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Abstract: We demonstrate that fiber Bragg gratings in polymer optical fibers can lead 

to reflection peaks in any wavelength range when exciting high-order propagation 

modes, which can enhance the design of sensing systems for specific applications. 

 

 

Fiber Bragg gratings (FBGs) are distributed reflectors inscribed in a short segment of 

an optical fiber to reflect particular wavelengths of light. They are used for a wide range of 

practical applications in communication and sensing and are currently regarded as one of the 

most fundamental optical devices.1–5) When inscribed in single-mode fibers (SMFs), FBGs 

reflect only a single wavelength of light, known as Bragg wavelength λB = 2 neff Λ, where 

neff is the effective refractive index of the fiber core and Λ is the grating pitch. Higher-order 

diffraction reflections also occur at submultiple wavelengths. However, when inscribed in 

multimode fibers (MMFs),6–14) FBGs show multiple reflection peaks around the fundamental 

Bragg peak. These multiple peaks originate from the coupling between different linearly 

polarized (LP) modes and can be utilized for discriminative sensing of distinct physical 

parameters. However, such multiple peaks appear only within limited wavelength ranges 

around the fundamental Bragg peak. If such spectral peaks are induced across all wavelength 

ranges, FBG sensing using light sources at arbitrary operating wavelengths will be feasible, 

increasing the flexibility in selecting optical devices and benefiting not only standard wide-
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range detection of Bragg wavelengths but also spectral-slope-assisted vibration sensing. 

In this work, we demonstrate that multiple reflected Bragg peaks can be induced in any 

wavelength range in a multimode polymer optical fiber (POF) by intentionally suppressing 

the fundamental LP mode and exciting higher-order modes. Preliminary experimental results 

prove that this previously unreported behavior is specific to FBGs inscribed in POFs. The 

origin of multiple spectral peaks in POF-FBGs is presumably due to the eventual partial FBG 

inscription in the POF core resulting from plane-by-plane femtosecond-laser inscription. 

Through experimental analysis, results also clearly verify that the induced behavior is caused 

by the multimode response of the FBG (with suppressed fundamental mode) and not by 

Fabry-Perot or multimodal interference. In addition to classical wavelength-based FBG 

sensing, the experiments also confirm the potential for spectral-slope-assisted vibration 

sensing in arbitrary wavelength ranges using this method. 

An FBG is inscribed in a 1.4 m-long perfluorinated graded-index (GI) POF,15–23) which 

consists of a 50 μm diameter core (refractive index: ~1.345), a 70 μm cladding, and a 490 

μm overcladding. The core and cladding are made of doped and undoped amorphous 

fluoropolymer, respectively, while the overcladding is composed of polycarbonate. The 

optical propagation loss is ~0.25 dB/m at 1550 nm. A 2 mm-long FBG is inscribed in the 

middle of this POF directly, without removing the overcladding, using a femtosecond laser 

at 517 nm with 220 fs pulses, a 1 kHz repetition rate, and ~100 nJ pulse energy. The POF is 

placed on a two-axis translation system, and a long-working-distance objective (x50) on the 

third axis is used to focus the laser beam onto the POF. By synchronizing the laser pulse 

repetition rate and the stage motion, a plane-by-plane FBG is inscribed with a pitch of 2.32 

μm, corresponding to the 4th-order Bragg peak at ~1560 nm. 

The experimental setup for measuring the Bragg wavelengths of the POF-FBG is 

depicted in Fig. 1(a). All optical paths, except for the POF, are silica SMFs. Here, the 

reflected spectrum is observed, because the transmitted spectrum is largely influenced by 

multimodal interference caused by the single-mode-multimode-single-mode (SMS) 

structure.24–29) The POF has flatly polished ends, one of which is connected to a silica SMF 

by butt-coupling30) and the other left open. The output from a supercontinuum source, the 

spectrum of which is shown in Fig. 1(b), is injected into the POF. The reflected light is 

directed to an optical spectrum analyzer (OSA) via an optical circulator, which has an 

operating wavelength range around 1550 nm. Strains from 0 to 0.4 % are applied to a 1.0 m-

long POF section (with the FBG in the middle) fixed on translation stages. 

Figure 2 compares the FBG-reflected spectra measured when the fiber cores are aligned 
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(blue) and misaligned (orange) at the SMF-POF boundary. With aligned cores, clear FBG-

reflected peaks are observed at 1248 and 1560 nm, corresponding to the 5th and 4th Bragg 

diffraction orders, respectively. The 6th-order Bragg peak at 1043 nm cannot be seen because 

of the wavelength-dependent loss of the circulator. When the SMF and POF cores are 

misaligned, the clean fundamental and high-order diffraction reflection peaks disappear and 

are replaced by numerous peaks across a wide wavelength range. These peaks are not 

perfectly defined in Fig. 2 (orange) due to the limited bandwidth resolution used in this 

measurement (details are later shown in Fig. 3). In spectra reflected from silica multimode 

FBGs, some small peaks sometimes appear around the fundamental Bragg reflection peak,6–

14) but no reflections are observed at other wavelengths. Thus, the generation of multiple 

FBG reflection peaks over an ultrawide wavelength range is a unique behavior of the POF-

FBG, presumably caused by eventual partial grating inscription in the POF core, resulting 

from the plane-by-plane femtosecond-laser inscription method used. 

