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1 Introduction

Accurate pressure measurement in harsh environment is es=
sential in many industrial processes. For example, pressur
information of the underground oil reservoir is one of the
most commonly used parameters to determine the quantity
of the oil reserve and to optimize the operation of oil
extraction:™ In many applications, conventional pressure
sensors are often found to have difficulty withstanding se-
vere environmental conditions. This situation has opened a
new but challenge opportunity for the sensor society to pro-
vide robust, high-performance, and cost-effective pressure
sensors capable of operating in various harsh environments
Optical-fiber-based sensors have many advantages ove
conventional electronic sensors for harsh environment ap-
plications. These include small size, lightweight, immunity
to electromagnetic interference, resistance to chemical cor-
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 system$. These advantages have promoted a world- h
wide research activity in optical fiber sensors for harsh
environment applicatiors> Optical fiber pressure sensors
have been demonstrated based on various mechanisms i
cluding microbending, photoelastic$;® and fiber gratings

sensorg?!

Optical fiber extrinsic Fabry-Pet interferometer§EF-
Pls) have been developed into pressure se

nsoré Com-
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metric sensor$”*®the EFPI sensor has the advantages of
smaller size and the immunity to the polarization fading.
Moreover, because the reference and signal waves are
packed very closely together, there is a potential advantage
to minimize the temperature dependence of the sensor.
The simplest signal-processing method for the EFPI sen-
sors is direct interference fringe counting, which has been
the dominant signal-processing method in early EFPI sen-
sors. However, if the measurement range exceeds half of
the interference fringe, due to the nonlinear and periodic
nature of the sinusoidal interference fringes, the fringe-
counting method suffers from problems such as sensitivity
reduction and fringe direction ambiguity when the sensor
feaches peaks or valleys of the interference fringe. Pro-
posed by Murphy et al., it was possible to count fringes
bidirectionally using a quadrature-phase-shifted two-
interferometer structur€. However, it was found difficult
to maintain the exact phase difference between these two
interferometers in practical applications.

More recently, several signal-processing methods that
ave been developed for other types of fiber interferometers
were reported being used in EFPI sensors. Steward?8t al.
reported their research on applying laser wavelength-
"fodulation-based heterodyne interferometry to demodulate
the interference signal of EFPI sensors. White light scan-
ning interferometry has also been used for EFPI
sensorél??2 These systems used a second interferometer
with its optical path difference scanned to match the optical

pared to fiber optic Mach-Zehnder and Michelson interfero- path difference of the EFPI sensor. Lo and Sfkiand
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Schmidt and Fursten&tireported using multiple wave-
lengths to interrogate the EFPI cavity length. The dynamic
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Fig. 1 lllustration of the principle of fiber optic sensor system: PD, photodetector; BP filter, bandpass filter; ND filter, neutral density filter; BS,
beamsplitter.

