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Abstract: A novel sensor network was developed by serially connecting
two bare single-mode fiber (SMF) loops without any modification of the
sensor heads to simultaneously monitor temperature and pressure
variations with high sensitivity and real-time capability using the fiber
loop ringdown spectroscopy (FLRDS) technique. Temperature and
pressure changes were evaluated based on step-dependent variations in
optical loss, which were derived from the recorded ringdown times (RDTs)
of each fiber loop. Two fiber loops with lengths of 11842 m and 432 m
were employed as temperature and pressure sensors, respectively. The
temperature sensor was embedded in a circular copper housing and
characterized over the range of 30-150 °C with 30 °C increments, while a
cross-point formed in the second loop was utilized as a pressure-sensitive
element to measure pressures from 0 to 0.98x10° Pa. The sensor network
features a simple and optimized architecture, achieving low baseline
stabilities of 0.21% for temperature sensing and 0.24% for pressure
sensing. To the best of the authors’ knowledge, this work represents the
first implementation of specially designed bare SMF loops in an FLRDS-
based sensor network. Owing to its low cost, compact structure,
portability, and high sensitivity, the proposed system is highly promising
for applications in healthcare, transportation, and communication

Keywords: fiber loop; FLRDS; pressure sensor; sensor network;

temperature sensor

1. Introduction

In recent years, increasing attention has been directed toward the development of multi-parameter

optical fiber sensor networks with simplified architectures and high robustness for practical applications.
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In particular, sensor systems capable of simultaneously monitoring temperature and pressure using
minimal optical components are highly desirable for nano-enabled devices, structural health monitoring,
and real-time industrial sensing. However, many reported optical fiber sensing approaches rely on
complex sensing heads, wavelength-domain interrogation, or additional optical instruments such as
optical spectrum analyzers, which increase system cost, reduce portability, and limit large-scale
deployment. Moreover, comparative evaluations focusing on system simplicity, baseline stability, and
scalability are often insufficiently addressed. To overcome these limitations, this work introduces a fiber
loop ringdown spectroscopy (FLRDS)-based sensor network employing only bare single-mode fiber
(SMF) loops for simultaneous temperature and pressure sensing. By eliminating specialized sensing
structures and wavelength-domain interrogation, the proposed approach provides a simplified yet highly
sensitive and scalable solution. Optical fiber sensors have been widely adopted due to their flexibility,
immunity to electromagnetic interference, remote sensing capability, and ease of installation [1-3].
Among various fiber types, SMF offers low signal attenuation, high bandwidth, and long-distance
transmission, making it well suited for sensing applications. When combined with the FLRDS technique,
SMF-based sensors provide higher sensitivity, lower system cost, fast response, real-time continuous
measurement, and improved accuracy compared to conventional approaches [4-8]. Previously reported
temperature sensors commonly employ interferometric structures [9-12], fusion-spliced fiber
combinations [13,14], fiber Bragg gratings (FBGs) [15-17], or Fabry-Perot cavities [18,19]. Although
these sensors exhibit high sensitivity to temperature, pressure, strain, and refractive index (RI), their
practical deployment is often limited by fabrication complexity and reproducibility issues. Temperature
sensing based on RI variation has also been extensively studied using FP interferometers and FBGs [20-
26]. The RI change with temperature is governed by the thermo-optic coefficient, which results from the
combined effects of thermal expansion and polarization-induced RI variation in silica fibers, yielding an
overall positive RI change [27-29]. For pressure and strain sensing, FLRDS-based systems have been
investigated to enhance sensitivity, stability, and repeatability by reducing baseline noise and improving
dynamic range [30-33]. In this study, a novel FLRDS sensor network design is presented in which a bare
SMF loop itself functions as the temperature sensor without any modification, while a designated region
of a second fiber loop serves as the pressure-sensitive element. The sensor network is formed by serially
connecting two fiber loops, enabling multi-parameter sensing within a single system. In FLRDS operation,
a small portion of the injected optical pulse circulates multiple times within the fiber loop, undergoing
exponential decay due to intrinsic optical loss, while a fraction is detected at each round trip. The decay
time constant, referred to as the ringdown time (RDT), directly reflects the optical loss, allowing sensitive
detection of external perturbations. Most optical temperature sensing studies rely on FBGs or
interferometric mechanisms [34-39], both of which require optical spectrum analyzers and are sensitive
to light source fluctuations, resulting in higher system cost and reduced stability. Although several
FLRDS-based temperature sensing systems have been reported, many still incorporate FBGs,
interferometric structures, or multiplexing techniques [40-42]. Multi-parameter sensing studies
combining temperature with pressure, strain, displacement, or surface RI have also been demonstrated
using various techniques, including SMF-FBG loops [43], birefringent fiber loop mirrors [44], Brillouin
scattering [45], wavelength and intensity modulation [46], and Rayleigh scattering [47]. However, the
sensing mechanisms, system designs, and required components in these studies differ fundamentally

