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Abstract. A novel fiber optic pressure sensor system with self-
compensation capability for harsh environment applications is reported.
The system compensates for the fluctuation of source power and the
variation of fiber losses by self-referencing the two channel outputs of a
fiber optic extrinsic Fabry-Pérot interfrometric (EFPI) sensor probe. A
novel sensor fabrication system based on the controlled thermal bonding
method is also described. For the first time, high-performance fiber optic
EFPI sensor probes can be fabricated in a controlled fashion with excel-
lent mechanical strength and temperature stability to survive and operate
in the high-pressure and high-temperature coexisting harsh environ-
ment. Using a single-mode fiber sensor probe and the prototype signal-
processing unit, we demonstrate pressure measurement up to 8400 psi
and achieved resolution of 0.005% (2s50.4 psi) at atmospheric pres-
sure, repeatability of 60.15% (613 psi), and 25-h stability of 0.09% (7
psi). The system also shows excellent remote operation capability when
tested by separating the sensor probe from its signal-processing unit at a
distance of 6.4 km. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1917570]

Subject terms: fiber optic sensors; Fabry-Perot; interferometers.
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1 Introduction

Accurate pressure measurement in harsh environment is e
sential in many industrial processes. For example, pressu
information of the underground oil reservoir is one of the
most commonly used parameters to determine the quanti
of the oil reserve and to optimize the operation of oil
extraction.1–3 In many applications, conventional pressure
sensors are often found to have difficulty withstanding se
vere environmental conditions. This situation has opened
new but challenge opportunity for the sensor society to pro
vide robust, high-performance, and cost-effective pressur
sensors capable of operating in various harsh environment

Optical-fiber-based sensors have many advantages ov
conventional electronic sensors for harsh environment ap
plications. These include small size, lightweight, immunity
to electromagnetic interference, resistance to chemical co
rosion, avoidance of ground loops, high sensitivity, huge
bandwidth, capability of remote operation, and ease of in
tegration into large-scale fiber networking and communica
tion systems.4 These advantages have promoted a world
wide research activity in optical fiber sensors for harsh
environment applications.4,5 Optical fiber pressure sensors
have been demonstrated based on various mechanisms
cluding microbending,6 photoelastics,7–9 and fiber gratings
sensors.10–12

Optical fiber extrinsic Fabry-Pe´rot interferometers~EF-
PIs! have been developed into pressure sensors.13–16 Com-
pared to fiber optic Mach-Zehnder and Michelson interfero-
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metric sensors,17,18 the EFPI sensor has the advantages
smaller size and the immunity to the polarization fadin
Moreover, because the reference and signal waves
packed very closely together, there is a potential advant
to minimize the temperature dependence of the sensor

The simplest signal-processing method for the EFPI s
sors is direct interference fringe counting, which has be
the dominant signal-processing method in early EFPI s
sors. However, if the measurement range exceeds ha
the interference fringe, due to the nonlinear and perio
nature of the sinusoidal interference fringes, the fring
counting method suffers from problems such as sensiti
reduction and fringe direction ambiguity when the sen
reaches peaks or valleys of the interference fringe. P
posed by Murphy et al., it was possible to count fring
bidirectionally using a quadrature-phase-shifted tw
interferometer structure.19 However, it was found difficult
to maintain the exact phase difference between these
interferometers in practical applications.

More recently, several signal-processing methods t
have been developed for other types of fiber interferome
were reported being used in EFPI sensors. Steward et20

reported their research on applying laser waveleng
modulation-based heterodyne interferometry to demodu
the interference signal of EFPI sensors. White light sc
ning interferometry has also been used for EF
sensors.21,22 These systems used a second interferom
with its optical path difference scanned to match the opti
path difference of the EFPI sensor. Lo and Sirkis23 and
Schmidt and Furstenau24 reported using multiple wave
lengths to interrogate the EFPI cavity length. The dynam
-1 May 2005/Vol. 44(5)
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Fig. 1 Illustration of the principle of fiber optic sensor system: PD, photodetector; BP filter, bandpass filter; ND filter, neutral density filter; BS,
beamsplitter.
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range of the measurement was increased because the
tive wavelength of this technique became the beat wa
length of the multiple sources, which was much larger th
that of a single source. However, the stability of the sen
was a concern because the wavelengths of the mul
sources could drift in different directions.

