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Abstract

Optical fiber sensors are recognized as a promising technology for detecting parameters
such as temperature, biomolecules, and chemical substances. Among these, multimode
interference (MMI) sensors stand out for their high sensitivity, ease of fabrication, and low
cost. This work presents the design and analysis of an interferometric sensor based on a
single-mode-multimode-single-mode (SMS) structure, in which the multimode section
consists of a coreless fiber whose diameter was reduced from 125 pum to 20 pm. Numerical
simulations using FIMMWAVE software were performed for external refractive indices
(RI) between 1.33 and 1.43, evaluating sensitivity in two spectral ranges (600-800 nm and
900-1100 nm) and achieving a maximum value of 918.21 nm/RIU for the smallest diame-
ter. The influence of the MMF length on resonance peak position and spectral selectivity
was also studied. Experimental validation was carried out with a 125 um coreless MMF
of 15 mm length, using solutions of different refractive indices. The experimental results
confirmed the sensor’s effective RI response and demonstrated the feasibility of the pro-
posed configuration as a basis for developing low-cost, high-precision optical biosensors.
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1. Introduction

Detection systems, commonly referred to as sensors, have attracted significant inter-
est within the scientific community due to their pivotal role in technological advancement
and their ability to address diverse demands in fields such as chemistry, physics, environ-
mental monitoring, and biomedicine [1]. These devices are currently employed in a wide
range of applications, including hazard detection [2,3], environmental monitoring [4,5],
energy generation [6-8], technological development [9-11], and biomedical diagnosis and
treatment [12-17]. Although electronic sensors have dominated the market in recent
years, they exhibit notable limitations, such as susceptibility to electromagnetic interfer-
ence, frequent recalibration requirements, and dependence on remote monitoring sys-
tems, all of which can compromise their reliability and accuracy [18]. These drawbacks
have driven researchers to explore optical fiber sensors (OFS), which offer numerous ad-
vantages over other sensing technologies, including high sensitivity, compactness, low
weight, fast response time, immunity to electromagnetic fields, and reliable operation
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under harsh environmental conditions [19]. Such features have enabled their implemen-
tation in a variety of configurations, including fiber Bragg gratings (FBG) [20], long-period
gratings (LPG) [21], and surface plasmon resonance (SPR)-based sensors [22], among oth-
ers.

Among the various optical fiber sensor configurations, the single-mode-multimode—
single-mode (SMS) structure stands out for its simplicity, low cost, and good stability. This
configuration consists of a segment of multimode fiber (MMF) spliced between two single-
mode fibers (SMF), producing the phenomenon of multimode interference (MMI). This
effect arises when light propagating through the input SMF enters the MMF section,
where multiple propagation modes are excited and interfere along its length [14,23,24].
The light is then recoupled into the output SMF, and the resulting transmission spectrum
can be analyzed to detect variations in the surrounding medium, such as changes in the
refractive index (RI). SMS structures have been employed to measure both macroscopic
parameters (temperature, strain, vibration, flow rate, RI, and humidity) and microscopic
targets (proteins, pathogens, DNA, and specific molecules) [24-27], being recognized for
their high sensitivity and repeatability. Furthermore, several studies have demonstrated
that the RI sensitivity of SMS sensors can be significantly enhanced through physical mod-
ifications to the MMEF section, such as reducing its diameter or applying thin-film coatings.
Appropriate selection of these parameters has been reported to increase sensitivity by up
to sevenfold, achieving values as high as 1199.18 nm/RIU within an RI range of 1.321-
1.328 [28], with sensitivity being inversely proportional to the MMF diameter.

In this work, the sensitivity of a coreless-MMF SMS structure is evaluated using com-
putational modeling, considering variations in both the MMF diameter and length. Light
propagation through the structure was simulated for MMF diameters ranging from 125
pm to 20 pm, and spectral sensitivity was analyzed in two wavelength ranges: 600-800
nm (visible) and 900-1100 nm (near-infrared (NIR)). The influence of the MMF length on
the resonance wavelength and spectral selectivity was also investigated to identify its role
in optimizing sensor performance. The results indicate a significant increase in sensitivity
with decreasing MMF diameter, reaching a maximum value of 918.21 nm/RIU for the
smallest diameter in the 900-1100 nm range. Experimental validation was conducted on
a coreless-MMF SMS structure with a diameter of 125 um, using water and glycerin solu-
tions at different concentrations to vary the RI of the surrounding medium. The experi-
mental results confirmed the effective RI response of the sensor and demonstrated the
feasibility of the proposed configuration as a low-cost, high-precision optical biosensor.