from the present work. In contrast to previously reported FLRDS-based temperature and pressure

-37 -



Journal of Nanomaterials and Applications, Vol. 2, No. 1 (2026), pp. 36-49 Author. Dung Nguyen Trong et al.

sensors that rely on FBGs, interferometric structures, or optical spectrum analyzers, the proposed system
achieves comparable sensitivity using a significantly simpler architecture. The exclusive use of bare SMF
loops and time-domain ringdown interrogation eliminates the need for complex optical components,
resulting in a low-cost, robust, and easily scalable sensor network. Unlike earlier studies [43-47], the
present work employs no modified sensing heads or wavelength-domain instruments. Building upon
prior investigations [48,49], this study represents the first demonstration of an FLRDS-based sensor
network capable of simultaneously measuring temperature and pressure using only bare single-mode
fiber loops. To the best of the authors’ knowledge, this is the first FLRDS-based sensor network that
simultaneously measures temperature and pressure using only bare single-mode fiber loops, without any
wavelength-domain interrogation or modified sensing heads. Beyond its sensing performance, the
proposed FLRDS network is highly relevant to nano-enabled and advanced material systems. The bare
SMF acts as an intrinsic sensing medium, where evanescent-field interaction and refractive-index
modulation occur at sub-micrometer length scales comparable to nanomaterial dimensions. This enables
straightforward integration with nano-coatings, nanocomposites, or nanostructured surfaces, providing a
scalable platform for future nano-functionalized fiber sensors. The combination of low baseline stability,
multi-parameter capability, system simplicity, and time-domain interrogation distinguishes the proposed
approach from existing FLRDS and fiber-optic sensor systems, making it highly attractive for medical,
structural health monitoring, chemical, biological, and physical sensing applications requiring fast
response, high sensitivity, and real-time operation.

2. The network system setup and the FLRDS principle
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Figure 1. Schematic illustration of the system setup for the FLRDS sensor network.
In this study, a fiber loop ringdown spectroscopy (FLRDS) sensor network was developed by serially
connecting two bare single-mode fiber (SMF) loops for simultaneous temperature and pressure sensing.
One unmodified SMF loop embedded in a copper housing was used for temperature measurement, while
the second loop incorporated a fiber cross-point for pressure detection, enabling a simple and flexible
sensor design. The proposed system offers high sensitivity, rapid response, and real-time monitoring
within a low-cost and portable architecture. Unlike conventional optical sensors, it does not require
optical spectrum analyzers, optical time-domain reflectometers, fiber Bragg gratings, or specially
fabricated sensing regions, thereby reducing system complexity and deployment cost. The sensor
network achieved baseline stabilities of 0.21% for temperature sensing over 30-150 °C and 0.24% for
pressure sensing up to 0.98x10° Pa. Temperature sensitivities on the order of 10! ps/°C and pressure
sensitivities on the order of pus per 10° Pa confirm the robustness of the system for multiparameter
sensing. Owing to its scalability, simplicity, and time-domain interrogation, the proposed FLRDS-based
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SMF network is well suited for long-term monitoring in healthcare, infrastructure, industrial,
environmental, and smart transportation applications, with strong potential for integration with nano-
engineered fiber coatings and functional nanomaterials. A light beam trapped into the fiber loop takes
many round trips inside the fiber loop until it decays. Due to a decrease in the optical loss, the intensity of
the light beam decreases in every single turn in the loop. Hence, the intensity of signals sent to the
photodetector decreases at each round trip. The change in intensity of the pulse I can be written as [33,
50]:

_Act

I=1,-e " (1)

where: [ is the intensity at time t, I is the intensity of initial beam, A is the transmission loss in total for

the trapped beam in the fiber loop per round trip (dimensionless, in terms of a ratio), c is the speed of
light in vacuum, n is the average refractive index of the fiber and L is the total length of the fiber loop.

