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A fiber Bragg grating (FBG) and Fabry–Perot (FP) cavity cascaded fiber sensing system was manufactured for
temperature and pressure sensing. Temperature sensing as high as 175°C was performed by an FBG for the linear
variation of an FBG wavelength with temperature. After the temperature was sensed, the demodulation system
can find the original FP cavity length and its pressure and cavity length correlation coefficient; thus, the ambient
pressure would be calculated. The sensing pressure can be as high as 100 MPa with a repeatability of 1/10,000
and high stability. This kind of fiber sensor has been used in the Shengli Oil Field.
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Kao predicted the possible existence of commercial low
loss optical fibers in 1966, and after that, companies like
Corning Incorporated[1,2] and Alcatel-Lucent Bell Labs[3]

have been devoting their efforts to developing fiber related
products. Until now, optical fibers have found their appli-
cations in fields of communication, medical science, sen-
sors, and art decoration[4–6]. Among these applications in
different fields, optical fiber sensors have been put into
practical use in human health, resource exploration,
and safety insurance in harsh environments because fibers
are immune to electromagnetic interference, light in
weight, and easy to integrate. Nowadays, researchers have
developed optical fiber sensors for physical parameters
such as temperature, vibration, acceleration, minor defor-
mation, and pressure, which can be used for single-point or
distributed sensing[6–8]. A Fabry–Perot (FP) interferometer
is a conventional tool in optics, and it is always used to fab-
ricate an FP cavity to achieve measurement of certain char-
acters. In optical fiber sensors, an FP cavity is often
designed for temperature and pressure sensing[9–12]. When
it comes to temperature sensing, fiber Bragg gratings
(FBGs) are more sensitive, which can convert the change
of surrounding temperature to the shift of the wavelength
of reflection light[13–16]. However, the FBG sensor and FP
cavity are always separately used for temperature and pres-
sure sensing. In the recent decade, researchers have spared
efforts to combine an FBG with an FP cavity for simulta-
neous temperature and pressure sensing[17–19]. The FP
cavities were popularly fabricated by a glass diaphragm
for high accuracy under pressure with the magnitude of kil-
opascals (kPa), which is much lower than the pressure dis-
cussed in this article. In addition, FP cavities can be
cascaded for simultaneous measurement of temperature
and strain[20], which indicates that simultaneous measure-
ment of multiple parameters can be achieved through this
method. As for pressure and temperature simultaneous
measurement, there are many approaches, among which

a cascaded FP cavity sensor is a typical means; Ref. [21]
gives a detailed description about this kind of sensor.

In this article, an FP cavity is cascaded with an FBG to
form an optical fiber temperature and pressure sensor,
where the FBG is designed to conduct temperature sens-
ing with the FP cavity used to sense pressure. For sensors
based on the FP cavity combined with the FBG, there
exist many obstacles in practical use, such as the creeping
of the FBGs and the hydrogen loss of the FP cavity. Here,
the pigtail of the FBG was used to fabricate one of the end
faces of the FP cavity; through this, the creeping of the
FBG induced by glue can be avoided. The sensor was
encapsulated in a stainless steel pipe; in this way, the
FP cavity can be isolated with liquid, and the hydrogen
loss can be weakened. The response of the FBG wave-
length to temperature and the response of the FP cavity
length to pressure were measured by changing the sur-
rounding atmosphere; besides, the demodulation process
was optimized to distinguish the variation of temperature
and pressure, through which the cross-sensitivity of them
can be avoided. Compared with other FBG and FP cavity
fiber sensors, the FBG and FP cavity cascaded sensors
here can bear pressures as high as 100 MPa and can be
used in a petroleum field to get the oil well profiling.

The temperature and pressure optical fiber sensor probe
was integrated by an FBG and an FP cavity, and the sensor
structure can be exhibited through Fig. 1. A type-I FBG
with the wavelength of 1526 nm was written on naked
fiber after being H2-loaded by a UV laser. Subsequently,
one end of the fiber with the FBG was used as an end face
of an FP cavity, the other naked fiber acted as the contrary
face, and then the two naked fibers were fixed after melting
of a hydrogen–oxygen flame. Therefore, an FP cavity was
formed within a glass capillary. As is shown in Fig. 1, the
distances of the soldered dots of the two fibers to the respec-
tive end faces were L1 and L2, the distance of the two sol-
dered dots was L, and the length of the FP cavity was d.
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In this Letter, the inner and outer diameters of the
capillary were 0.127 and 0.3 mm, respectively, the original
FP cavity length d was about 125 μm, and the distances
from the two soldered dots to the end face of the FP cavity
L1 and L2 were 5 and 20 mm, respectively.
The wavelength of the FBG can be affected by the sur-

rounding temperature and strain, and the influence can be
formulated by Eq. (1) as follows:

Δλ∕λ ¼ ðαþ ζÞΔT þ ð1− PeÞε: (1)