2. Numerical and Experimental Methodologies

In this work, a combined approach integrating numerical modeling and experimental
validation was adopted to assess the performance of an SMS structure as a potential bio-
sensor. The numerical analysis was conducted using FIMMWAVE software, where the
geometry and optical properties of each fiber section were parameterized to simulate light
propagation and estimate spectral sensitivity to variations in the external refractive index.
Subsequently, experimental validation was conducted using a coreless-MMF SMS config-
uration, strictly following the specifications established during the design phase. The
methodology is presented in two subsections: (i) design and parameterization of the struc-
ture, and (ii) experimental setup.

2.1. Design and Parameterization of the Structure

The SMS structure was designed using the IMMWAVE simulation software (Pho-
ton Design, Version 8.1.0), specialized in the optical propagation analysis of waveguides.
The process began with the parameterization of the dimensions and optical properties of
each section, defining a set of variables that characterize the configuration.
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The SMF section was implemented using the standard SMF-28 fiber (Corning, Corn-
ing, NY, USA), featuring an 8.2 um core, a 125 um cladding, a numerical aperture (NA)
of 0.14, and an initial length of approximately 10 mm. The coreless MMF section was de-
signed based on the FG125LA fiber (Thorlabs, Newton, NJ, USA), with an initial diameter
of 125 um progressively reduced to 20 um to simulate the etching effect, and a length of
approximately 15 mm, which was later varied in the simulations to evaluate its influence
on the spectral response.

The refractive index of the MMF base material, corresponding to pure silica, was es-
timated as n = 1,444 a 1550 nm and adjusted for the working range (600-1100 nm) using
the Sellmeier equation (1) with the optical constants B; = 0.691663, B, = 0.4079426,
B; = 0.8974794, 1, = 0.0684043, 1, = 0.1162414, and A; = 9.896161:

A 22
=1+ ) I )
J J

In the simulations, three propagation modes were considered for the SMF, since
SME-28 ceases to behave strictly as a single-mode fiber at wavelengths below 1300 nm.
For the MMF section, 50 propagation modes were included to ensure accurate represen-
tation of multimode interference effects. The simulations covered a spectral range from
600 to 1100 nm, encompassing the visible and NIR regions. Each fiber section was mod-
eled individually using the FWG (Fiber Waveguide) module of FIMMWAVE, with pa-
rameters based on the specific properties of each fiber type.

Once the individual waveguides were designed, the FIMPROP (Fully Vectorial Mode
Propagation) module of IMMWAVE was used to simulate light propagation along the
complete structure, connecting the SMF and MMF sections via simple joints. Figure 1 il-
lustrates the SMS configuration in both its original form and after MMF diameter reduc-
tion.

(b)

Figure 1. (a) SMS structure, (b) E-SMS structure after etching.

To optimize the simulation process and data extraction, a MATLAB (R2024b) script
was developed to directly interface with FIMMWAVE. This script automated the varia-
tion of the MMF diameter, sequential execution of simulations for each parameter combi-
nation, and export of the resulting transmission spectra.

2.2. Experimental Setup

To validate the results obtained from the simulations, an SMS configuration was con-
structed following the design described in Section 2.1. The SMF section was implemented
using an SMF-28E patchcord (AFL Global), spliced to a coreless MMF FG125LA (Thorlabs,
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Newton, NJ, USA) with an FSM-60S fusion splicer (Fujikura). The MM-SM splicing mode
was employed to optimize light coupling and minimize modal mismatch losses. The MMF
used had an approximate length of 15 mm and an unreduced diameter of 125 pum. The
MMEF was then spliced to another section of SMF-28E.

One end of the configuration was connected to a broadband white light source EQ-
99-FC (Energetiq, Woburn, MA, USA) with a spectral range of 190-2500 nm, while the
other end was connected to an optical spectrum analyzer OSA AQ6373 (Yokogawa, To-
kyo, Japan) with an operational range of 350-1200 nm. The OSA was configured to record
spectra in the 600-1100 nm range, with a resolution of 5 nm and a logarithmic scale. The
experimental setup is shown in Figure 2.