Fiber EFPI sensors have been commonly fabricated
inserting two endface-cleaved fibers into a capillary tu
with a proper inner diameter.25 Epoxies have been used
bond the fibers to the capillary tube. Although extens
research has been conducted to find high-performance
oxies to fabricate EFPI sensor probes, the fabricated
sors generally failed to provide satisfactory performance
terms of mechanical strength and thermal stability. Anot
constraint of the epoxy-based sensors is that the maxim
operating temperature is limited by that of the epoxy, wh
is relatively low. Because epoxies have a coefficient
thermal expansion~CTE! inherently different from that of
the fibers and the tube, epoxy-bonded sensors are us
very sensitive to temperature changes, which makes it
ficult to use those sensors to measure parameters other
temperature. It is also found difficult to control the sens
initial cavity length and the bonding size due to the re
tively long curing time of the epoxy. Furthermore, the v
cosity of the epoxy bonding will also degrade the frequen
response of the EFPI sensor in the case where h
frequency signals must be measured.

In summary, although optical-fiber-based pressure s
sors have the potential opportunity to replace the majo
of conventional electronic pressure transducers in existe
in today’s sensor market, technical difficulties still exist a
delay this becoming a reality. The most common conce
of fiber optic pressure sensors include the stability is
and the cross-sensitivity among multiple environmental
rameters. The fluctuation of source power and the chang
fiber loss can easily introduce errors to the measurem
results, which make most optical-fiber-based sensors
stable. Although the source power fluctuation can be co
pensated by monitoring a portion of the light split from t
source at the input to the fiber, this compensation does
include the loss fluctuation of the fiber path from the sou
to the sensor probe and back to the signal-processing
054403Optical Engineering
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In practical applications, the fiber link from the source
the sensor may be long and subject to environme
dependent loss variations. Therefore, a complete comp
sation requires not only covering the source power fluct
tion but also the fiber losses. The fact that most fib
sensors are cross-sensitive to temperature also makes i
ficult to use fiber optic sensors to measure parameters o
than temperature in many practical applications.

In this paper, we present a fiber optic EFPI press
sensor with self-compensation capability for harsh envir
ment applications. The system compensates for the fluc
tion of source power and the variation of fiber losses
self-referencing the two channel outputs of a fiber op
EFPI sensor probe. Because the two channel signals
derived from the same optical source and propagate
same length of fiber, the source power fluctuation and
fiber loss variations can be completely compensated by
ing the ratio of these two signals. The sensor probe is
signed and fabricated to operate within a portion of the h
interference fringe so that the ambiguity of direction in tr
ditional fringe counting can be circumvented.

2 Principle of Operation

2.1 System Configuration

The basic configuration of the fiber sensor system can
illustrated using Fig. 1. The system includes a sensor pro
a broadband source, an optoelectronic signal-proces
unit, and optical fibers linking the sensor probe and
signal-processing unit.

The light from the broadband optical source~e.g., an
LED! is launched into a 50% fiber coupler through t
pigtailed fiber, and propagates along the optical fiber to
sensor head. The sensor head is constructed by inse
two optical fibers, with their endfaces cleaved, into a ca
illary tube so that an air-gaped low-finesse Fabry-Pe´rot cav-
ity is formed between the two fiber endfaces, as shown
the enlarged view of the sensor head. The incident ligh
first partially reflected~;4%! at the endface of the inpu
fiber. The remainder of the light propagates across the
gap to the endface of the reflector fiber, where a sec
reflection ~;4%! is generated. The two reflections the
-2 May 2005/Vol. 44(5)
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Xiao et al.: Fiber optic pressure sensor . . .
travel back along the same fiber and through the same
coupler to the signal-processing unit. The signal process
unit of the sensor system extracts the information of
Fabry-Pe´rot cavity length, which is related to various me
surands governed by the corresponding physical laws.

2.2 Signal Processing

As shown in Fig. 1, the reflected light from the sensor he
is split into two channels by a polarization insensiti
beamsplitter~BS!. Channel 2 passes an optical bandp
~BP! filter with its center wavelength aligned with the ce
ter wavelength of the broadband source. Channel 1 pa
through a neutral density~ND! filter so that the light inten-
sity at photodetector 1~PD1! is balanced to that at photo
detector 2~PD2!. The light in channel 1 remains its origina
spectral width~broadband spectrum!, while the light in
channel 2 has a narrower spectrum because the spec
width of the optical BP filter is narrower than the sour
spectrum.