range of the measurement was increased because the effedn practical applications, the fiber link from the source to
tive wavelength of this technique became the beat wave-the sensor may be long and subject to environment-
length of the multiple sources, which was much larger than dependent loss variations. Therefore, a complete compen-
that of a single source. However, the stability of the sensor sation requires not only covering the source power fluctua-
was a concern because the wavelengths of the multipletion but also the fiber losses. The fact that most fiber
sources could drift in different directions. sensors are cross-sensitive to temperature also makes it dif-
Fiber EFPI sensors have been commonly fabricated by ficult to use fiber optic sensors to measure parameters other
inserting two endface-cleaved fibers into a capillary tube than temperature in many practical applications.
with a proper inner diameté?.Epoxies have been used to In this paper, we present a fiber optic EFPI pressure
bond the fibers to the capillary tube. Although extensive sensor with self-compensation capability for harsh environ-
research has been conducted to find high-performance epment applications. The system compensates for the fluctua-
oxies to fabricate EFPI sensor probes, the fabricated sen-ion of source power and the variation of fiber losses by
sors generally failed to provide satisfactory performance in self-referencing the two channel outputs of a fiber optic
terms of mechanical strength and thermal stability. Another EFPI sensor probe. Because the two channel signals are
constraint of the epoxy-based sensors is that the maximumderived from the same optical source and propagate the
operating temperature is limited by that of the epoxy, which same length of fiber, the source power fluctuation and the
is relatively low. Because epoxies have a coefficient of fiber loss variations can be completely compensated by tak-
thermal expansioCTE) inherently different from that of  ing the ratio of these two signals. The sensor probe is de-
the fibers and the tube, epoxy-bonded sensors are usuallysigned and fabricated to operate within a portion of the half
very sensitive to temperature changes, which makes it dif- interference fringe so that the ambiguity of direction in tra-
ficult to use those sensors to measure parameters other thaditional fringe counting can be circumvented.
temperature. It is also found difficult to control the sensor o ]
initial cavity length and the bonding size due to the rela- 2 Principle of Operation
tively long curing time of the epoxy. Furthermore, the vis- ) .
cosity of the epoxy bonding will also degrade the frequency 2-1  System Configuration
response of the EFPI sensor in the case where high-The basic configuration of the fiber sensor system can be
frequency signals must be measured. illustrated using Fig. 1. The system includes a sensor probe,
In summary, although optical-fiber-based pressure sen-a broadband source, an optoelectronic signal-processing
sors have the potential opportunity to replace the majority unit, and optical fibers linking the sensor probe and the
of conventional electronic pressure transducers in existencesignal-processing unit.
in today’s sensor market, technical difficulties still exist and The light from the broadband optical sour@eg., an
delay this becoming a reality. The most common concerns LED) is launched into a 50% fiber coupler through the
of fiber optic pressure sensors include the stability issue pigtailed fiber, and propagates along the optical fiber to the
and the cross-sensitivity among multiple environmental pa- sensor head. The sensor head is constructed by inserting
rameters. The fluctuation of source power and the change intwo optical fibers, with their endfaces cleaved, into a cap-
fiber loss can easily introduce errors to the measurementillary tube so that an air-gaped low-finesse FabryePeav-
results, which make most optical-fiber-based sensors un-ity is formed between the two fiber endfaces, as shown in
stable. Although the source power fluctuation can be com- the enlarged view of the sensor head. The incident light is
pensated by monitoring a portion of the light split from the first partially reflected ~4%) at the endface of the input
source at the input to the fiber, this compensation does notfiber. The remainder of the light propagates across the air
include the loss fluctuation of the fiber path from the source gap to the endface of the reflector fiber, where a second
to the sensor probe and back to the signal-processing unitreflection (~4%) is generated. The two reflections then
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travel back along the same fiber and through the same fiberpoor accuracy of the measurement. To avoid these two ad-
coupler to the signal-processing unit. The signal processingverse effects, we introduce the output from channel 1 to the
unit of the sensor system extracts the information of the signal processing as a reference signal, and the sensor sys-
Fabry-Peot cavity length, which is related to various mea- tem output is evaluated as the ratio of the two signals of the
surands governed by the corresponding physical laws. two channels, given by

2.2 Signal Processing I, ffmlsz(k){1+00$(477/?\)L+¢o]}d7\
As shown in Fig. 1, the reflected light from the sensor head S= 7= —; .
is split into two channels by a polarization insensitive ! f—mlsl(k){l_coi(‘lﬁ”‘)LJ“¢0]}d)‘
beamsplitter(BS). Channel 2 passes an optical bandpass

(BP) filter with its center wavelength aligned with the cen- From the theories of optics, we know that the coherence
ter wavelength of the broadband source. Channel 1 passesength of a source is inversely proportional to its spectral
through a neutral densi\ND) filter so that the light inten-  width. If the optical path differencéOPD) of the interfer-

sity at photodetector 1PD1) is balanced to that at photo-  ometer is larger than half the coherence length of the source
detector APD2). The light in channel 1 remains its original  being used, the two optical waves will not effectively inter-
spectral width(broadband spectrumwhile the light in fere to generate interference fringes. As mentioned, the two
channel 2 has a narrower spectrum because the spectrurghannels have different spectral widths because of the use
width of the optical BP filter is narrower than the source of the optical bandpass filter in channel 2. They thus have
spectrum. different coherence lengths.