Light source OSA

VN

SMS l

Figure 2. Schematic of the experimental setup used for the characterization of the SMS structure.
The system includes broadband white light source EQ-99-FC (Energetiq), coupling to the SMS struc-
ture fabricated with SMF-28E and coreless MMF FG125LA fibers, and optical spectrum analyzer
AQ6373 (Yokogawa) configured for the 600-1100 nm range.

To ensure measurement reliability, the spectrum of the light source was recorded and
subtracted from the transmission spectrum of the structure to eliminate source influence.
Initially, the transmission spectrum of the SMS structure was measured in air (RI=1) as a
reference. Subsequently, the sensor was tested with liquids of different refractive indices,
including deionized water (RI = 1.33) and glycerin solutions at 25% and 50% by volume.
After each measurement, the sensor was cleaned with deionized water and dried using a
manual air bulb to prevent contamination or residues from affecting subsequent measure-
ments.

The MMF section was held in a fixed horizontal position using a custom sample
holder, allowing direct immersion into the test liquids while avoiding mechanical stress
on the splices. All measurements were performed in a laboratory environment at a con-
trolled temperature of approximately 23 °C and 60% relative humidity. To improve meas-
urement repeatability, three spectra were acquired for each condition, and the results
were averaged. The polarization state of the input light was not actively controlled, re-
flecting the typical operating conditions of SMS-based sensors under unpolarized or ran-
domly polarized light conditions. The OSA was calibrated before each measurement ses-
sion according to the manufacturer’s specifications.

3. Results and Discussion

From the spectra obtained through simulations for external refractive indices of 1.33,
1.36, 1.39, 1.42, and 1.43, the sensitivity of SMS configurations with MMF section
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diameters of 125, 100, 80, 60, 40, and 20 um was calculated. The analysis was performed
in two spectral ranges: the visible region (600-800 nm) and NIR region (900-1100 nm), in
order to identify which range provides higher sensitivity.

The results (Figure 3) show that sensitivity increases significantly as the MMF diam-
eter decreases, reaching maximum values of = 386 nm/RIU in the visible and = 968 nm/RIU
in the NIR for the smallest diameter of 20 um. This behavior is consistent with reports in
the literature for tapered SMS-based sensors, where diameter reduction increases the in-
teraction between the evanescent field and the surrounding medium. Furthermore, the
increase in sensitivity is more pronounced in the NIR, indicating that this spectral region
is more favorable for detecting changes in the refractive index.
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Figure 3. Sensitivity of the SMS sensor as a function of MMF diameter for two wavelength ranges:
visible and NIR.

In addition, the full width at half maximum (FWHM) and figure of merit (FoM) were
evaluated for each configuration (Table 1). The FWHM remained relatively constant, be-
tween = 9 and 12 nm, regardless of diameter, indicating that diameter reduction does not
significantly degrade spectral selectivity. In contrast, the FoM showed a marked increase
as the diameter decreased, from 11.76 1/RIU for 125 um to 96.79 1/RIU for 20 um. This
simultaneous improvement in sensitivity and selectivity reinforces the advantage of MMF
section tapering as an optimization strategy. These numerical results serve as a reference
for subsequent experimental validation and for establishing MMF section design criteria
in biosensing applications.

Table 1. FWHM and FoM values for SMS sensor configurations with different MMF diameters, ob-
tained from numerical simulations.

MMD Diameter (um)
125 100 80 60 40 20
FWHM (nm) 10 11 9 12 11 10
FoM (1/RIU) 11.76 15.79 25.85 22.55 43.60 96.79

For the reference configuration, corresponding to a 125 um diameter MMF with a
length of 15 mm, the transmission spectrum was measured experimentally using deion-
ized water as the surrounding medium (RI = 1.33). These results were compared with the
simulated spectrum under the same nominal conditions (Figure 4).
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The comparison shows a clear similarity in the overall shape of the spectrum and in
the presence of two main resonance peaks, indicating that the numerical model ade-
quately reproduces the device’s global behavior. However, shifts in the exact position of
the resonance wavelengths were observed.

