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Abstract: A novel sensor structure has been proposed and experimentally investigated
for simultaneous strain and temperature measurement. The structure is fabricated by weak
power modulation of CO2 laser exposure on tapered long period fiber grating (LPFG).
Compared with the transmission spectrum of the tapered LPFG, two peaks appear in the
transmission spectrum of the novel structure. These resonance peaks exhibit different sen-
sitivity responses; thus, simultaneous measurement of strain and temperature is realized
by monitoring the wavelength shift of the two peaks. Experiment results indicate that strain
sensitivities of the two peaks are 1.82 pm/με and 8.17 pm/με, and temperature sensitivities
are 47.9 pm/°C and 65 pm/°C, respectively.

Index Terms: Taper, CO2 Laser, strain, temperature, simultaneous measurement.

1. Introduction
In recent decades, fiber grating devices have been investigated extensively owing to their excellent
performance, such as small volume, low back reflection, wavelength domain response, resistance to
electromagnetic interference, and sensitivity to multiple environmental parameters [1], [2]. However,
cross-sensitivity problem in measurement can affect the performance of fiber grating devices. As
simultaneous measurement is considered an effective way to solve the cross-sensitivity problem,
it is of great importance in fiber grating devices. To address different requirements in various re-
search fields, sensing characteristics have been selected for simultaneous measurement, such as
simultaneous measurement of temperature and strain [3]–[5], temperature and refractive index (RI)
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Fig. 1. Diagram of fabrication tapered long period fiber grating.

[6], temperature and torsion [7], temperature and magnetic field [8], liquid level and RI [9], shape and
temperature [10], pressure and temperature [11], and others [12]–[14] Simultaneous measurement
of strain and temperature is more widely used in some fields than other dual-parameter mea-
surements, including automobiles, spacecraft, nondestructive evaluation of civil infrastructure, and
environmental monitoring. Hence, several structures that can realize simultaneous measurement
of strain and temperature have been proposed in recent years, including cascade long period fiber
grating (LPFG) [15]; cascade fiber Bragg grating [16]; a fiber grating inscribed on a special optical
fiber [17], [18]; an LPFG induced by electric-arc discharge [19]; an LPFG cascading another fiber
structure, as combined with a tapered three-core fiber [20]; hybrid LPFG/MEFPI sensor [21]; micro-
tapered fiber grating [22]; asymmetrical fiber Mach-Zehnder interferometer [23]; and others [24],
[25]. It has been confirmed that these proposed structures can solve the problem of temperature
interference during strain measurement, but they have a disadvantage of low strain sensitivity.

In this paper, a novel structure for simultaneous measurement of strain and temperature is
proposed and validated through experiments. This structure is fabricated by weak power modulation
of CO2 laser exposure on a tapered LPFG. The proposed sensor has high strain sensitivity and is
made of a normal single mode fiber with low material price. In addition, the proposed sensor has
different mode interferences applicable to sensing applications for different parameters in future
studies.

2. Fabrication and Principle
The tapered LPFG was fabricated using resistive filament heating; the experimental setup is illus-
trated in Fig. 1.

The tapering method was composed of two simultaneous process, heating process and elonga-
tion process. The single mode optical fiber (SMF28) was positioned at the center of the “U”-shaped
resistive filament heater. The two ends of the fiber were mounted on the linear translation stages.
The resistive filament heater heated the fiber and quickly softened it in the center of the ‘U’-shaped
heater. The filament’s axial position was controlled by a stepper motor to make the two linear trans-
lation stages move in opposite directions during the heating process. Tension was applied to the
softened fiber to produce a taper. After the first taper was produced, the optical fiber was shifted to
a new position to produce the same taper. The above steps were repeated to produce five tapers
in all. In our experiment, the pilling speed of the linear translation stage was about 1.2 mm/sec and
heating temperature was maintained to be 1200 °C. The total length of a tapered region and its
adjacent flat part is defined as period (�) of the tapered LPFG [26].

The schematic diagram of the tapered LPFG is displayed in Fig. 2. The length of each taper was
2.3 mm, the diameter of the taper was 62.5 μm, and the flat part between every two tapers was
2.5 mm. The period � of this grating was 4.8 mm.

Next, the tapered LPFG was modulated by weak power using the CO2 laser. In this experiment,
the accuracy of exposure time and modulated power was controlled by a self-developed program,
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Fig. 2. Schematic diagram of tapered LPFG.

Fig. 3. The modulation device and schematic diagram of power modulation using CO2 laser.