Because of the low reflectance of the fiber endfaces,
interference signals resulting from the two channels can
approximated by two-beam interferometry. AssumeI s1 ,s2

are the spectral power densities of the two channels, res
tively, and take an infinitesimal section of the spectru
with a spectrum width of dl, the interference signals of th
two chennels resulted from this small spectrum are gi
by26

dI 1,25RIs1 ,s2
dl1R~12R!I s1 ,s2

dl

12$~RIs1 ,s2
dl!@R~12R!I s1 ,s2

dl#%1/2

3cosS 4p

l
L1f0D , ~1!

whereR is the reflectance at the boundary of the air and
fiber endface,L is the cavity length, andf0 is the initial
phase difference of the two light waves.

The interference signals of the two channels are the
fore the result of integration of Eq.~1! over their entire
spectra, which is given by

I 1,25E
2`

` F2RIs1 ,s2
2R2I s1 ,s2

12R~12R!1/2I s1 ,s2
cosS 4p

l
L1f0D Gdl. ~2!

The reflectance at the fiber endfaces is approximately
of the total incident optical power. Because the reflecta
is relatively small, the interference signals given by Eq.~2!
can thus be further approximated by

I 1,2'2RE
0

`

I s1 ,s2
~l!F12cosS 4p

l
L1f0D Gdl. ~3!

In principle, continuously tracking the phase change of
interference fringes of the two channels would measure
sensor cavity change in length. However, the fiber l
variations and the source power drift could introduce err
to the amplitude of the interference signal and result i
054403Optical Engineering
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poor accuracy of the measurement. To avoid these two
verse effects, we introduce the output from channel 1 to
signal processing as a reference signal, and the sensor
tem output is evaluated as the ratio of the two signals of
two channels, given by

s5
I 2

I 1
5

*2`
` I s2

~l!$11cos@~4p/l!L1f0#%dl

*2`
` I s1

~l!$12cos@~4p/l!L1f0#%dl
. ~4!

From the theories of optics, we know that the coheren
length of a source is inversely proportional to its spect
width. If the optical path difference~OPD! of the interfer-
ometer is larger than half the coherence length of the sou
being used, the two optical waves will not effectively inte
fere to generate interference fringes. As mentioned, the
channels have different spectral widths because of the
of the optical bandpass filter in channel 2. They thus ha
different coherence lengths.

Figure 2~a! shows the calculated interference signals
the two channels as a function of the cavity length based
Eq. ~3!, where the interference signal strengths have b
normalized with respect to their total powers, and t
source is assumed to be an LED. The center wavelengt
the LED is 1310 nm and the spectral width is 70 nm. T
optical bandpass filter has a center wavelength of 1310
and a spectral width of 10 nm. The source spectrum and
transmission spectrum of the optical bandpass filter are
lustrated in Fig. 2~b!.

If we fabricate the sensor probe in such a way that it h
an initial cavity length that is larger than the coheren
length of channel 1 but smaller than the coherence lengt
channel 2, then, as shown in Fig. 2~a!, channel 1 becomes
the noninterference channel with its intensity relatively u
changed asI 152RI10, whereI 10 is the average power o
channel 1. Channel 2 remains its highly visible interferen
fringes as the cavity length changes, which can be furt
simplified to

I 252RI20F11g cosS 4p

l̄
L1f0D G , ~5!

whereI 20 is the average optical power of channel 2;l̄ is the
mean wavelength of channel 2; andg is the fringe visibility
of the interference signal, which is defined by

g5
I 2,max2I 2,min

I 2,max1I 2,min
, ~6!

where I 2 max and I 2 min are the maximum and minimum
powers of the optical interference signal, respectively. T
fringe visibility in our case is a function ofR and L, and
most importantly the spectral width of the light source.