The time it takes for the intensity I to decay from I to a lower value (Io/e) is called the ringdown time
(RDT), denoted as To, and is given by equation (2) [33, 50]:
_n-L

N

When an external process such as a change in temperature or pressure occurs on or around the sensor

(2)

Ty

head region, it induces an additional optical loss denoted by (B). As a result, T of the system changes and
is given by equation (3) [33,50]:
n-L
T=—-—"-—
c-(A+B)

In a fiber loop ringdown spectroscopy (FLRDS) system, the overall transmission loss remains constant

(3)

under normal conditions, as it is determined by the intrinsic properties of the fiber loop. These include
transmission and absorption losses, as well as insertion losses at the couplers. However, when an
external parameter such as temperature, pressure, or strain changes in the vicinity of the sensor head, an
additional optical loss, denoted as B, is introduced. This added loss modifies the ringdown time of the

system and can be expressed using equations (2) and (3) as [33,50]:

=&[1_Lj (4)
c (1t T,

When a sensing event (e.g., temperature variation or applied pressure/strain) occurs at the sensor head,
the total optical loss of the system changes. This change can be quantified by comparing the RDTs before
and after the event. The difference in RDTs corresponds to the additional optical loss B, which arises from
scattering in the evanescent field (EF), induced by the external perturbation. Since the EF is sensitive to
environmental changes, the measured RDTs will differ accordingly.

The minimum detectable optical loss, a critical parameter for defining the detection sensitivity of the

system, can be derived by modifying equation (4), as detailed in [51, 52]:

B [LJ (EJ _1At (5)
7, )Lt mt

where At = 79 - T, m is the number of turns of the fiber in the loop, and t: is (n-L/c) which is the time taken
for a single round trip of a light pulse in the loop. Therefore, the expression for the lowest detectable

optical loss Bumin, considering baseline noise, becomes [51, 52]:
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o)t
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where: o is the standard deviation of the RDT, representing the 1-0 noise level; (6/Tave) is in the order of
~10-3; and an average level of the lowest detectable (Al/lo) for an intensity-based systems, which is called
the baseline noise of ringdown. This value characterizes the baseline noise of the ringdown signal [51,52].
For example, t. and m are theoretically calculated to be 587.55 ns and 16, respectively, for a 120 m loop.
For a 45 m loop, the values t. and m are 220.33 ns and 17, respectively. Additional information regarding
baseline stability can be found in [33, 53-56].
A small temperature variation 8T induces a change &n in the refractive index of the fiber loop. This
change perturbs the optical path and introduces a loss proportional to (o-0T), where o: is the
temperature-dependent loss coefficient. As a result, equation (2) can be expressed as [33,53-56]:
T (n+0on)-L
c-(A+a,-oT)

Given that the refractive index change én is small compared to the base refractive index n, it can be

(7)

approximated as n = n+8n. This allows equation (7) to be simplified as [33,53-56]:
-L
- (8)
c-(A+a,-0T)
If the optical loss due to 86T is much lower than the total optical loss of the system (06T << A), equation
(8) can be written as [33,53-56]:
L BT 3T
it =1, 1-2 9)
c-A A A

Equation (9) shows that the ringdown time t is linear dependent on the temperature, confirming that the