Because of the low reflectance of the fiber endfaces, the  Figure 2a) shows the calculated interference signals of
interference signals resulting from the two channels can bethe two channels as a function of the cavity length based on
approximated by two-beam interferometry. Assumges, Eq. (3), where the interference signal strengths have been
are the spectral power densities of the two channels, respecnormalized with respect to their total powers, and the
tively, and take an infinitesimal section of the spectrum Source is assumed to be an LED. The center wavelength of
with a spectrum width of X, the interference signals of the ~the LED is 1310 nm and the spectral width is 70 nm. The
two chennels resulted from this small spectrum are given optical bandpass filter has a center wavelength of 1310 nm

4

by?® and a spectral width of 10 nm. The source spectrum and the
transmission spectrum of the optical bandpass filter are il-
di; =Rl o AN+ R(1—R)Ig, ¢ dA lustrated in Fig. &). . .
1m2 12 If we fabricate the sensor probe in such a way that it has
+2{(Rls s, d[R(1=R)I5 s AN} an initial cavity length that is larger than the coherence

length of channel 1 but smaller than the coherence length of
channel 2, then, as shown in Figa® channel 1 becomes
' 1) the noninterference channel with its intensity relatively un-
changed a$,=2RIly,, wherelq is the average power of
whereR is the reflectance at the boundary of the air and the channel 1. Channel 2 remains its highly visible interference
fiber endfacel is the cavity length, and, is the initial fringes as the cavity length changes, which can be further
phase difference of the two light waves. simplified to
The interference signals of the two channels are there-

4
X co TL+¢O

fore the result of integration of Eq1) over their entire A1
spectra, which is given by 12=2RI3 1+ yco TL+ ol )
l10= JJ2R ls, s,~ R%ls, s, wherel ,is the average optical power of channehds the

mean wavelength of channel 2; amds the fringe visibility
of the interference signal, which is defined by

4
+2R(1—R)1’2|51,52cos(TL+¢>0 }d)\. 2

| 2,max I2,min
The reflectance at the fiber endfaces is approximately 4% 7Y~ 7. . (6)
of the total incident optical power. Because the reflectance
is relatively small, the interference signals given by Ej.

can thus be further approximated by

I 2,max+ I2,min

where |, hax and | in are the maximum and minimum
powers of the optical interference signal, respectively. The
. fringe visibility in our case is a function dR andL, and
1- cos(— L+ ¢0) }dx. 3 most importantly the spectral width of the light source.
A When the cavity length is longer than half the coherence

o ) ) length of channel 1 but shorter than that of channel 2, the
In principle, continuously tracking the phase change of the ratjo of the two channel’s signals becomes
interference fringes of the two channels would measure the

sensor cavity change in length. However, the fiber loss
variations and the source power drift could introduce errors g— _2%0[
to the amplitude of the interference signal and result in a Iy

I 1,2~2Rf0 Isl,sz()\)

, @)

4w
1+vyco TL+¢O
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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).

wherea =154/l is the ratio of the average optical powers If we design and fabricate the sensor probe to operate
of the two channels. Figure® plots the ratio given by Eq.  only over the semi-linear range of a half fringe, as shown in
(7) as the function of the sensor cavity length. Because the Fig. 3(b), a one-to-one quantitative relation between the
two channel signals are from the same source and experi-output intensity and the sensor cavity length is obtained.
ence the same transmission paths, they record the samélote that both the increasing side and decreasing side of an
information of source power fluctuation and fiber loss interference fringe can be used for measurement. When ex-
variations. Thex in Eq. (7) becomes a constant. The ratio posed to an external pressure, the sensor cavity length
of the outputs from channel 2 and channel 1 is only a func- changes correspondingly. After a calibration process that
tion of the Fabry-Pet cavity length(L). The two sources  correlates the sensor cavity length change to known pres-
of errors can thus be eliminated from the final result of sures, the output intensity can thus be used to measure the
measurement. Because channel 2 uses a narrow bandpasggpplied pressure.