When the cavity length is longer than half the coheren
length of channel 1 but shorter than that of channel 2,
ratio of the two channel’s signals becomes

s5
I 2

I 1
'aF11g cosS 4p

l̄
L1f0D G , ~7!
-3 May 2005/Vol. 44(5)



Xiao et al.: Fiber optic pressure sensor . . .
Fig. 2 (a) Interference signals as a function of the sensor cavity length and (b) the source spectrum (spectral width, 70 nm) and the transmis-
sion spectrum of the optical bandpass filer (spectral width, 10 nm).
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wherea5I 20/I 10 is the ratio of the average optical powe
of the two channels. Figure 3~a! plots the ratio given by Eq
~7! as the function of the sensor cavity length. Because
two channel signals are from the same source and exp
ence the same transmission paths, they record the s
information of source power fluctuation and fiber lo
variations. Thea in Eq. ~7! becomes a constant. The rat
of the outputs from channel 2 and channel 1 is only a fu
tion of the Fabry-Pe´rot cavity length~L!. The two sources
of errors can thus be eliminated from the final result
measurement. Because channel 2 uses a narrow ban
filter to slice a small portion of the spectrum of the broa
band source,I 20 is significantly smaller thanI 10. To mini-
mize the division error, the optical powers of the two cha
nels are balanced roughly by inserting a neutral den
filter in channel 1 before PD1, as shown in Fig. 1. T
small residual power imbalance is further balanced
adjusting the gains of the electric amplifiers of the tw
channels.
054403Optical Engineering
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If we design and fabricate the sensor probe to ope
only over the semi-linear range of a half fringe, as shown
Fig. 3~b!, a one-to-one quantitative relation between t
output intensity and the sensor cavity length is obtain
Note that both the increasing side and decreasing side o
interference fringe can be used for measurement. When
posed to an external pressure, the sensor cavity len
changes correspondingly. After a calibration process t
correlates the sensor cavity length change to known p
sures, the output intensity can thus be used to measure
applied pressure.

3 Sensor Probe Design

The geometry of the fiber optic pressure sensor prob
illustrated in the enlarged view of sensor head, as show
Fig. 1. When a hydrostatic pressure is applied, the capill
tube will deform, and as a consequence the cavity len
will change. By monitoring the sensor cavity leng
change, the applied pressure can thus be measured.
Fig. 3 (a) Ratio of the two-channel signals and (b) illustration of the semilinear operating range of the interference fringe.
-4 May 2005/Vol. 44(5)
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Xiao et al.: Fiber optic pressure sensor . . .
sensor probe is designed to be immersed in hydraulic fl
in actual applications, for example, in underground oil r
ervoir, effects in both the longitudinal and the transve
directions should be considered in modeling its press
response.

If we assume that the capillary tube has an outer rad
of r o and an inner radius ofr i , the sensor cavity length
change (DL) resulting from the applied pressurep can be
expressed as27,28

DL5
L

E
@sz2m~s r2s t!#, ~8!

whereL is the effective sensor gauge length defined as
distance between the two thermal bonding points,E is the
Young’s modulus, andm is the Poisson’s ratio of the capi
lary tube. For fused silica glasses,E574 GPa andm50.17.

In Eq. ~8!, three pressure-induced stresses have b
considered:s r is the radial stress,s t is the tangential
stress, andsz is the longitudinal stress. These three stres
can be calculated by the following equations:

s r5
r o

2

r o
22r i

2 S 12
r i

2

r o
2D ~p2p0!, ~9!

s t5
r o

2

r o
22r i

2 S 11
r i

2

r o
2D ~p2p0!, ~10!

sz5
r o

2

r o
22r i

2 ~p2p0!, ~11!

wherep is the applied pressure, andp0 is the internal pres-
sure inside the cavity.

Combining Eqs.~8! through ~11!, the cavity length
changeDL can be related to the applied pressurep by

DL5
Lr o

2

E~r o
22r i

2!
~122m!~p2p0!. ~12!

Equation~12! indicates that the change of the sensor cav
length is proportional to the difference of the applied pr
sure~p! and the internal pressure (p0). Therefore, the sen
sor can be directly used as a differential pressure gaug
the initial sensor cavity length is calibrated to a know
pressure, we can use the sensor to measure the abs
pressure by monitoring the change of the cavity length.

Temperature cross-sensitivity is a concern for any pr
sure sensor. In the EFPI structure, the temperature effe
partially compensated because the capillary tube expand
enlarge the gap while the fibers expand to reduce the
when temperature increases. However, this is true to s
extent. The residual temperature effects can be attribute
the difference between the thermal expansion coefficie
~TECs! of the fiber and the tube, and the thermal expans
of the uncompensated gap portion~L!. As the gauge length
reduces to achieve a large dynamic range, the tempera
054403Optical Engineering
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effect becomes worse. A detailed investigation of the te
perature cross-sensitivity of the fiber pressure sensor
be reported in a separate paper.