RDT is sensitive to small temperature changes.
In the case of pressure sensing, when a force is applied to the sensor, pressure P = (F/S), where F is the
applied force and S is the contact area through which the force is exerted on the fiber loop. This induces a

force-perturbed B optical loss, defined as B = &rL-F, where ¢ is the force-perturbed loss coefficient, L is

the fiber length, and F is the applied force. Assuming B<«A, equation (4) can be rewritten with B

substituted as [30]:
1 1 :ﬂ:y.P (10)
T 1,) n-L

where: y is a constant.
Equation (10) confirms that the ringdown time T has an inverse relationship with the applied pressure.
Therefore, as the pressure increases, the RDT decreases proportionally, enabling pressure measurement

through optical loss variations [30].
3. Results and discussions

Figure 2 shows continuous monitoring of Ringdown times (RDT) for two different fiber loops of
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temperature and pressure sensor systems with 11842 m and 4312 m loop lengths, respectively. The
temperature sensor was embedded into a copper housing to test in the range of temperature 30 +150 °C
with 30 °C steps. Baseline stability is a critical factor in fiber loop ringdown spectroscopy (FLRDS)
systems, as it directly determines the minimum detectable optical loss and thus the overall sensing
sensitivity. In the present work, baseline stability was evaluated by recording one hundred consecutive
ringdown time (RDT) data points with 128-time averaging for both temperature and pressure sensing
loops under steady-state conditions. The obtained baseline stabilities were 0.21% for the temperature
sensing loop and 0.24% for the pressure sensing loop, calculated based on one standard deviation. These
low baseline instability values represent a significant improvement compared to many previously
reported FLRDS-based sensing systems and can be attributed to the simplified optical architecture, the
elimination of wavelength-domain components, and the mechanical stabilization of the fiber loops. The
achieved baseline stability provides a solid foundation for reliable multi-parameter sensing with high
sensitivity and long-term measurement robustness.
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Figure 2. The stabilities of the baseline for the FLRDS temperature and pressure sensing systems.
Figure 3a shows temperature and pressure sensing data set when the first fiber loop with 118+2 m
length was employed. For the temperature monitoring, the housing temperature was adjusted to 30 °C
and waited until equilibrium of the housing. Furthermore, the temperature was increased until 150 °C
with 30 °C steps at each 5 min. The monitored RDT was 501£0.5 ps when the fiber loop was in the
housing and the temperature was set to 30 °C. As the temperature increased to 150 °C, the RDT was
increased to 518%0.5 ps. According to Equation (9), an increase in the RDT must cause an increase in the
temperature. Increase in the RDT is not only due to temperature increase, but also increase in the
refractive index. Although temperature increments of 30 °C were applied in this study, this choice was
made to initially validate the linearity, stability, and robustness of the proposed FLRDS-based sensor over
a wide temperature range. The achieved low baseline instability (0.21%) and the linear dependence of
the ringdown time on temperature, as described by Equations (7)-(9), indicate that the system is
inherently capable of resolving smaller temperature variations. In principle, temperature steps of 10 °C
or lower are detectable within the noise limit of the system. Further investigations employing finer
temperature intervals will be conducted in future work to quantitatively determine the minimum

detectable temperature change.
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Figure 3. Temperature and pressure measurements with the FLRDS sensing system including 118+2 m fiber loop.
Rana et. al. [57] was studied temperature effect on the RI and showed that an increase in the temperature results in
an increase in the RI. The data in Figure 3a follows a linear upward trend for the specified range of temperature
with R? of 0.997.

The temperature response of the 118 + 2 m fiber loop exhibits a clear linear increase in ringdown time
with increasing temperature, confirming the theoretical prediction described in Equation (9). The
obtained linearity (R* = 0.997) demonstrates the robustness and repeatability of the proposed FLRDS-
based temperature sensor. For the pressure sensing, the cross-point sensor area was created and a
lightweight holder was setup on it similar to shown in Figure 1, the RDT of the system was 507+0.5 ps.
This value was accepted as the reference data because the weight of the holder barely created an optical
loss and the RDT of the system might be changed. Applied pressure resulted in a monotonic decrease in
ringdown time due to pressure-induced optical loss at the fiber cross-point. The observed linear response
(R? = 0.99) confirms the suitability of the proposed configuration for quantitative pressure sensing. The
monitored RDT was linearly decreased by adding weights up to 490£0.5 ps. This is consistent with the
pressure sensing study by Wang and Scherrer [30] so that increasing pressure on the fiber will create
extra optical loss, resulting a decrease in the RDT. Therefore, the data in Figure 3b follows a linear
downward trend for the specified pressure range with R2 of 0.99. The pressure range of 0-0.98x10° Pa
was selected to demonstrate the linearity and repeatability of the proposed cross-point-based pressure
sensor under controlled laboratory conditions. Owing to the highly localized interaction area at the fiber
cross-point and the achieved baseline stability of 0.24%, the system is inherently capable of detecting
smaller pressure variations. Extension of the pressure range or operation at lower pressure levels can be
readily achieved by adjusting the applied load or the contact geometry, depending on the targeted
application. Similarly, the second fiber loop with length 43+2 m was individually tested for the
temperature and pressure sensing. The loop was confined in the sealed copper housing and temperature
was increased with 30 °C steps in the range of 30 °C and 150 °C, resulted increasing the RDT from
48140.5 ps to 495%0.5 ps, respectively. The same upward trend was observed as shown in Figure 4a with
R2 of 0.992. This result further confirms that smaller temperature steps can be resolved due to the high
linearity and low baseline noise of the FLRDS system. A cross-point was created and pressure applied
with the range of 0 to 0.98x106 Pa. A similar downward trend was observed as shown in Figure 4b with
R2 of 0.986. This behavior confirms the scalability of the pressure sensing mechanism with respect to
both applied load and fiber loop length. Comparison of Figures 3 and 4 reveals that longer fiber loops
provide higher temperature sensitivity, whereas shorter loops exhibit faster response and improved

