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A refractive index intensity detecting sensor with long-period grating written in the single-mode–thin-core–
single-mode fiber (STS) structure is proposed and optimized theoretically. The sensor is composed of two
single-mode fibers connected by a section of long-period fiber grating fabricated on thin-core fiber. After opti-
mization and benefitting from the phase matching point, the loss peak of the structure can reach 62.8 dB theo-
retically. The wavelength of the characteristic peak is fixed at the phase matching point, so intensity detection
can be achieved. The sensitivity can reach 272.5 dB/RIU. The structural optimization in this Letter provides a
reference for the fabrication of an easy-made all-fiber sensor without extra cladding.
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All-fiber refractive index (RI) sensors are widely expected
in fields such as industry, civil engineering, biomedicine,
chemistry, aerospace, and petroleum because of their
superior anti-electromagnetic interference and high sensi-
tivity. Sensors based on a Mach–Zehnder interferometer
(MZI)[1,2], fiber Bragg gratings (FBGs)[2–4], and long-period
fiber gratings (LPFGs)[5–9] have received extensive
attention and research. Among them, the single-mode–
thin-core–single mode fiber (STS)[10,11] structure, which
is composed of MZI sensors, has the merits of being
simple[1], easy to implement, adjustable, and multi-feature
sensing. Currently, the RI detection methods based on the
STS structure are mainly using FBGs[2], LPFG cascades[6],
and MZI-structured sensors[1,2,11]. Through the detection of
wavelength drift, RI sensing can be achieved. These
solutions are achieved by etching the cladding to increase
the effect of the external RI on the effective RI, or by in-
creasing the energy of the cladding mode by the effect
of LPFG or tilted FBG (TFBG)[12–14]. By coating a high
RI material outside the cladding, the sensitivity of the
RI can be significantly increased[15]. Due to the small core
structure of the thin-core fiber (TCF), the STS structure
can stimulate a series of cladding modes in the connected
area[10,16]. When the TCF cladding is etched, a portion
of the external RI material acts as a waveguide struc-
ture, and high-sensitivity measurements of environmental
parameters can be performed. Compared with a
single-mode–multi-mode–single-mode fiber (SMS)[17] and
single-mode–few-mode–single-mode fiber (SFS)[18], STS
has the basic mode of occupying an absolute advantage.
The first few modes were stimulated by SMS and SFS,
and the energy was relatively uniform, so the impact of
other modes on MZI could not be ignored.

In this Letter, we increase the excitation of the cladding
mode by directly writing LPFG on the TCF to achieve a
comb spectrum with an increased extinction ratio (ER).
We theoretically discuss the possibility and conditions
of improving the overall performance by optimizing the
MZI with an LPFG and analyze the characteristics of
the comb filter of this structure. The step fiber as the sim-
plest structure can make the structure more stable and
simple. The structure improves sensor repeatability and
reliability through axial alignment. Due to the strong fun-
damental mode, the energy of the unexcited modes is
extremely low and can be ignored. In this way, the best
power balance of the two coupled modes can be obtained
through calculation. Based on these, the sensor with light
intensity detection for external RI sensing is proposed.
The structure has two advantages that are easy to imple-
ment and use.

The structure of the proposed sensor, which consists of
two single-mode fibers (SMFs) and a section of TCF, is
shown in Fig. 1. The length of the LPFG in the TCF is
100 mm, the total length of the TCF is 400 mm, and
the entire axis is aligned with no eccentricity. The power

Fig. 1. Structure of the sensor.
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is coupled into the TCF via the SMF excitation on the first
junction. Because of the axial alignment, only the circular-
symmetric linearly polarized (LP0n) mode is excited. Part
of the LP01 mode power is coupled to LP02 through the
LPFG and then propagates independently through the
following segment to interfere at the second end face to
form a comb spectrum.
In order to analyze the transmission spectrum of the

structure, it is divided into four substructures to be ana-
lyzed. The first is to analyze the coupling of the SMF to
the TCF. In the SMF, there is only fundamental mode
transmission. Because this structure is an exact axis align-
ment structure, it can be simplified as the coupling of the
LP01 mode of the SMF and the LP0n mode of the TCF.
The coupling coefficient of the junction can be expressed
as follows[17,19]:
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where ψ s is the fundamental mode distribution of the SMF,
and ψ0n is the LP0n mode distribution of the TCF. In a
circle-symmetrical step-index fiber, the LP0n mode can
be described with the following Bessel function[10]:
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normalized transverse propagation constant of the layer,
β is the propagation constant, and b1 and a3 are coefficients,
which are zero.
The transmission matrix of an LPFG of length L1 can be
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the LP01 and LP0n modes respectively, and σ1, σn are
self-coupling coefficients of LP01 and LP0n, respectively.
At the end of a TCF of length z, its field distribution can

be described by the following equation without consider-
ing the addition of LPFG[18]:
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where βn is the propagation constant of the LP0n mode,
and N is the total number of modes in the TCF. For

the comb filter, which considers only the grating-coupled
LP01 and LP0n modes, the overall transfer function can be
expressed as