Here, λ is the wavelength of the FBG,Δλ is the variation
of the wavelength, α, ζ, and Pe are the thermal expansion,
thermal optical, and elasto-optical coefficient of the fiber,
ΔT is the variation of the surrounding temperature, and ε
is the strain of the FBG[22]. When the FBG is only affected
by temperature, the temperature can be demodulated by
the wavelength of the FBG. In this way, FBGs can per-
form as temperature sensors.
As for the FP cavity, when pressure was exerted on the

cavity through the pressurized hole in Fig. 1(b), the glass
capillary would deform, and then the cavity length
changed. In this experiment, the sensors were filled with
hydraulic fluid, through which the outside pressure is con-
verted to the FP cavity. This FP cavity length variation
can be described by

Δd ¼ Lr2o
Eðr2o − r2i Þ

ð1–2μÞp: (2)

In Eq. (2), Δd is the change of the FP cavity length, L is
the distance between the two soldered dots, ri and ro are
the inner and outer diameters of the glass capillary, E and μ
are the Young’s modulus and the Poisson ratio of the fiber,
and P is the ambient pressure[23]. It can be concluded that
the ambient pressure could be demodulated by the varia-
tion of the cavity length. However, the Young’s modulus
E can be affected by temperature, and thus the FP cavity
length will also be changed, as shown in Eq. (3):

E ¼ E0ð1–25αTÞβ: (3)

In Eq. (3), α is the linear thermal expansion coefficient
of the fiber, and β is the correction factor[24,25]. When an
FBG is cascaded with an FP cavity, the influence of tem-
perature on the FP cavity can be compensated. As is

shown in Fig. 1, when the temperature change ΔT , L,
L1, and L2 would change linearly, assuming that the linear
thermal expansion coefficients of the capillary and fiber
are α1 and α2, then the thermal expansion was

L·α1·ΔT ¼ L1·α2·ΔT þ L2·α2·ΔT þ Δd: (4)

Equation (4) can be translated into

Δd∕ΔT ¼ L·α1 − L1·α1 − L2·α2: (5)

That is to say, when an FP cavity only suffers from tem-
perature variation, the original cavity length is linearly
changed with temperature.

According to the sensing principle, the FBG and FP
cavity cascaded fiber sensors can realize sensing of temper-
ature and pressure simultaneously, and the demodulation
procedure can be conducted as Fig. 2.
1. TemperatureT can be calculated through the relation

of the FBG wavelength λ and the surrounding
temperature.

2. The original FP cavity length d0 and the linear coef-
ficient α (a ¼ Δd∕ΔP) between ambient pressure and
cavity length under surrounding temperature T can
be figured out.

3. Pressure P can be demodulated through the measured
cavity length d and the linear coefficient a.

After demodulation, surrounding temperature T and
ambient pressure P can be measured at the same time;
meanwhile, the cross-sensitivity of temperature and pres-
sure can be eliminated in the FBG and FP cavity cascaded
fiber sensor.

The reflection spectrum of the FBG and FP cavity cas-
caded fiber sensor at room temperature and standard
atmosphere pressure was shown in Fig. 3, and the inset
gives the experiment setup. Pressure from 0 to
100 MPa was artificially controlled and imposed on the
fiber sensors through the pressurized hole, and the optical
fiber pigtail of the sensor was connected to a personal com-
puter (PC) for data acquisition. The sensors were placed
in an oven at a certain temperature of room temperature
(RT) to 175°C. The wavelength of the FBG can be mea-
sured directly, and the FP cavity length was calculated
through the multi-peak demodulation algorithm. Then,
the temperature and pressure sensing process will be

Fig. 1. (a) Schematic diagram and (b) practical picture of a fiber
temperature and pressure sensor probe; (c) microscope image of
the FP cavity.

Fig. 2. Demodulation process of the FBG and FP cavity cas-
caded fiber sensor.
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discussed in detail in Figs. 4–7, and the curves are com-
puted from the measured data.
According to the demodulation process, the surround-

ing temperature was measured by the FBG, and the
response of the FBG wavelength to the variation of the
temperature was diagrammatically represented in Fig. 4.
The wavelength of the temperature sensing FBG was set
at 1526 nm at room temperature.
With rising of temperature, the wavelength of the FBG

increased linearly, the curve can be fitted by primary func-
tion as follows: λ ¼ 0.0103T þ 1525.568, and the
linear correlation coefficient is 0.9999. Using the fitting

formula, the surrounding temperature can be detected.
The sensor can withstand a temperature up to 175°C.

Parameters of the FP cavity, such as original cavity
length and response coefficient of cavity length to pres-
sure, are sensitive to temperature. After obtaining the sur-
rounding temperature, the parameters can be calculated
through Fig. 5. From Eqs. (2) and (3), it is apparent that
when temperature is increased, Young’s modulus E will
increase; therefore, the linear coefficient α decreases,
which agrees with the red curve in Fig. 5. Equations (4)
and (5) demonstrate that the original FP cavity length
will also change linearly with temperature, as can be seen
in the black curve of Fig. 5.

