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The study of temperature measurement
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This research involves a fixed wavelength and dual-wavelength ratio temperature measurement for
helical long-period grating. There are two resonant dips near 1475 and 1520 nm, with the pitch
length 782 um. The temperature sensitivity of resonance wavelengths is about 0.06 nm/°C. Both
theoretical simulation and experiment results show that the transmission of a fixed wavelength lin-
early changes with the temperature. It has a high application value for measuring temperature. Be-
sides, the dual-wavelength ratio is studied to eliminate the influence of light source. The temperature
sensitivity of transmission intensity ratio of /j449 nm/Zo and 1469 ¢nm/!1526.50m are about 1.0076/°C
and 0.0155/°C, respectively, so the dual-wavelength ratio is more practical. And the 0.0155 times
intensity change could be much more easily measured than the 0.06 nm wavelength change for each
degree Celsius. So the dual-wavelength ratio of the helical long-period gratings is very suitable
for temperature sensors.
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1. Introduction

Long-period fiber grating (LPFG) has significant resonant dips caused by the coupling
between guided fundamental mode and the forward-propagating cladding modes. LPFG
has significant practical applications in optical fiber communication and fiber sensing
field [1-3]. The helically twisted long-period fiber grating (H-LPFG) has periodic hel-
ical refractive index modulation on the axial and angle. H-LPFG is easy to process and
does not need photosensitivity and doping for the fabrication of fiber gratings. H-LPFG
is mainly applied to measure the twist rate [4—6], the refractive index [7], the applied
stress [8], the temperature [8—11], and generate orbital angular momentum [12—-17].
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The fiber gratings are mainly utilized as the wavelength modulation sensors [1-11].
Edge filtering is applied to convert the wavelength change to intensity [18—20]. The ac-
curacy of edge filtering is affected by the linearity and slope of the filter edge. Mean-
while, the measurement range of edge filtering is relatively small, and it imperatively
needs a stable intensity light source.

In this paper, two neighboring resonance dips, which generate from the four-order
coupling between the fundamental mode and the LP, ;, cladding mode, have been stud-
ied. The wavelength responsivities of two resonance dips with temperature are measured.
The resonance wavelengths show linear change with temperature, and the slopes are
62 and 59 pm/°C, respectively. The transmission responsivities of a fixed wavelength
with temperature are studied. The theoretical simulation and experiment results show
that the transmission of fixed wavelength changes linearly with temperature. The tem-
perature sensitivity of transmission intensity ratio of 7,449 gnm/Zo 1S about 1.0076/°C.
Besides, to eliminate the influence of light source, the dual-wavelength ratio is deduced,
and the experimental results show its linear change with temperature. The temperature
sensitivity of transmission intensity ratio of 7,469 nm/Z1526 5nm 15 about 0.0155/°C. It
has great potential applications in temperature sensors.

2. Fabrication of H-LPFG

The single-mode fiber is spiral by a welding machine (Fujikura FSM-100p+). Firstly,
the electrode discharge and motor are calibrated. The stepping-motor selects the sweep
model, and the stepping speed is 0.063 pm/ms. ZR motor rotates clockwise, and the
rotation speed is 0.029°/ms. The electrode discharge power is —60bit relative to the
calibration power, the electrode gap is 3 mm, and the running time is 200000 ms. As
shown in Fig. 1, the fiber core, cladding, and surface morphology of the H-LPFG have
nearly no change under a microscope (Olympus CX23).

Fig. 1. Photograph of the H-LPFG with a microscope.

The grating pitch of H-LPFG can be calculated by

V
A = 360 — 1
5 (M)
where Vis the stepping speed of a sweep mode, 8 is the rotation speed of the ZR motor,
A is the pitch length of the H-LPFG. The grating pitch of the H-LPFG is 782 um, and

the total length of the H-LPFG is about 12 mm.
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3. Experimental results and discussions

A spectrometer (Yokogawa-AQ6370D) is used to measure the transmission spectrum
at different temperatures as shown in Fig. 2. There are two resonant dips near 1475 and
1520 nm. And the dip1 decreases but the dip2 increases with increasing temperature.