T total ¼ jF0ðL0Þ·F1·F0ðL2Þj2: (5)

Here, F0(L) is the transmission matrix of the TCF,
where the coupling structure is the same on both sides
by default, and the coupling coefficient is exactly the
same:
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In the case of a dense comb spectrum, it can be approx-
imately seen that the coupling coefficient k of the grating
between the two peaks is similar, so the ER can be
expressed as

ER ¼ 10 lg
�
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Taking into account the coupling loss (in dB), it can be
approximately simplified as

Loss ¼ −20 lgðη1 þ ηnÞ: (8)

From previous analysis, it can be known that for an STS
structure with LPFG, the ER of the comb spectrum
depends not only on the coupling efficiency of LP01 and
LP0n, but also on the coupling coefficient of LPFG. The
coupling coefficients of various modes at different core
radii are firstly analyzed and then shown in Table 1.
Consider that the selected TCF cladding radius is
at;2 ¼ 52.5 μm, the core RI is nt;co ¼ 1.4438, the cladding
RI is nt;cl ¼ 1.4378, the RI of the SMF is consistent with
TCF, the core radius of the SMF is as;2 ¼ 4 μm, and the
cladding radius of the SMF is as;2 ¼ 62.5 μm at operating
wavelength of λ ¼ 1550 nm.

From Table 1, it is easy to find that η1, which dominates
the LP01 mode, increases rapidly as the core radius in-
creases, while the other modes decrease rapidly. When
the core radius reaches 1.5 μm, the mode coupling coeffi-
cients after LP05 are less than 0.05. The effect on the

Table 1. Coupling Coefficients of Modes at Different
Core Radii

η at;1 ¼ 1.3 μm at;1 ¼ 1.5 μm at;1 ¼ 1.7 μm

LP01 0.2420 0.4003 0.6020

LP02 0.2024 0.1645 0.0906

LP03 0.1787 0.1469 0.0997

LP04 0.1376 0.1096 0.0763

LP05 0.0957 0.0735 0.0505

LP06 0.0616 0.0454 0.0303
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transmission spectrum can be ignored. In the case of thin
core, the sum of the LP01 and LP02 modes is the largest.
The LP01 coupling coefficient is above 0.5 and dominates
over the other modes when the core is thick. Therefore,
only the coupling between the LP01 and LP02 modes is
considered here.
In order to more accurately analyze the transmission

spectrum and because of the wide bandwidth of the
LPFG, we also analyzed the relationship between the cou-
pling coefficient and the wavelengths, and the results are
shown in Fig. 2. As η1 decreases with increasing wave-
length, and other modes increase, LP02 mode has η2 < η3
at short wavelengths, but as the wavelength increases, the
growth rate is faster, and η2 > η3 at long wavelengths.
The reason why η2 is so weak is that in the TCFs cores

that are too small can only support the LP01 mode, while
other modes belong to the cladding modes, so most of the
power distribution is concentrated in the core.
After considering the influence of LPFG, according to

the Eqs. (3) and (5), the enveloping curve of the overall
comb spectrum is the loss of the LPFG, as shown in
Fig. 3(b). When α is large, this equation degenerates into
the loss spectrum of an LPFG, and the maximum ER can
reach 62.8 dB. The external RI in Fig. 3 is set to one.
In Fig. 3(a), the effect of different periods on the trans-

mission spectrum can be seen. Among them, the overall
dips will change to longer wavelengths as the period

increases and the periodicity changes over a larger range,
and, at the same time, ER will also rise. However, unlike
the long-period grating transmission spectrum in the
SMF, the effect of LPFG on the comb spectrum is at
the right side first and then the left side.

Consider the parameters of the TCF, at;1 ¼ 1.6 μm,
at;2 ¼ 27.5 μm, nt;co ¼ 1.4438, and nt;cl ¼ 1.4378. The re-
sults are shown in Figs. 4 and 5. Different from the SMF
with LPFG, there are two dips in the structure at both
sides of the phase matching point. In this structure, the
effective RI difference of the LP01 and LP02 modes exhibits
a parabolic distribution as the wavelength changes.

