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Abstract

We design high-sensitive fiber-optic sensor based on modal interference for temperature measurements.
The core mismatch-offset sensor is fabricated by splicing a section of multimode fiber (MMF) between
two single-mode fiber (SMF) and offset splicing of SMF. We use the finite-difference beam propagation
method to numerically analyze the mode and intensity distributions of the light field in the sensor.
We optimize the structure parameters such as the length of MMF, the length of sensing SMF, and
the offset of sensor; the optimum parameters of proposed sensor are 4.0 mm, 1.73 cm, and 3.5 μm,
respectively. Experimental results show that the proposed sensor is successfully used to monitor the
variation of ambient temperature, and it possesses a high temperature sensitivity of 167.2 pm/◦C with
good linearity. The core mismatch-offset sensor with high sensitivity and compact structure provides
a new method for designing fiber-optic sensor and temperature sensing.

Keywords: temperature sensing, high sensitivity, modal interference, core mismatch splicing, offset

splicing.

1. Introduction

Due to high sensitivity and flexible design, the fiber-optic sensor based on modal interference has

attracted increasing attention in terms of weak signal detection, structural health monitoring of con-

structions, and deep sea detection. Design of modal interference sensor with new structure has been

intensely developed in recent years.

Recently, many in-fiber Mach–Zehnder interferometer (MZI) sensors based on modal interference have

been proposed for temperature [1], refractive index (RI) [2], curvature [3], and pressure monitoring [4].

There are several methods to fabricate the fiber-optic modal interference sensor such as tapering, splicing,

long-period grating inscription, and partial collapsing of microholes [5–11]. Many modal interference

sensors were proposed by splicing a section of the special fiber between two single-mode fibers (SMFs)

such as multimode fiber (MMF), hollow core fiber, and multicore fiber [12–18]. Among them, the modal

interference sensors with the SMF-MMF-SMF structure were widely used in fiber sensing applications.

However, the temperature sensitivities of the sensors can only achieve about 115 pm/◦C [19]. An optical

fiber curvature sensor based on a twisted MMF sandwiched between two SMFs was proposed. When the

temperature ranges from 21◦C to 121◦C, the sensitivity of the sensor is 10 pm/◦C [20]. A simple fiber
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sensor with the MMF-SMF-MMF structure was presented for the measurement of high temperatures.

The temperature sensor can stably measure temperature up to more than 900◦C with a sensitivity of

88 pm/◦C [21]. Therefore, the temperature sensors based on modal interference remain great challenges

in increasing the sensitivity.

In this work, we design a highly-sensitive core mismatch-offset sensor based on modal interference for

temperature measurements. The core mismatch-offset sensor is fabricated by splicing a section of MMF

between two SMF and offset splicing of SMF. The influence of the MMF length, sensing SMF length,

and offset on the transmission spectra are numerically analyzed by the finite-difference beam propagation

method, and the structure parameters of the sensor are optimized. The temperature sensing system is

established to explore the temperature sensing properties of the sensor and to obtain a high temperature

sensitivity of 167.2 pm/◦C in the temperature range from 25◦C to 40◦C.

2. Principle of Sensing

The schematic diagram of the fiber-optic core mismatch-offset sensor is shown in Fig. 1. The core

mismatch-offset sensor is fabricated by splicing a section of MMF between two SMF and offset splicing

of SMF; see Fig. 1, where L1 is the length of the MMF, L2 is the length of the sensing SMF, and L3 is

the value of offset.

The light in the SMF is generated on the fundamental mode, and high-order modes can be excited

while transmitting in MMF. The high-order modes transmit in the cladding of the sensing SMF, and

the fundamental mode transmits in the core of the sensing SMF. Due to the offset splicing of SMF, the

cladding mode and the core mode create interference due to the optical path difference of the offset.

