) has been
used [23]. The geometrical relation between the filtering fiber and the grain size in the multi-mode
speckle pattern can be observed in Figure 1, where a simulated specklegram for the considered optical
parameters includes grains in a few modes condition with an average size around the estimated value
(6.8 um). The size of the core of the filtering single-mode fiber (9 um in diameter) is represented as a
white circle in the middle of the speckle pattern.
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Figure 1. Geometrical relation between the grain size and the core of the filtering fiber Specklegram
generated by FEM simulation.

In the initial study of the proposed FSS, a thermal perturbation is introduced to evaluate the
system's performance and metrological characteristics [35]. This is achieved by bringing the detection
zone in contact with an electric heater mechanism, which consists of a current-controlled ferro-nickel
wire of length L. This setup enables precise control over both temperature and the length of the
sensing area, facilitating a thorough assessment of the FSS's response to thermal changes.

To validate the accuracy of the temperature measurements obtained through the optical sensing
system, a standard thermocouple is employed as a reference (see Figure 2).

Heating Control

Oscilloscope

Heating Wire
FBG Sensor

PC+Optical
Interrogator ————
Multimode Fiber Filtering Fiber
ferro-nickel
Laser Thermocouple

Photodetector

Figure 2. Experimental setup for testing the FSS scheme for temperature.

3. Characterization of the FSS Scheme

The characterization of the proposed FSS scheme provides valuable insights into its performance
and metrological characteristics. Heating from room temperature (=25°C) to 152°C is initially
conducted. Figure 3 displays the voltage difference of the photodetector for different lengths L of the
sensing area of the FSS plotted against the temperature reported by the thermocouple. As
demonstrated in this figure, the response of the FSS exhibits a noticeable correlation with the length
L of the sensing area.
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Figure 3. Response curves for different lengths L of sensing region for the proposed FSS and their
calibration functions by linear regression.

The increasing trend of the response with rising temperature signifies its sensitivity to thermal
changes. This behavior can be attributed to optical power alteration traversing the filtering fiber.
These changes likely reflect variations in the size, intensity, or displacements of speckle pattern grains
outside the filtering zone, as supported by previous studies [18,25]. Notably, the FSS response
maintains a high level of linearity across the studied temperature range, showcasing its precision and
reliability.

The fundamental metrological characteristics of the FSS proposed are now discussed. Figure 4
illustrates the proposed FSS's sensitivity, representing the calibration curve's slope. The sensitivity is
maximized for the sensor with a sensing length of 12 cm. This indicates that longer sensing regions
provide a more pronounced response to temperature fluctuations, making them a preferred choice
for applications requiring high sensitivity.
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Figure 4. Sensitivity of the proposed FSS for different lengths of sensing region.

In Figure 5, the minimum detection limit of the FSS for different lengths of the sensing region is
detailed. The minimum detection limit defines the smallest temperature variation that can be
accurately measured within a predefined level of precision or reproducibility while remaining within
the system's linear dynamic range. Notably, the sensor with a sensing length of 12 cm exhibits the
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best performance in this aspect, signifying its capability to detect minute temperature changes with
superior accuracy.
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Figure 5. Minimum detection limit of the proposed FSS to different lengths of the sensing region.

The dynamic range of the proposed FSS, illustrated in Figure 6, provides insight into the system's
capacity to measure a wide range of temperatures. As expected, the dynamic range decreases for

sensors with longer sensing regions, primarily due to the increasing sensitivity, which can result in
saturation at higher temperatures.
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Figure 6. Dynamic range of the proposed FSS to different lengths of the sensing region.

The solid black and red dash-dotted lines represent the linear regressions for all experimental
points and the last three experimental points, respectively. The latter indicates high linearity starting
from a sensing region length of 4.5 cm. These findings collectively emphasize the trade-off between
sensitivity and dynamic range, with longer sensing regions delivering heightened sensitivity but
potentially limiting the system's ability to measure extreme temperatures. The results highlight the
importance of carefully selecting the sensing region length based on the specific requirements of the
temperature measurement application, ensuring optimal performance while balancing the need for
a broad dynamic range.
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4. Validation with an FBG Sensor

The proposed FSS scheme experimental validation is pivotal in establishing its reliability and
metrological performance. The FSS is compared with a well-established spectrally characterized FBG
sensor to assess its capabilities.

The experimental setup involves optical power/voltage measurement with the FSS scheme and
a spectral temperature measurement with the FBG sensor using an optical interrogator. The
calibration function obtained in Figure 3, for an L of 12 cm, is used to calculate the temperature as a
function of the voltage difference provided by the photodetector in the second experimental setup.
The calculation is given by %10, = 106.38y + 20.27, where x represents the calculated temperature,
and y is the measured voltage difference of the photodetector.

In this setup, the proposed FSS is subjected to thermal perturbations, while simultaneously, a
commercially available spectrally characterized FBG fiber optic sensor (sensor: JPFBGT-300
Jphotonics, Inc. with a temperature range from -40°C to +85°C and a dynamic range of 125°C;
interrogator: JPFBG-3500 Jphotonics, Inc.) is used as a comparative reference to validate and draw
conclusions about the metrological performance of the FSS scheme. The FSS and FBG sensors are
connected to an electrically controlled heating mechanism based on a ferronickel wire subjected to a
controlled current. The FSS scheme and the FBG sensor induce the resulting temperature changes. A
standard thermocouple is used as a common reference for both optical sensing systems.

The temperature variation for the proposed FSS and the FBG sensor, as compared to the
temperature recorded by the thermocouple, is shown in Figure 7. It can be observed that the FSS with
a sensing region length of 12.0 cm and the FBG sensor demonstrate highly comparable performance
yielding and root mean square difference in the measurements of 0.5°C. These results demonstrate
the FSS's correct metrological performance and capacity to deliver temperature measurements that
closely agree with the established FBG sensor, validating its potential as a reliable and accurate
temperature sensing system.
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Figure 7. Response curves of the proposed FSS for a sensing length of 12.0 cm vs. an FBG temperature
Sensor.

5. Conclusions

This study introduces a temperature sensing scheme based on a Fiber Speckle Sensor (ESS). The
FSS scheme proposed in this study has demonstrated linearity across various temperature ranges.
The characterization of the FSS has revealed the significant impact of the sensing region's length on
both sensitivity and the minimum detection limit. Notably, the FSS, particularly with a 12.0 cm
sensing region, has shown performance comparable to that of a spectrally characterized Fiber Bragg
Grating (FBG) fiber optic sensor, with an error of around 0.5°C.
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This alternative scheme shows significant potential for developing compact and cost-effective
sensing devices that deliver performance levels similar to their commercial optical counterparts. To
realize this potential, it is recommended to explore longer sensing region lengths and investigate
filter fibers with smaller core diameters. These research directions have the potential to enhance the
FSS's sensitivity and linearity, improving its ability to accurately detect subtle temperature variations.
Additionally, fine-tuning the illumination wavelength to limit propagation modes may significantly
broaden the dynamic range and further improve the minimum detection limits. These envisioned
advancements contribute to enhancing the versatility and reliability of the proposed FSS, suggesting
a promising direction for future research efforts.
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