Fig. 4. Transmission spectrum of tapered LPFG and modulation after CO2 laser.

the exposure time was set much less than the usual exposure time. There was no change in
the geometry of the cladding. It was mainly the change in the refractive index at the modulation
point. Therefore, it was a weak modulation process. The modulated regions are denoted by the flat
sections between every two tapers. Each individual modulation region was radiated at six points
by the laser. The distance between the two adjacent points was 500 μm within the individual
modulation region. We scanned these modulated regions 10 to 12 times. An observation system
was used for precise positioning during the laser radiation process. The modulation device and the
schematic diagram of power modulation are shown in Fig. 3.

A Super-continuum Light Source (SLS) with a spectrum range of 600–1700 nm and an Optical
Spectrum Analyzer (OSA) were connected to both ends of the fiber to monitor the transmission
spectrum. In Fig. 4, the black curve depicts the transmission spectrum of the tapered LPFG; the
red curve represents the transmission spectrum after modulation. Through weak modulation using
a CO2 laser, two peaks A and B appear in the modulation transmission spectrum compared with
the original spectrum. Peak A was at 1540.2 nm, and Peak B was at 1572.2 nm.

Conventional coupled-mode theory is applicable to weak coupling under undisturbed optical
fiber modes and the perturbation varies slowly along the fiber. A change in the refractive index
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is considered an infinitesimal disturbance in the refractive index modulation of LPFG, and the
field distribution of the optical fiber mode did not change in the modulation area. Therefore, the
conventional coupled-model theory was used to analyze the refractive index modulation of LPFG
in which the index perturbation is weak and occurs mainly in the core.

In terms of the structural modulation, the cladding region of the optical fiber was periodically
tapered, and the effective refractive index in tapered and untapered regions could be modified
periodically. The mode field distribution and refractive index distribution demonstrated clear changes
in the modulation area, which could not be regarded as infinitesimal disturbance; it would elicit an
error when analyzed using conventional coupled-model theory. However, the perturbation of the
mode field can be regarded slow-varying but strong perturbation. The modal characteristics of
waveguide were analyzed by using local coupled-mode theory [27], [28].

Considering the coupling of the fundamental mode and the co-directional cladding mode of LPFG,
the coupling equation between the fundamental mode and the cladding modes can be expressed
as follows { daco

dz = C (z) · acl exp
{

i
∫ z

0 [βcl (z) − βco (z)] dz
}

dacl
dz = −C (z) · aco exp

{
i
∫ z

0 [βco (z) − βcl (z)] dz
} (1)

where aco and acl denote the core mode field intensity and cladding mode field intensity, respectively;
C(z) is the coupling coefficient; βco(z) and βcl(z) represent the core mode propagation constant and
cladding mode propagation constant, respectively; C(z), βco(z), and βcl(z) are periodic functions
related to the longitudinal z of the fiber, and the period is grating period �. Taking the Fourier
expansion, C(z) is expressed by

C (z) =
∞∑

N =0

fN · exp
(

i
2N π

�
z
)

(2)

where fN represents each harmonic coefficient after Fourier expansion, and N represents each
harmonic component. By substituting Equation (2) into Equation (1), the phase detuning can be
expressed as

�ϕ =
∫ z

0

[
βcl (z) − βco (z) + 2N π

�

]
dz (3)

Similar to traditional coupling mode theory, resonant coupling occurs when the phase matching
condition is satisfied. As the propagation constant is periodic, phase matching should also be
satisfied within a period at any random starting point z0, such that �ϕ = ϕ(z0 + �) − ϕ(z0) = 0.
β = 2πneff /λ, neff is the effective refractive index. Phase matching conditions of LPFG can be
expressed as

N λ =
∫ z0+�

z0

[
neff,co (z) − neff,cl (z)

]
dz (4)

where neff,co(z) and neff,cl(z) denote the effective refractive index of the core mode and cladding
mode, respectively. The phase matching conditions in Equation (4) also apply to the tapered LPFG.

The � of the tapered LPFG was 4.8 mm, depicting an ultra-long-period fiber grating (ULPFG).
In general, the ULPFG transmission spectrum demonstrates multiple resonance peaks because
it contains several different diffraction order modes [29], [30]. However, it is difficult to fabricate
ULPFG using resistive filament heating. The resonance peak appeared at the position of the max-
imum coupling coefficient only. The coupling coefficients of the tapered ULPFG were affected by
weak modulation of the CO2 laser. Then, a new resonance Peak B appeared compared to the
original spectrum. Because Peak A and B were produced by the interactions between the funda-
mental core mode and different diffraction order modes, respectively, Peak B exhibited higher strain
sensitivity.
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Fig. 5. Schematic of measurement set-up.