AsshownbyEq.(2),atacertaintemperature,theFPcavity
length will be linearly changed with ambient pressure,
and Fig. 6 verifies this. When the surrounding temperatures
are set at room temperature, 100°C, and 150°C, the fitting
curves of the FP cavity length’s response to pressure are
d ¼ −294.69P þ 128;781.34, d ¼ −288.57Pþ 128;922.11,
and d ¼ −284.83P þ 129;009.39, respectively, and the
correlation coefficients are all 0.999,99. The tendency of the
original FP cavity length d0 and cavity length and
pressure coefficient α agrees with that of Fig. 5. The
maximum external pressure of the fiber sensor is higher than
100 MPa, but the measured pressure in this experiment

Fig. 3. Reflection spectrum of the FBG and FP cavity cascaded
fiber sensor (with experiment setup in the inset).

Fig. 4. Response curve of the FBG wavelength to temperature
variation.

Fig. 5. Dependence of FP cavity original length and linear cavity
length pressure coefficient on temperature.

Fig. 6. Response curves of FP cavity length to ambient pressure
at different temperatures.

Fig. 7. FP cavity length stability of the sensor.
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wasupto100MPaduetotheconfinementoftheexperimen-
tal faculty.Then,theFPcavitylengthstabilityofthesensor
was studied, as shown in Fig. 7. The demodulation instru-
ment softwares for theFBGandFPcavitywereSmartScan
and ENLIGHT from Micron Optics, and the resolutions
were0.01pmand0.1nm,respectively.Thus,theresolutions
for the temperature and pressure sensor were 0.001°C
and 0.003 MPa. Besides, considering the resolution of the
instrument and error of the system, the cross-sensitivity
of the FBG and FP cavity cascaded fiber sensor was
0.006 MPa/°C.
The FP cavity length response to the ambient pressure

was recorded for both pressure upward and downward,
and Fig. 7 shows the typical upward and downward cavity
length deviations from the average length in the range of
0–71 MPa at the temperature of 100°C on different days.
Obviously, the FP cavity length was relatively stable on
different days with only a 4 nm shift, converted into pres-
sure of 0.014 MPa. That means the repeatability of the FP
cavity can reach 0.01% full scale (F.S).
For the FBG and FP cavity cascaded optical fiber sen-

sors encapsulated by stainless steel, as shown in Fig. 1, the
sensor probes were isolated from the surrounding atmos-
phere, and the stress out of the steel can be neglected.
Besides, the sensor probes were analyzed without consid-
ering the fiber fatigue, and they can work normally within
one month with the FP cavity lengths varied for several
nanometers. Considering the fiber fatigue, the signals of
the sensor probes are prone to attenuation, which can
be solved by carbon and polyimide coating, and the
relative results will be discussed elsewhere.
After the optical fiber temperature and pressure sensors

were well capsulated with stainless steel, one typical sen-
sor probe was practically used in the Shengli Oil Field. The
chosen oil well is 3050 m in depth, and the probe was put
down the well with a speed of 12 m/min. The logging
profiling in the depth range of 2850 to 3050 m achieved
through the sensor probe is shown in Fig. 8. The profiling
can be divided into three parts: the first ones were
achieved when the probe was dropped from the depth
of 2850 to 3050 m, the second ones were the duration when
the probe was located at the depth of 3050 m, and the final

parts were plotted when the probe was lifted from the bot-
tom of the well to the depth of 2850 m.

While the sensor probes were measured in the lab, the FP
cavity and FBG were encapsulated with a stainless steel
tube, the tubes were filled with hydraulic fluid to simulate
the oil well conditions, and the sensor probes were put in an
oven to achieve high temperatures. Through this, the
temperature and pressure monitoring in a deep well with
complex and harsh environmental changes was achieved.
When the sensor was put in the Shengli Oil Field, the probe
worked to accomplish the oil monitoring.

The pressure and temperature at the bottom of the oil
well acquired through the optical fiber sensor were
27.55 MPa and 128.5°C, respectively, which were a little
smaller than the values of 27.6 MPa and 130.5°C mea-
sured by electric devices. The data manifested from this
kind of optical fiber sensor showed preferable performance
and could find wide application prospects.

The optical fiber sensor was cascaded by an FBG and an
FP cavity. The FBGwas responsible for temperature sens-
ing with the temperature ranging from room temperature
to 175°C, and the wavelength of FBG changed linearly
with temperature; meanwhile, the FP cavity worked for
pressure sensing, and the measured pressure can be as
high as 100 MPa with a repeatability of 0.01% F.S. For
demodulation, the temperature was first calculated
through the wavelength of the FBG, then the original
FP cavity length and pressure and cavity length coeffi-
cient of the temperature were collected, and finally the
pressure was given as a result of the pressure and cavity
length coefficient and the measured cavity length, through
which temperature and pressure can be sensed simultane-
ously. The sensor has excellent properties such as stability,
repeatability, and accuracy and can be used in environ-
ments with high temperature and pressure, like an oil well,
to monitor its safety production, which has been verified
in the Shengli Oil Field.
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