Let us use the following notation. The mode in the core of SMF is the fundamental mode denoted

as Lp01. The distribution of light field is E(r, 0). The high-order modes Lp0n (n is an integer) are

linearly-polarized radial modes due to the circular symmetry of fiber. The distribution of the modal field

is Fm(r). Then we express the light field distribution as

Fig. 1. Schematic diagram of the core mismatch-
offset sensor.

E(r, 0) =
M∑

m=1

CmFm(r), (1)

where Cm is the excitation coefficient of the high-order

modes; it reads

Cm =

∞∫
0

E(r, 0)Fm(r)r dr

∞∫
0

Fm(r)Fm(r)r dr

. (2)

The number of excited modes M can be approximated as

follows:

M =
V

π
=

2π

λ
a
√
n2
co − n2

cl , (3)
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where a is the radius of core in SMF, and nco and ncl are refractive indices (RIs) of the core and cladding

in SMF, respectively. The light field distribution can be derived; it reads

E(r, z) =
∑

CmFm(r) exp(iβmz), (4)

where βm is the propagation constant of the mode and z is the transmission distance in the MMF.

The high-order modes and fundamental mode create interference at the point of offset; it is described

by the interference function

I(r) = E(r)E(r)∗ =
M∑

m=1

N∑
n=1

CmC∗
nFm(r)Fn(r) exp[i(βm − βn)L]. (5)

When high-order modes and fundamental mode satisfy the equality (N is integer)

(βm − βn)L = (2N + 1)π, (6)

the interference intensity achieves the minimum value. The characteristic wavelength can be derived; it

is

λ =
8a2nco(2N + 1)

(m− n)(2m+ 2n− 1)L2
. (7)

Therefore, the distance between interference peaks (valleys) can be expressed as [22]

λN − λN−1 =
16a2nco

(m− n)(2m+ 2n− 1)L2
. (8)

One can see that the characteristic wavelength is related to the parameters such as the sensing SMF

length L2, the core radius, and the RI.

The phase difference φ between the core and cladding modes is

φ =
2π(neff

co − neff
cl )

λ
L2 =

2π

λ
ΔneffL2, (9)

where neff
co is the effective RI of core and neff

cl is the effective RI of cladding.

The free spectral range (FSR) reads

FSR =
λ2

ΔneffL2
. (10)

The wavelength shift Δλ determined by Eqs. (7) and (8) is

Δλ =
FSRΔφ

2π
=

λ2

ΔneffL2

Δφ

2π
. (11)

When the ambient temperature ΔT changes, the RI and length of the fiber vary with temperature, and

the phase difference Δφ changes as

Δφ =
2π

λ

[
ΔneffΔL2 +Δ(Δneff)L2

]
=

2π

λ
L2ΔT

[
Δneffα+ (ξcon

eff
co − ξcln

eff
cl )

]
, (12)
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where α is the thermal expansion coefficient of the fiber, and ξco and ξcl are the thermo-optic coeffi-

cient (TOC) of the core and cladding, respectively. Substituting Eq. (12) into Eq. (11), we arrive at

Δλ =
FSR

2π
=

λ2

ΔneffL2

Δφ

2π
= ΔTλ

[
α+

ξcon
eff
co − ξcln

eff
cl

Δneff

]
. (13)

The temperature sensitivity of the sensor can be expressed as

Δλ

ΔT
= λ

[
α+

ξcon
eff
co − ξcln

eff
cl

Δneff

]
. (14)

One can see that the temperature sensitivity of the sensor is related to α, ξco, ξcl, n
eff
co , and neff

cl . The

TOC ξco and ξcl are determined by the material and the fiber mode. In some experiments, the TOC

of the mode is approximately replaced by the TOC of the material. The approximation is beneficial to

simplify the calculation of the fundamental mode and low-order modes, but it provides a large error in the

calculation of high-order modes. In this work, we consider the difference between the mode TOC and the

material TOC, with the mode TOC being regarded as the effective TOC. The TOC of the fundamental

mode is similar to the TOC of the core in fiber, while the effective TOCs of the high-order modes in the

cladding vary with the mode order. Therefore, the temperature sensitivity is related to the structural

parameters of the sensor such as the length of MMF, the length of sensing SMF, and the value of offset.