linearity.
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Figure 4. Temperature and pressure measurements with the FLRDS sensing system including 43+2 m fiber loop.

This trade-off confirms the critical role of fiber loop length in optimizing FLRDS sensor performance.
From the linear fittings presented in Figures 3 and 4, the temperature sensitivity of the 118 * 2 m fiber
loop is approximately 0.14 ps/°C, while the sensitivity of the 43 + 2 m loop is approximately 0.09 ps/°C.
For pressure sensing, sensitivities on the order of several microseconds per 10° Pa were obtained,
depending on the fiber loop length. These sensitivity values, combined with baseline noise levels on the
order of 1073, confirm the high sensitivity of the proposed FLRDS sensor network.
Table 1 compares the performance of the proposed sensor network with representative FLRDS-based
and fiber-optic temperature/pressure sensors reported in the literature. Compared to systems employing
FBGs, interferometric structures, or optical spectrum analyzers, the present work achieves comparable
sensitivity while significantly reducing system complexity and cost. In particular, the achieved baseline
stability (<0.24%) is among the lowest reported for FLRDS-based multiparameter sensors, which directly
contributes to enhanced detection limits and long-term reliability. To evaluate repeatability, multiple
measurement cycles were performed under identical experimental conditions. The variation in the
extracted ringdown times was within the baseline noise level, indicating good repeatability and
measurement reliability of the proposed sensor network.

Table 1. Quantitative comparison of the proposed FLRDS-based sensor network with representative fiber-optic

temperature and pressure sensors

Need
i . . Baseline
Sensing Measured Sensing Interrogation L. . 0SA / System
Reference . Sensitivity | stability / i
technique parameters element method . complex | complexity
noise
optics
Chang et Fiber loop Temperature, Wavelength- ~10 Not Yes .
. FBG + SMF loop ) High
al. [43] + FBG displacement domain pm/°C reported (0SA)
Birefringe
Jinetal. nt SMF Pressure- Polarization / ~0.02 Yes .
Temperature . Moderate High
[44] loop induced SMF wavelength nm/°C (0SA)
mirror
Wang & N . . .
Modified SMF Time-domain us per 10 .
Scherrer FLRDS Pressure . ~0.5-1% No Medium
region (RDT) Pa
[30]
FLRDS + _ .
Chenetal. | . Interferometric Frequency- . Medium-
interferom Temperature . us/°C ~0.4% Partial .
[41] structure shifted High
etry
Kaya et al. Time-domain
FLRDS Temperature Bare SMF loop ~0.1 ps/°C ~0.3% No Low
[49] (RDT)
This work FLRDS Temperature & | Bare SMF loops + Time-domain ~0.14 0.21% (T) No Low
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sensor Pressure cross-point (RDT) us/°C (T) 0.24% (P)
network us per 10°
Pa (P)