Fig. 6. Strain sensitivity of the sensor. (a) Transmission spectra. (b) Resonant wavelength shift of Peaks
A and B.

3. Experimental Results and Discussions
Fig. 5 presents a diagram of the strain and temperature measurement set-up. The fiber ends were
fixed on the two translation stages, which were used to pull the fiber and add strain to the grating.
The fiber was connected with an SLS on one side and an OSA on the other to monitor spectrum
change as the strain changed.

The transmission spectrum of grating changes in response to the applied strain is shown in
Fig. 6(a). The resonance wavelengths demonstrated a red shift as the strain increased. The resonant
wavelength of Peak A shifted from 1539.4 nm to 1541.2 nm, and Peak B shifted from 1571.8 nm to
1579.2 nm when the strain increased from 0 με to 900 με. As depicted in Fig. 6(b), the wavelengths
of Peaks A and B changed with increasing strain. The strain sensitivities of Peaks A and B were
1.82 pm/με and 8.17 pm/με, respectively. As we know, for the two peaks that are produced by
splitting, they come from the similar mode and the performance parameters of the two peaks don’t
differ greatly. However, the properties of Peaks A and B were quite different. Therefore, the peak B
is a new peak really rather than a peak splitting.

As presented in Fig. 7(a), the modulated tapered LPFG was tested based on temperature. The
resonance wavelengths exhibited a red shift as the temperature rose from 30 °C to 90 °C; Peak
A shifted from 1540.3 nm to 1543.2 nm, and Peak B shifted from 1571.4 nm to 1575.3 nm. As
depicted in Fig. 7(b), the temperature sensitivity of Peak A was 47.9 pm/°C, and that of Peak B was
65 pm/°C.

The aforementioned strain and temperature experiment demonstrated that strain and temperature
could be measured simultaneously by detecting the resonant wavelength of Peaks A and B. The
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Fig. 7. Temperature sensitivity of the sensor. (a) Transmission spectra. (b) Resonant wavelength shift
of P eaks A and B.

Fig. 8. Strain sensitivities of two peaks at different temperatures.

influence of temperature and strain on the grating can be expressed in matrix form as(
�T
�ε

)
= 1

D

(
K ε�λB

−K T�λB

−K ε�λA

K T�λA

) (
�λA

�λB

)
(5)

where D = Kε�λB K T�λA − K ε�λA K T�λB . �λA and �λB represent the wavelengths shift of the two
peaks; �T and �ε denote the respective temperature and strain variations; and K ε�λA , Kε�λB , and
K T�λA , K T�λB are the strain sensitivities and temperature sensitivities of Peaks A and B, respec-
tively. From the aforementioned experimental results, K ε�λA = 1.82 pm/με, Kε�λB = 8.17 pm/με

and K T�λA = 47.9 pm/◦C, K T�λB = 65 pm/◦C. According to Matrix (1), the temperature and strain
measurement can be given by(

�T
�ε

)
= 1

273

(
8.17
−65

−1.82
47.9

)(
�λA

�λB

)
(6)

According to Matrix (6), variations in temperature and strain can be calculated by measuring the
wavelength shifts of Peaks A and B. In our experiment, the wavelength resolution of the OSA is
0.02 nm, the calculated strain resolution was 1.25 με and the calculated temperature resolution
was 0.47 °C. The measurement stability of the structure was confirmed as indicated in Fig. 8.
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TABLE 1

Comparison of the Performance of the Reported Fiber Sensors for Simultaneous Strain and
Temperature Measurement

The comparison between the fiber senor for simultaneous strain and temperature measurement
in our study and other previously reported fiber sensors was listed in Table 1. It indicated advantages
of the sensor structure proposed in this study including low cost using the standard single-mode
fiber, easy fabrication, high strain sensitivity and the possibility of double parameters measurement.

4. Conclusion
In summary, a novel structure is proposed and tested to realize simultaneous measurement of
strain and temperature. It was fabricated by weak power modulation of CO2 laser exposure on
the tapered LPFG. Because of the refractive index changed caused by weak power modulation, a
new peak appeared. The two peaks have a red shift with the increasing strain and temperature.
Experimental results revealed the strain and temperature sensitivities of the two peaks to be 1.82
pm/με, 47.9 pm/°C and 8.17 pm/με, 65 pm/°C, respectively. The respective strain and temperature
resolution were 1.25 με and 0.47 °C. This structure has the advantages of low cost, high strain
sensitivity and good measurement stability. Thus, the sensor has great potential for applications in
many fields.
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