High temperature sensitivity can be obtained by optimizing structural parameters of the sensor.

3. Numerical Analysis

The intensity distributions of six modes in the sensor are shown in Fig. 2. The effective RIs of the

six modes are 1.447372, 1.444654, 1.444483, 1.444179, 1.441757, and 1.444566, respectively.

a) b) c)

d) e) f)

Fig. 2. Intensity distributions of modes in the sensor Lp01 (a), Lp02 (b), Lp03 (c), Lp04 (d), Lp05 (e), and Lp21 (f).
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Fig. 3. Intensity of modes in the sensor elaborated.

Ratios of the mode intensity to the total inten-

sity vary with structural parameters of the sensor.

As shown in Fig. 3, in the lead-in SMF, Lp01 is the

primary mode, which is about 70% of the total in-

tensity. The higher-order modes are excited in the

MMF, the intensity ratio of Lp01 is reduced from

70% to 17%, and the intensity ratios of Lp02, Lp03,

Lp04, and Lp05 are 27%, 29%, 13%, and 7%, respec-

tively. The intensity of Lp21 remains at a low level,

and it can be ignored.

The finite-difference beam propagation method

is used to numerically analyze the mode and inten-

sity distributions of the sensor and the effect of the

MMF length L1, sensing SMF length L2, and offset

L3 on the transmission spectra of the sensor. The transmission spectra of sensors with L2 ranged from

2.00 to 2.10 cm are shown in Fig. 4.

The relation between the sensing SMF length L2 and the transmission intensity is shown in Fig. 4 a;

here, the transmission intensity of different wavelengths varies with L2. The transmission spectra of the

sensor with different L2 are shown in Fig. 4 b. Comparing the transmission spectra, we see that the

transmission spectrum of the sensor with L2 = 2.07 cm is symmetrical with respect to the interference

valley, which is in accordance with the interference function; here, the wavelength of the interference

valley is around 1543.7 nm.

Since the high-order modes are excited in the MMF, we studied the effect of the MMF length L1 (at

L2 = 2.07 cm) on the transmission spectra. The relation between the MMF length L1 and the transmis-

sion intensity is shown in Fig. 5 a, where there exists a distinct interference valley in the transmission

spectrum of the sensor with L1 = 4 mm at a wavelength of 1555 nm. In order to determine the value

of L1, we set the range of L1 from 3.0 to 6.0 mm. The transmission spectra of the sensors are shown

in Fig. 5 b. There are two obvious interference valleys in the transmission spectrum of the sensor with

L1 = 3.8 mm, and the corresponding wavelengths are 1527 and 1552 nm, respectively.

The value of offset L3 has a great influence on the fringe visibility of the transmission spectra.

The transmission intensity of the sensor with L3 ranged from 0.0 to 18.0 μm (at L1 = 3.8 mm and

L2 = 2.07 cm) is shown in Fig. 6. There are three interference valleys in the transmission spectrum. In

order to determine the value L3, the transmission spectra of the sensor with L3 equal to 4.0 and 17.0 μm

are analyzed. The relation between the offset L3 and the wavelength transmission spectra are shown in

Fig. 7, where the offset L3 is equal to 4.0 and 17.0 μm, respectively.

As one can see in Fig. 7, the shift of the transmission spectra is related to the change in offset L3; the

fringe visibility increases with increase in offset L3. There are two interference valleys in the spectra of the

sensor with L3 = 4.0 μm. Compared with the transmission spectrum of the sensor with L3 = 17.0 μm,

the transmission spectra of the sensor with L3 = 4.0 μm are more conform to the modal interference

function. Therefore, the structure parameters of the sensor were optimized. The optimum MMF length,

sensitive SMF length, and offset of the sensor elaborated are 3.8 mm, 2.07 cm, and 4 μm, respectively.