Among these parameters, baseline stability is particularly critical in FLRDS systems, as it directly
determines the minimum detectable optical loss and thus the practical sensing resolution. As
summarized in Table 1, the proposed FLRDS-based sensor network distinguishes itself from previously
reported fiber-optic temperature and pressure sensors by combining multi-parameter capability, low
baseline noise, and a simplified system architecture. Unlike FBG- or interferometer-based systems that
require wavelength-domain interrogation and optical spectrum analyzers, the present approach relies
solely on time-domain ringdown detection using bare single-mode fiber loops. The achieved baseline
stabilities of 0.21% and 0.24% are among the lowest reported for FLRDS-based multiparameter sensors,
directly contributing to enhanced detection sensitivity and long-term measurement reliability. These
advantages make the proposed sensor network particularly attractive for scalable and nano-integrated
sensing applications. While the slopes were decreasing with decreasing fiber loop length, the R? values
were increasing. This observation further supports the rationale behind the selected loop lengths, as it
highlights the direct influence of fiber length on sensitivity, response rate, and measurement linearity in
FLRDS-based sensing systems. The longer the fiber loop is, the slower the increase in the RDT is for the
temperature monitoring and the slower the decrease in the RDT is for the pressure sensing. This
behavior is consistent with our previous findings [33] as a strain sensor was created and a strain created
on the sensor head from the different points. Therefore, changes in slopes and R? values can be attributed
to the ratio of the optical loss change. The smaller the fiber loop, the faster the optical loss change.
Following, the both loops were connected in series and performed as the temperature sensor (118+2 m

loop) and the pressure sensor (4312 m loop) simultaneously.
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Figure 5. Data set from the FLRDS sensor network designed by temperature and pressure sensors.
Figure 5 shows the data set of the sensors. While the temperature sensor was in the housing at 30 °C, the
RDT of the system was 512+0.5 ps. The RDT of the pressure sensor was recorded as 487+0.5 us when
there is no pressure on the cross-point. The similar trend was observed in the sensor network study
when the temperature was changed from 30 °C to 150 °C with 30 °C steps and the pressure was
increased from 0 to 0.98x10¢Pa. As a result, this study focused on an innovative application of FLRDS
sensor network setup utilizing bare SMF loops, without incorporating any additional optical components

such as an OSA, an OTDR, or specialized sensing regions such as an air gap or a FBG. The FLRDS sensor
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network was configured using two identical loops of different lengths for temperature and pressure
sensing. For temperature sensing, unlike previous studies in the literature, a bare SMF loop was directly
used as the sensing element. For pressure sensing, a fiber cross-point configuration was designed to
minimize the contact area between the holder tip and the fiber, enhancing sensitivity. Furthermore, the
number of sensing elements can be increased by connecting multiple loops in series or parallel
configurations. The promising results demonstrated that the FLRDS sensor network holds strong
potential for simultaneous multi-parameter sensing, offering high sensitivity, fast response, and real-time
monitoring capabilities.

4. Conclusions

In this study, a novel fiber loop ringdown spectroscopy (FLRDS) sensor network was developed by serially
connecting two bare single-mode fiber (SMF) loops to enable simultaneous temperature and pressure sensing. One
unmodified SMF loop embedded in a copper housing was used for temperature measurement, while the second loop
incorporated a fiber cross-point for pressure detection, demonstrating an efficient and flexible sensor design. The
proposed system provides high sensitivity, fast response, and real-time monitoring while maintaining a simple, low-
cost, and portable architecture. Unlike conventional optical sensor systems, it does not require optical spectrum
analyzers, optical time-domain reflectometers, fiber Bragg gratings, or specially fabricated sensing regions,
significantly reducing system complexity and deployment cost. The sensor network achieved excellent baseline
stability of 0.21% for temperature sensing in the range of 30-150 °C and 0.24% for pressure sensing up to 0.98x10°
Pa. Temperature sensitivities on the order of 107 pus/°C and pressure sensitivities on the order of ps per 10° Pa
were obtained, confirming the robustness and reliability of the system for multiparameter sensing. Owing to its
scalability, simplicity, and time-domain interrogation, the proposed FLRDS-based SMF network is highly suitable for
long-term monitoring applications in healthcare, infrastructure, industrial processes, environmental sensing, and
smart transportation, and shows strong potential for future integration with nano-engineered fiber coatings and
functional nanomaterials.
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