According to the long-period fiber grating coupled-mode theory [21, 22], if the
n-order harmonic is considered, the phase-matching condition for the single-helix
H-LPFG can be described as [23],

ni
ny = Np— —— 2
N @
where 7 is the harmonic order number, n and ny are the effective refractive index of
the fundamental mode and the coupled m-th cladding modes. 4 is the resonant wavelength
of'the H-LPFG. The refractive indexes of the core and cladding are 1.4628 and 1.4573.
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Fig. 2. The transmission spectrum of the H-LPFG with different temperatures.
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Fig. 3. The relationship between the effective refractive index and wavelength.
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Basing on the phase-matching condition, Eq. (2), and theoretical calculation effec-
tive refractive index (as shown in Fig. 3), both dip1 and dip2 are four-order coupling
between the fundamental mode and LP; 1o cladding mode. The design wavelength is
1.51 um for dip1 and 1.55 um for dip2. But the design wavelengths do not agree with
the experimental results of 1.475 and 1.52 um for dip1 and dip2 separately. The rela-
tionship between resonant wavelength and design wavelength can be described as fol-
lows [24]:

1
A = Ap (3)

res
A
1—(oyy _Uzz)ﬁ

where o, and 0,, are DC coupling coefficients of the fundamental mode and the cou-
pled m-th cladding mode, respectively; 1 is the design wavelength, 4, is the resonant
wavelength. Based on Eq. (3), resonant wavelength 4,., and design wavelength A, are
different, and the 4, is usually smaller than 4, when there are n-order harmonic.

The effective refractive index difference of the single-mode fiber between fiber
core and LP; ;o cladding mode are 0.0077 and 0.00797 for dip1 and dip2. The effective
refractive index difference of the H-LPFG can be worked out by Eq. (2), and the values
are 0.0075 and 0.0078 for dipl and dip2 separately. The refractive index changes of
the fiber core and cladding are nearly the same.

The wavelength responsivities of the H-LPFG with the temperature are measured
by the broadband light source and optical spectrum analyzer. Temperature increases
from 60 to 150°C, and the transmission spectrum is measured every 10°C rise. The re-
sults are shown in Fig. 4. The resonant wavelengths show a linear increase as the tem-
perature goes up. The slopes are 62 pm/°C for dip1 and 59 pm/°C for dip2, same with
the temperature measurement accuracy of ordinary LPFG [8].

The transmission responsivities of resonance wavelength with the temperature are
also studied (as shown in Fig. 5). The transmission of resonance wavelengths also
shows linearly with temperature. It agrees with Ng’s report [25]. But this is useless for
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Fig. 4. Resonance wavelength vs. temperature: (a) dipl and (b) dip2. Black squares are the measurement
data, and the red line is linear fitting.
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Fig. 5. Transmission of resonance wavelength vs. temperature.

simple temperature measurement or increasing the accuracy. So we consider choosing
a fixed wavelength to measure the relationship between the transmission and temper-
ature.

The transmission spectrum of the H-LPFG, which can be obtained from a standard
coupled-mode theory [24, 26].

~2
4 = cos?( k467 2) + —T—sin?(Vi? + 62 2 @)

k“+o
G = 5+—0“;022 )
1 1
0 = mAn ff[___J (6)
41 Ap

where 4 is the transmission rate, DC is a self-coupling coefficient, k£ is an AC coupling
coefficient, 0 is detuning, 4 is wavelength, z is the length of H-LPFG, », and n, are
the refractive index of the fiber core and the cladding, n. is the effective refractive
index of the fundamental mode, o(z) is the slowly varying envelope of the grating. The
expression of g, k, and ,, can be found in [26]. The thermo-optic coefficients of the
fiber core and the cladding are 6.45 x 10-6/°C and 6.34 x 10-%/°C. The coefficient of
thermal expansion is 5.5 x 10~7/°C. The coefficient 4 in Eq. (6) comes from four-order
coupling between the fundamental mode and LP; ;o cladding mode.