Magnified views of the POF-FBG-reflected spectrum (when using misaligned cores) 

around 1300, 1400, and 1500 nm are shown in Figs. 3(a)–3(c), respectively. Multiple peaks 

in an extremely wide spectral range are observed with narrow spectral spacings, though their 

isolations are small (roughly 5 dB). The strain dependence of a random spectral peak around 

each spectral window is shown in Figs. 4(a)–4(c). Each peak redshifts linearly with 

increasing strain, with sensitivities of 11.36, 11.79, and 13.12 nm/%, respectively. These 

values are consistent with the order of magnitude reported for a perfluorinated GI-POF-

FBG.16) In this setup, which forms a folded SMS structure, multiple spectral peaks could 

also be generated by multimodal interference,24–29) but such peaks are much broader (width: 

over tens of nanometers) and their strain coefficients at telecommunication wavelengths are 

of the order of 1000 nm/%; in addition, their signs are negative.24) Thus, the multiple induced 

peaks are not due to modal interference, though the strain dependence of the peak power 

may be attributed to this effect. In addition, a Fabry-Perot cavity31–33) is not formed in the 

POF, considering the high one-cycle optical loss. A preliminary analysis by extrapolation of 

the strain coefficient suggests a linear behavior versus wavelength, with a fitted first-order 

line crossing the origin, further confirming that the observed peaks are induced by the FBG 

inscription process with core misalignment. Note that our previous characterization of the 

strain and temperature dependencies of the spectral peak wavelengths (with aligned cores)16) 

indicates a significant difference in their behaviors with respect to wavelength between the 

two. In particular, in such cases, we observed that while the strain coefficients of the peaks 

were almost identical within a limited wavelength range, the temperature coefficients were 
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largely different even within the same range. The experimental data reported in this work 

with misaligned cores supports the same behavior on strain. However, at this stage, we 

cannot assume that the temperature dependence of the spectral peak wavelengths with 

misaligned cores will behave the same as the strain dependence. Further studies are required 

to investigate this point. 

An interesting feature of the created FBG reflections peaks is that, besides conventional 

FBG-based sensing, the multiple peaks can be exploited for spectral-slope-assisted vibration 

sensing using an arbitrary wavelength range, despite their small spectral separation. To verify 

this, ~200 με static strain is first applied to the POF-FBG, followed by ~130 με dynamic 

strain at 50 Hz. Figures 5(a)–5(c) show the dynamic strain measured using the linear regions 

of the spectral peaks around 1300, 1400, and 1500 nm, respectively. These results confirm 

that the applied dynamic strain can be properly detected at all three wavelengths. This 

highlights the capability of the multiple created peaks to perform sensing at any desired 

wavelength within a very broad spectral range. 

In conclusion, we have reported the ability to generate multiple FBG-reflected peaks 

over an ultra-broadband spectral range by promoting the excitation of higher-order LP modes 

in a multimode POF. This previously unreported behavior is unique to POF-FBGs. While 

the phenomenon is presumably attributed to the response of the femtosecond-laser inscribed 

FBG to multiple LP modes propagating in the POF, the multiple spectral reflections cannot 

be explained by Fabry-Perot or multimodal interference. This can be verified by the strain 

sensitivity, which matches the order of magnitude reported for GI-POF-FBGs and 

significantly differs from the sensitivity reported for multimode interference (approximately 

–1000 nm/%). Note that the objective of this Letter is to report on the presence of this 

unexpected and unreported behavior leading to multiple spectral peaks by clear and 

demonstrative preliminary results. However, a thorough investigation is still required to find 

conclusive proofs of the physical causes underlying behind this effect. We believe that this 

newly reported POF-FBG behavior can provide flexibility in selecting optical devices for 

the development of FBG sensing systems at any desired wavelength. 
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Figure Captions 

 

Fig. 1. (Color online) (a) Experimental setup. (b) Measured emission spectrum of the 

supercontinuum source.  

 

Fig. 2. (Color online) Reflection spectra of an FBG inscribed in a POF, when the fiber cores 

are aligned (blue) and misaligned (orange).  

 

Fig. 3. (Color online) Reflected spectra magnified around (a) 1300, (b) 1400, and (c) 1500 

nm.  

 

Fig. 4. (Color online) Strain dependence of one of the spectral peaks around (a) 1300, (b) 

1400, and (c) 1500 nm.  

 

Fig. 5. (Color online) Dynamic strain measured using the slope of different peaks around (a) 

1300, (b) 1400, and (c) 1500 nm. 
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Figures 
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Fig. 4 
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