We investigated the relation between the effective TOC and temperature sensitivity of the sensor by

tracing the wavelength shifts of the transmission spectra. The TOC of the fiber core is 6.7 · 10−6/◦C,
which is similar to the TOC of the fundamental mode, while the effective TOC of the high-order mode
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a) b)

Fig. 4. The relation between the sensing SMF length L2 and the transmission intensity (a) and the transmission
spectra of the sensor with different L2 (b). Here, curves 1–5 correspond to L2 = 2.070, 2.074, 2.089, 2.091, and
2.100 cm.

a) b)

Fig. 5. The relation between the MMF length L1 and the transmission intensity (a) and the transmission spectra
of the sensor with different L1 (b). Here, curves 1–5 correspond to L2 = 3.00, 3.75, 4.50, 5.25, and 6.00 mm.

Fig. 6. The relation between the offset L3 and the trans-
mission intensity in the sensor elaborated.
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Fig. 7. The relation between the offset L3 and the transmission spectra; here L3 = 3– 5 μm (left panel) and
L3 = 16 – 18 μm (right panel).

a) b) c)

Fig. 8. The shift of the transmission spectra with different effective TOC= 6.57 · 10−6/◦C (a), 6 · 10−6/◦C (b),
and 5.56 · 10−6/◦C (c). Here, T = 25◦C (�), T = 75◦C (�), and T = 125◦C (�).

in the cladding is different from the TOCs of the cladding materials.

Fig. 9. The relation between the effective TOC and
temperature sensitivity.

The shifts of the transmission spectra with dif-

ferent effective TOC are shown in Fig. 8. The effec-

tive TOCs of cladding are 6.57·10−6/◦C, 6·10−6/◦C,
and 5.56 ·10−6/◦C, respectively, when the tempera-

ture ranged from 25◦C to 125◦C. In Fig. 8, we show

the temperature sensitivity of the sensors with dif-

ferent effective TOC= 6.57 · 10−6/◦C, 6 · 10−6/◦C,
and 5.56 ·10−6/◦C; they are 20 pm/◦C, 100 pm/◦C,
and 160 pm/◦C, respectively.

In order to investigate the relation between the

effective TOC and temperature sensitivity, we an-

alyzed the shifts of the transmission spectra; see

Fig. 8. The relation between the effective TOC and

temperature sensitivity is shown in Fig. 9.
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As one can see in Fig. 9, the temperature sensitivity of the sensor increases with decrease of the

cladding effective TOC. Therefore, the temperature sensitivity of the sensor can be improved by changing

the TOC difference between the core and cladding, which is consistent with the conclusion of Eq. (14).

4. Experiment

We fabricated the core mismatch-offset sensor by splicing a section of MMF between two SMF and

offset splicing of SMF. The fibers used in the process of fabrication were SMF (9/125 μm) and MMF

(105/125 μm), respectively. The MMF length equal to 5.0 mm, the sensing SMF length equal to 2.20 cm,

and offset of 5.0 μm were determined according to the analysis results. As one can see in Fig. 10, the

temperature sensing system in the experiment consists of four parts. There are amplified spontaneous

emission (ASE) source, heating temperature platform, temperature sensor, and optical spectrum analyzer

(OSA). The broadband laser light is generated from the ASE source and transmitted to the OSA through

the temperature sensor. The heating platform displays and controls the temperature in the sensing

region, and the temperature sensor is fixed on the heating platform to measure small changes of ambient

temperature. The interference spectrum is received by the OSA with a resolution of 0.02 nm. The

temperature is varied from 30◦C to 55◦C in a step of 5◦C.

Fig. 10. Schematic diagram of monitoring temperature system.

The transmission spectra of the sensor at different temperatures are shown in Fig. 11.