4 Sensor Probe Fabrication

4.1 Controlled Thermal Bonding

To survive a high-pressure and high-temperature coexis
harsh environment, fiber sensor probes must be fabrica
with good mechanical strength and high thermal stabil
In addition to survivability, the sensor probe also must d
liver demanding performance. The bonding should not ha
adverse effects on the optical properties of the fiber wa
guide. The initial cavity length of the sensor probe must
accurately adjusted to a certain optimal value so that
signal channel can produce interference fringes with go
fringe visibility while the reference channel excludes a
interference effect. The initial sensor operating point a
must be precisely adjusted to the starting point of the se
linear portion of the interference fringe. This enables t
operating range of the sensor to cover the full semiline
portion of the interference fringe. The sensor effecti
gauge length~the distance between the two bonding poin!
must be controlled within a tight tolerance so that the fa
ricated sensors have predictable and repeatable pe
mances. The fabrication of the sensor should be autom
or semiautomatic so that the sensor can be made in a l
quantity with good repeatability and at a low cost.

The key challenge is then to permanently bond the c
illary tube and the fibers together in a controlled fashio
Apparently a conventional epoxy-based sensor structur
not a valid solution. Telecommunication optical fibers a
made by doping very small amount of germanium into pu
silica glass. Silica glass is an amorphous material. By
cally heating the fiber and tube assembly to a tempera
above which the glass is softened, the silica tube and
optical fiber can flow into each other and locally join t
form a solid bond.

4.2 System Configuration

An automated sensor fabrication system was develo
based on the controlled thermal bonding technique.
shown in Fig. 4, the automated sensor probe fabricat
system includes three subsystems. They are the high-en
carbon dioxide (CO2) laser, providing the heating power t
thermally fuse the optical fiber and the capillary tube t
gether; the computer-controlled micromotion stage syst

Fig. 4 Schematic of the automated sensor fabrication system.
-5 May 2005/Vol. 44(5)
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Xiao et al.: Fiber optic pressure sensor . . .
to enable real-time accurate adjustment of the sensor ca
length and the effective gauge length; and the fiber o
white light spectrum interferometry signal-processing u
to monitor the cavity length of the sensor in real-time d
ing fabrication. A personal computer is used to coordin
these three subsystems so that the CO2 laser output power,
the motion of the stages, and the sensor cavity leng
can be precisely controlled during the sensor fabricat
process.

The CO2 laser used in the system is a SYNRAD, Inc
Model 48-2. The wavelength emitted by the laser is 1
mm, and the maximum output power under continuo
mode operation is 25 W. When the silica glass materia
exposed to the laser beam, it absorbs the optical energy
converts it to thermal energy, which enables the silica gl
materials to be heated locally up to very high temperatu
Through a specially designed interface, the output po
and the duration of the laser output can be precisely c
trolled to generate an optimal heating trajectory, which n
mally includes a preheating section, a thermal fusion s
tion, and an annealing section.

The white light fiber interferometric subsystem provid
real time measurement of the sensor cavity length du
the fabrication process. Illuminating the sensor probe w
a broad-spectrum source, the sensor cavity length is m
sured by demodulating the interference spectrum of
sensor probe.29 A computer program was developed to d
modulate the interference spectral signals so that the ca
length of the sensor can be monitored accurately while
sensor is fabricated. The standard deviation of the w
light subsystem was measured to bes50.001mm.

During the sensor fabrication, the fibers and the capill
tube must be kept precisely aligned. The bonding distan
which determines the sensor effective gauge length,
needs to be precisely controlled. Several ultraprecise
cropositioning stages are used to enable precisely mo
the two fibers in three dimensions. The sensor cavity len
can thus be accurately adjusted to the preset value.

Figure 5 shows a microscopic photograph of a typi
sensor probe. We can clearly see the sensor cavity for
by the fiber endfaces and the two fusion points. The sh
est sensor gauge length that can be fabricated with the
tem is about 0.5 mm. It is very difficult to further reduc
the sensor gauge length because the fiber endfaces ca
damaged, resulting from the too-close fusion point.