The transmission of calculated and measured results at 1469.6 nm for the H-LPFG
are shown in Fig. 6a. Both the measured results and simulation show there is a graded
trend before 60°C, the transmission has a linear relation with the temperature after 60°C,
and they are approximately parallel to each other. There is about a 3.5 dB difference
between the measured results and the simulation, which might be caused by a coupling
loss. As shown in Fig. 6b, the transmission of 4,469 ¢nm a0d 41526 snm change linearly
with temperature. The sensitivity of transmission intensity ratio /449 gnm//y and
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Fig. 6. (a) Thermal effects on the transmission of the H-LPFG with fixed wavelength at 1469.6 nm.
(b) Transmission of fixed wavelength vs. temperature. The solid circles and solid squares are the measure-
ment data, and the lines are a linear fitting.

11526.5nm’1o are about 1.0076/°C and 0.9922/°C. According to the fitting process, the
DC self-coupling coefficient increases as the temperature increases at /| 4459 g,m> SO the
intensity ratio /449 gnm//y 15 greater than one. On the contrary, the DC self-coupling
coefficient decreases as the temperature increases at /15¢.50m, SO the intensity ratio
11506 5nm/Lo 15 less than one. It provides a very competitive method of using a fixed
wavelength transmission to measure temperature. But this measurement is affected by
the incident intensity fluctuations.
The measured transmission varies with temperature and can be expressed as,

d[lOlg(I/Io)J ~10d(lg4) .

dTr dr

(7

where /, is the incident intensity of the fundamental mode, / is the transmission inten-
sity of the fundamental mode.

The dual-wavelength ratio is proposed to eliminate the influence of the light source.
Two wavelengths are selected, and the corresponding incident intensity and transmis-
sion intensity are /;, I5g, I}, and I,, respectively. Then the ratio of fixed dual-wave-
length transmission intensity varies with temperature,

I A
d| 101g— L1
1 _ L 5 Iy

dr dT

o
—_
)
.
(4]

o

I [1 12
10lg——— 10lg—=

_ 0 Ly | _ 10d(lgd))  10d(lg4,)

dT dT dTr

®)



The study of temperature measurement based on the transmission... 135

] Slope20.0672 "
) g

7
49w Ol 6 41354 5002
34 ° Olga%ilﬁ 1p122

) //.//<//'
. e Slope2-2.0312
N 7/‘///

= l T T T T T
60 80 100 120 140

Temperature2°C)2

Transmission2atio2
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According to Eq. (8), d(1g4,)/dT and d(lg4,)/dT should have opposite signs, then
the absolute value of Eq. (8) is the biggest. The wavelengths 1469.6 and 1526.5 nm
located at both sides of different resonance dips are chosen. Besides, selecting two fixed
wavelengths on both sides of the same resonance dip also satisfies Eq. (8).

As shown in Fig. 7, experimental results show that the fixed dual-wavelength ratio
linearly changes with temperature, and the linearity is good. It indicates that using the
above H-LPFG and two narrowband filters or two fiber Bragg gratings can measure
temperature.

The temperature sensitivity of transmission intensity ratio of /1469 ¢nm/Z1526 5nm 15
about 0.0155/°C, which should be much easier to measure than the wavelength respon-
sivities 0.06 nm/°C. So the temperature sensitivity of the dual-wavelength ratio can much
bigger than the wavelength modulation sensor with an appropriate light source and de-
tector. Although the light source used in our experiment is a broadband light source,
we recommend choosing the cheaper LED when making the equipment. The light source
emits natural light, and the influence of polarized light on the measurement is not con-
sidered. Moreover, in the experiment, we have bent and extruded the single-mode fiber,
which has almost no effect on the measurement results. So it has great potential appli-
cations in temperature sensors.

4. Conclusion

In conclusion, this research presents a fixed wavelength and dual-wavelength ratio
temperature measurement based on H-LPFG. Both theoretical simulation and experi-
ment results show that the transmission of fixed wavelength changes linearly with tem-
perature. Besides, the dual-wavelength ratio is applied to eliminate the influence of the
light source. It provided a new way to high precision temperature measurement at a low
cost. The work has magnificent practical applications in temperature sensors.
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