One can see that the valley wavelength of transmission spectrum moves toward the long wavelength

with temperature increase from 30◦C to 55◦C, and the wavelength of the interference valley is near

1552.5 nm. We demonstrated that the transmission spectra of the sensor experienced a red shift with

increase in temperature. According to Eq. (7), we calculated that the valley wavelength of the interference

between Lp01 and Lp02 was 1553.2 nm, and the valley wavelength of the interference between Lp01 and

Lp05 was 1554.3 nm. The wavelength of the interference valley in the experiment was 1552.5 nm, which

is close to 1553.2 nm. We obtained that the interference between the Lp01 mode and the Lp02 mode was

the main part of the modal interference.

In order to investigate the temperature sensing properties of sensor, we analyzed the transmission

spectra in Fig. 11. The experimental temperature varied from 30◦C to 57◦C. The relation between

temperature variations and valley wavelength shifts is shown in Fig. 12.

The wavelength shift and temperature variation possesses a linear relationship, which reads

λ = 0.06065T + 1551.04517R2 = 0.98011. (15)

The temperature sensitivity of the sensor was 60.65 pm/◦C.
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Fig. 11. The transmission spectra of the sensor at differ-
ent temperatures equal to 30◦C (�), 35◦C (�), 40◦C (�),
45◦C (�), 50◦C (�), and 55◦C (�).

Fig. 12. The relation between temperature variations
and valley wavelength shifts.

In order to improve the temperature sensitivity of the sensor, the structure parameters of sensor were

optimized. The sensor with the MMF length equal to 4.0 mm, sensing SMF length equal to 1.73 cm, and

offset of 3.5 μm was fabricated for temperature measurements. The transmission spectra of the optimized

sensor at different temperatures are shown in Fig. 13.

One can see that the valley wavelength of transmission spectra moves toward the long wavelength

with temperature increase from 25◦C to 55◦C; the wavelength of the interference valley is near 1531 nm.

We demonstrated that the transmission spectra of the sensor experienced a red shift with increase in

temperature. In view of Eq. (7), we calculate that the valley wavelength of the interference between

Lp02 and Lp05 is 1527.5 nm and the valley wavelength of the interference between Lp03 and the Lp05
is 1539.7 nm. The wavelength of the interference valley in the experiment was 1531 nm, which is close

to 1527.5 nm. We conclude that the interference between Lp02 mode and Lp05 is the main part of the

modal interference.

In order to investigate the temperature sensitivity of optimized sensor, we analyzed the transmission

spectra in Fig. 13. The experiment temperature varied from 25◦C to 40◦C. The relation between the

temperature variation and the valley wavelength shift is shown in Fig. 14.

The wavelength shift and temperature variation possesses a linear relationship, and the relationship

between temperature and wavelength reads

λ = 0.16720T + 1527.036R2 = 0.98011. (16)

One can conclude that the temperature sensitivity of the optimized sensor is 167.20 pm/◦C at the

wavelength equal to 1531 nm with the temperature ranging from 25◦C to 40◦C.
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Fig. 13. The transmission spectra of the optimized sen-
sor at different temperatures.

Fig. 14. The relation between the temperature variation
and the valley wavelength shift.

5. Conclusions

We designed a core mismatch-offset sensor based on the modal interference for temperature measure-

ments. We numerically analyzed the influence of the MMF length, sensing SMF length, and offset on

the transmission spectra by the finite-difference beam propagation method and optimized the structure

parameters of the sensor. The optimum MMF length, sensing SMF length, and offset parameters of the

sensor elaborated are 4.0 mm, 1.73 cm, and 3.5 μm, respectively. We established the temperature sensing

system to investigate the temperature sensitivity of the sensor elaborated. Experimental results showed

that the interference between Lp02 mode and Lp05 mode corresponded to the main modal interference of

the sensor. The sensor elaborated provides a high temperature sensitivity of 167.2 pm/◦C at 1531 nm

with the temperature ranging from 25◦C to 40◦C, which demonstrates higher sensitivity compared to

conventional modal interference sensors.
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