Fig. 5 Microscopic photograph of the sensor probe (gauge length,
1.5 mm; initial cavity length, 25.740 mm).
054403Optical Engineering
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5 System Design and Implementation

A prototype sensor system was designed to operate a
center wavelength of 1310 nm and to use single-mode fi
to transmit optical signals between the sensor probe
the signal-processing unit. The source used for the sin
mode fiber-based system is a high-power superlumines
light-emitting diode ~SLED! provided by Anritsu Corp.
~AS3B281FX!, with a center wavelength of 1310 nm,
spectral width of 40 nm, and an output power of 1.21 m
from a 9/125-mm pigtailed single-mode fiber.

A polarization-insensitive BS with a splitting ratio o
50:50 at the wavelength of 1310 nm was used to split
light signal from the sensor head into two channels. At o
channel, the light passed an optical ND filter and was
tected by a large-effective-area InGaAs PD and amplifi
to offer the reference signal. The light in the other chan
passed through an optical BP filter with its center wav
length at 1310 nm and an FWHM spectral width of 10 n
Because the spectral width of this channel is much n
rower than that of the other channel, an interferometric s
nal can thus be obtained after the photodetection.

The signal-processing requires a ratio function to co
pensate for the unwanted optical power fluctuation. T
ratio of the two channels is performed digitally through t
host computer. A 23-bit data acquisition system purcha
from Lawson Labs Inc. was used in the system to conv
the analog output from the two channels to digital da
Computer programs were written to interface the analog
digital ~A/D! system so that two channels were samp
alternatively. A finite impulse response~FIR! filter was de-
signed in the software to further filter the high-frequen
noise. After the dark current correction, the ratio of the tw
channels data was mapped to pressure output through
prestored calibration curve.

6 Experiments and Results

6.1 Pressure Sensor Calibration

Before the sensor system can be used for actual pres
measurement, it must be calibrated to relate the output r
to the applied pressure. The sensor calibration is condu
by applying known pressures to the sensor within the se
linear operating range. The one-to-one relation between
sensor output and the applied pressure forms the calibra
curve, which can be stored in the host computer and la
used to convert the sensor output to the pressure read

The sensor calibration system was constructed ba
on a computer-controlled high-performance press
generator/controller manufactured by Advanced Press
Products, Inc. The system configuration is shown in Fig
The pressure controller/generator can supply a hydros
pressure up to 20,000 psi, and the accuracy of the pres
output is 0.1% of the full scale.

During the calibration process, the pressure sensor
installed inside the pressure calibration chamber. The
drostatic pressure was applied to the sensor at the in
ment of 1/40 of the estimated linear range of the press
sensor. The built-in pressure gauge of the calibration s
tem measured the hydrostatic pressure inside the cham
and the system saved the data as applied pressures. A
same time, the output of the sensor system was sam
through the A/D converter and stored as another data
-6 May 2005/Vol. 44(5)
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Fig. 6 Block diagram of pressure sensor calibration/evaluation system.
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To ensure the accuracy of the calibration, the system h
the pressure at each step for about 50 s before movin
the next step. By taking the average within the pressu
holding period, the error was minimized. The one-to-o
relation of the applied pressure and the sensor output
then used to find the calibration equation through poly
mial fitting. Usually, the calibration curve was obtained
taking the average of several consecutive calibration dat
further ensure the accuracy of calibration. Figure 7 plots
sensor outputs versus the applied pressures resulting
the calibration process. The sensor used in the test w
single-mode fiber sensor with the gauge length of 0.5 m
an initial cavity length of 25.46mm, and an interference
fringe visibility of 70%.

6.2 Resolution

The resolution of the sensor system can be interpreted
its standard deviation of pressure measurements. It is c
mon to use twice the standard deviation as the direct m
sure of resolution. The evaluation of the sensor resolu
was performed using a calibrated sensor with the lin
range of 8400 psi. The sensor was exposed to the at

Fig. 7 Pressure sensor response to applied calibration pressures.
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o

s

a

y
-
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-

sphere where the pressure reading from the sensor sh
be zero. The data from the sensor system was sampled
rate of 10 samples/s for 3 min. The pressure measurem
outputs within the 3-min sampling period are plotted in F
8. The standard deviation of the pressure data within
time period was calculated to bes50.2 psi. Therefore the
resolution of the sensor system was estimated to be 2s50.4
psi. The normalized resolution with respect to the dynam
range~8400 psi! of the system was 0.005% of the full scal

Note that the resolution of the sensor is not const
within the entire operating range due to the nonlinear
ture of the interference signal. The test data at atmosph
pressure only gives an estimate. The evaluation of the
tem resolution at other pressures becomes difficult beca
of the instability of the pressure calibration system.