These differences can be attributed to small deviations between the actual refractive
index of the medium and the theoretical value used in the simulations, the assumption of
a constant NA, the limited number of modes calculated in the MMF, and slight variations
between the experimental and nominal fiber length. Although these factors can affect the
absolute position of the peaks, the agreement in the spectral shape and the relative posi-
tion of the resonances supports the validity of the numerical model as a predictive tool for
SMS configurations.
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Figure 4. Comparison between the experimental (top) and simulated (bottom) transmission spectra
for the SMS structure with a 125 pm diameter MMF and a length of 15 mm, using deionized water

(RI'=1.33) as the surrounding medium.

The sensitivity of the reference configuration (125 um MMF) was evaluated in both
spectral regions, considering simulated and experimental results (Figure 5). In the visible,
the experimental sensitivity was = 28.4 nm/RIU, compared to 37.0 nm/RIU from the sim-
ulation. In the NIR, the experimental sensitivity reached = 43.2 nm/RIU, while the simu-
lated value was 103.5 nm/RIU.

The discrepancy is more pronounced in the NIR, likely due to this region’s higher
susceptibility to fiber geometric imperfections, coupling and scattering losses, and the
presence of experimental noise, which has a greater impact on narrower peaks.

Although the absolute values differ, the observed trend and the relative relationship
between both spectral regions are consistent between simulation and experiment, sup-
porting the validity of the numerical model in describing the overall behavior of the sen-
sor.

Subsequently, the effect of the MMF section length on the resonance peak position
and the FWHM was analyzed, taking as reference the peak located between 700 and 800
nm in the simulated spectrum (Figure 6). Lengths between 11 mm and 17 mm were eval-
uated, showing that as the MMF length increased, the resonance wavelength systemati-
cally shifted to lower values (blue shift), following a linear trend with high correlation.

Regarding FWHM, an exponentially decreasing behavior was observed with increas-
ing length, from 95 nm for 11 mm to 35 nm for 17 mm. This indicates that longer lengths
produce narrower peaks and, therefore, greater spectral selectivity, albeit with a possible
trade-off in sensitivity. Overall, these results confirm that the MMF length is a key
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parameter for optimizing the spectral response of the SMS structure, enabling the adjust-
ment of the balance between sensitivity, selectivity, and resonance peak position.
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Figure 5. Resonance wavelength shift in the visible and NIR ranges as a function of the external
refractive index for the reference configuration (125 um MMF). Solid lines correspond to numerical
results and dashed lines to experimental measurements. The calculated sensitivities (Sn) are indi-

cated for each spectral region.
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Figure 6. Simulated transmission spectra of the SMS structure for different MMF lengths (11-17

mm), showing the wavelength shift of the main resonance peak.

4. Conclusions

The results confirm that the sensitivity of the SMS structure depends significantly on
both the operating spectral region and the geometry of the MMF section. In all evaluated
configurations, the NIR range (900-1100 nm) exhibited higher sensitivities than the visible
range (600-800 nm) and was more responsive to geometric modifications. Progressive re-
duction of the MMF diameter increased sensitivity up to = 968 nm/RIU in the NIR for 20
um, with a parallel increase in the figure of merit and no significant changes in FWHM,
reinforcing tapering as an effective strategy to optimize sensor performance.

Experimental validation of the reference configuration (125 pm, 15 mm) showed
overall agreement with the simulated results in terms of spectral morphology and the res-
onance shift trend with changes in the refractive index. Discrepancies in the exact peak
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positions and absolute sensitivities, more pronounced in the NIR, can be attributed to var-
iations in the actual optical properties of the medium, slight differences in MMF length,
limitations in the number of modes considered, and coupling or experimental noise ef-
fects.

The MMF length analysis revealed that this parameter directly influences the reso-
nance peak position and spectral selectivity. Longer lengths produce narrower peaks
(greater selectivity) but with a possible trade-off in sensitivity, allowing an optimal bal-
ance to be established depending on the application requirements. These results also sup-
port the interpretation that small deviations in the experimental length may account for
part of the discrepancies observed between simulations and measurements.

Overall, the results validate the modeling methodology used and demonstrate the
potential of the coreless-MMF SMS structure as a basis for developing high-precision, low-
cost optical biosensors, with the capability for fine-tuning geometric parameters to opti-
mize performance for different sensing applications.
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