Fig. 2. (a) Coupling coefficient curve in the range of the dotted
line in (b). (b) The curve of the coupling coefficient as a function
of wavelength from 1300 to 1700 nm.

Fig. 3. (a) Transmission spectrum of LPFGs with different peri-
ods. (b) Maximum ER after adding LPFGs.

Fig. 4. Double-sided dips at different grating periods.
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This phenomenon is reflected in Fig. 4 as the phase match-
ing point[20]. As the period of the LPFG becomes longer,
the dip at the short wavelength shifts toward the long
wavelength, and the amplitude decreases, but the dip
at the long wavelength shifts toward the short wave-
length, and the amplitude increases. In Fig. 5, as the
length of the TCF increases, the density of the comb spec-
trum increases.
In order to find the higher modes’ influence on the trans-

mission, Fig. 6 shows the transmission spectrum of the
first four modes after low-pass filtering and the transmis-
sion spectrum of the first two modes. It can be seen that
after filtering, there is only a wavelength shift near the
phase matching point. The grating period is 3400 μm.
After the above analysis, under this structure, as the

wavelength increases, the difference of the coupling coef-
ficient will gradually decrease, making the comb spectrum
more obvious and the ER significantly improve, but the
overall loss also increases.
When the grating period just matches the phase match-

ing point, the wavelength shifts when the change of the
external RI is fixed there, and only the light intensity
changes. By specially designing the center wavelength
of the grating, intensity detection for the change of

the outside RI can be realized. Considering the parameters
of the TCF, at;1 ¼ 1.6 μm, at;2 ¼ 27.5 μm, nt;co ¼ 1.4438,
nt;cl ¼ 1.4378, the grating period is 2475 μm, the length of
the LPFG is set to 100 mm, and the simulation results are
shown in Fig. 7. Since the intensity detection does not re-
quire complicated and expensive spectrometers, the solu-
tion has a broader application space. The transmission
spectrum changes with the external RI, as shown in Fig. 7.

It can be seen from Fig. 7 that the structure can achieve
better linear intensity detection within a certain range of
the external RI. For the larger range of other external RI
changes, although the wavelength of the depressed peak
does not move with the change of the external RI, the lin-
earity of the intensity change is poor. In this regard, the
detection of different RI ranges can be achieved by design-
ing different fiber structure parameters.

Through the above-mentioned content, through the
analysis of the coupling characteristics of SMF and TCF
and the characteristics of long-period grating, a scheme to
optimize the MZI of the TCF is proposed. We use a long-
period grating in the TCF section of the STS structure to
achieve an increase in ER at a specific wavelength, which
can reach 62.8 dB and more. In the long-wavelength band,
the average ER is greater than in the short wavelength
band. Furthermore, when writing a single long-period gra-
ting, the structure can produce two sags at short and long
wavelengths, and it changes symmetrically as the grating
period changes. Different from an intensity detecting

Fig. 5. Transmission of TCF with different lengths.

Fig. 6. Transmission spectrum of the first four modes after low-
pass filtering and the transmission spectrum of the first two
modes.

Fig. 7. (a) Variation of the transmission spectrum with external
RI. (b) Relationship between light intensity and external RI.
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sensor with a long-period grating[21,22], the wavelength of
the characteristic peak is fixed at the phase matching
point. Intensity detection for different RI ranges can be
achieved by changing the structural parameters of the fi-
ber. The sensitivity is−272.5 dB∕RIU, and the linearity is
good. The special comb spectrum characteristics produced
by it can significantly expand the application of TCF.
For different application scenarios, on the basis of keep-

ing the STS structure unchanged, the sensitivity and sens-
ing range can be changed by adjusting the period of the
written long-period grating, which reduces manufacturing
difficulty and cost. The STS structure has a low insertion
loss, and the special double sag feature can be applied to
the special device.
In summary, the coupling characteristics of TCF after

writing the long-period grating to the SMF were analyzed
in detail by simulation, and the influence of different
parameters on its ER performance in a certain wavelength
range was discussed. The ER can reach 62.8 dB. The
structure can provide two high-depth depressions, both
in the short wavelength range and the long wavelength
range. After optimizing the parameters by simulation,
structural parameters can be designed for different target
RIs. The sensitivity is −272.5 dB∕RIU, and it also has a
great linearity. The structure has a low insertion loss, low
manufacturing difficulty, and high application space for
expansion.

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 61827817 and 61525501).
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