6.3 Repeatability

The repeatability of the sensor system was measured
applying pressure to a certain preset point repeatedly f
one direction~increasing or decreasing!. The largest differ-
ence of the sensor output readings were used to specify
repeatability of the sensor. The calibrated single-mode s

Fig. 8 Standard deviation of pressure measurement under atmo-
spheric pressure.
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Fig. 9 (a) Repeatability test of the pressure measurement and (b) deviation of the test results.
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sor was used to evaluate the repeatability of the syst
Two consecutive measurements up to the full opera
range of the sensor were performed with the results sh
in Fig. 9~a!. The deviation of the two measurement resu
with respect to the calibration data are plotted in Fig. 9~b!.

The maximum deviation between the measured pres
and the calibrated pressure was within613 psi. The nor-
malized repeatability of the sensor system with respec
its dynamic range~8400 psi! was therefore60.15% of the
full scale.

6.4 Stability

The same single-mode sensor with the operating rang
8400 psi was also used to test the system stability.
sensor was kept in the pressure test chamber of the
hydrostatic pressure calibration system for 25 h start
from 4:00 p.m. in the afternoon. The pressure of the cha
ber was maintained to the atmospheric pressure. The
acquisition system was programmed to sample the sens
output every 10 s. The test result is shown in Fig. 10. T
maximum peak-to-peak pressure variation within the 2
time period was about 7 psi. The normalized maximu
variation was thus about 0.09% of the full dynamic ran
of 8400 psi.

6.5 Pressure Measurement Over a Distance

One of the advantages of using a fiber optic sensor is
capability of remote operation. The pressure sensor pr
can be deployed to the remote site at a distance that is
away from its signal-processing unit. Pressure signals
be transmitted from the sensor probe back to the sig
processing unit through an optical fiber. Although the op
cal fiber attenuates the signal strength, and in real app
tions, the fiber attenuation might even vary as t
environmental parameters change, the designed pres
sensor system can compensate for the change of the
loss by self-referencing one channel’s signal to the othe

To test the remote operation capability of the sing
mode fiber pressure sensor system, we separated the s
probe from its signal-processing unit by inserting a spoo
optical fiber~SMF28™ by Corning Inc.!. The length of the
optical fiber was 6.4 km. With a typical loss of 0.3 dB/k
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at 1310 nm, the total round-trip loss of the signal was ab
4 dB. The pressure measurement results are plotted in
11~a!, and the deviations of the measured pressures and
applied pressures are shown in Fig. 11~b!. The sensor sys-
tem provided a reliable pressure measurement up to its
signed dynamic range of 8400 psi, of course, with a min
degradation of accuracy from613 to 628 psi.

7 Conclusions

A novel fiber optic pressure sensor with self-compensat
capabilities was developed to provide robust and relia
pressure measurement in a harsh environment. The se
system compensates for source power fluctuations and
loss variations by self-referencing its two channel outpu
The sensor achieves high resolution with very simple sig
processing by confining the operating range of the sen
within the semilinear portion of the half interference fring
which also circumvents the phase ambiguity problem.

A novel sensor fabrication system based on the c
trolled thermal bonding method was developed. The sen
fabrication system uses a CO2 laser to thermally fuse the
capillary tube and fiber together. The sensor fabrication s
tem provides real-time control and accurate adjustmen

Fig. 10 System stability test results for the period of 25 h.
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Fig. 11 (a) Remote pressure measurement and (b) deviation of pressure measurement performed at a distance of 6.4 km.
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the sensor cavity length and gauge length. For the first ti
high-performance fiber optic Fabry-Pe´rot sensor probes ca
be fabricated in a controlled fashion with excellent m
chanical strength and temperature stability that enhance
sensor’s capability of operating in harsh environments.

Using a single-mode fiber sensor probe with a dynam
range of 8400 psi, the performance of the pressure se
system was studied systematically. The system achie
resolution of 0.005%~2s50.4 psi! at atmospheric pressure
repeatability of60.15% ~613 psi!, and 25-h stability of
0.09%~7 psi!. Separating the sensor probe from its sign
processing unit at a distance of 6.4 km, the sensor sys
was also tested to show an excellent remote operation
pability.
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