filter to slice a small portion of the spectrum of the broad- ,

band sourcel 5 is significantly smaller thai,,. To mini- 3 Sensor Probe Design

mize the division error, the optical powers of the two chan- The geometry of the fiber optic pressure sensor probe is
nels are balanced roughly by inserting a neutral density illustrated in the enlarged view of sensor head, as shown in
filter in channel 1 before PD1, as shown in Fig. 1. The Fig. 1. When a hydrostatic pressure is applied, the capillary
small residual power imbalance is further balanced by tube will deform, and as a consequence the cavity length
adjusting the gains of the electric amplifiers of the two will change. By monitoring the sensor cavity length

channels. change, the applied pressure can thus be measured. The
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Fig. 3 (a) Ratio of the two-channel signals and (b) illustration of the semilinear operating range of the interference fringe.

Optical Engineering 054403-4 May 2005/Vol. 44(5)



Xiao et al.: Fiber optic pr

sensor probe is designed to be immersed in hydraulic fluid
in actual applications, for example, in underground oil res-
ervoir, effects in both the longitudinal and the transverse
directions should be considered in modeling its pressure
response.

If we assume that the capillary tube has an outer radius
of r, and an inner radius of;, the sensor cavity length
change AL) resulting from the applied pressupecan be
expressed 8528

L
AL:E[UZ_M(Ur_O't)]v 8

wherelL is the effective sensor gauge length defined as the
distance between the two thermal bonding poiBtss the
Young’s modulus, angk is the Poisson’s ratio of the capil-
lary tube. For fused silica glassés= 74 GPa angk=0.17.

essure sensor . . .
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Fig. 4 Schematic of the automated sensor fabrication system.

effect becomes worse. A detailed investigation of the tem-
perature cross-sensitivity of the fiber pressure sensor will
be reported in a separate paper.

In Eq. (8), three pressure-induced stresses have been

considered:o, is the radial stressg; is the tangential
stress, andr, is the longitudinal stress. These three stresses
can be calculated by the following equations:

(1= (oo ©
Oy rg_riz rg P—Po),
2 2
[0} I
Ot= 2 2(1+_2)(p_p0)! (10)
Fo—r o}
rs
UZ:rz_rg(p_pO)l (11)
|

(o]

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

Combining Egs.(8) through (11), the cavity length
changeAL can be related to the applied pressprey

r2

AL=

(1-2u)(P—Po)- 12

o5
E(ri—rp)

Equation(12) indicates that the change of the sensor cavity
length is proportional to the difference of the applied pres-
sure(p) and the internal pressur@({). Therefore, the sen-

sor can be directly used as a differential pressure gauge. If
the initial sensor cavity length is calibrated to a known

pressure, we can use the sensor to measure the absolut%

pressure by monitoring the change of the cavity length.
Temperature cross-sensitivity is a concern for any pres-

4 Sensor Probe Fabrication

4.1 Controlled Thermal Bonding

To survive a high-pressure and high-temperature coexisting
harsh environment, fiber sensor probes must be fabricated
with good mechanical strength and high thermal stability.
In addition to survivability, the sensor probe also must de-
liver demanding performance. The bonding should not have
adverse effects on the optical properties of the fiber wave-
guide. The initial cavity length of the sensor probe must be
accurately adjusted to a certain optimal value so that the
signal channel can produce interference fringes with good
fringe visibility while the reference channel excludes any
interference effect. The initial sensor operating point also
must be precisely adjusted to the starting point of the semi-
linear portion of the interference fringe. This enables the
operating range of the sensor to cover the full semilinear
portion of the interference fringe. The sensor effective
gauge lengttithe distance between the two bonding paints
must be controlled within a tight tolerance so that the fab-
ricated sensors have predictable and repeatable perfor-
mances. The fabrication of the sensor should be automatic
or semiautomatic so that the sensor can be made in a large
guantity with good repeatability and at a low cost.

The key challenge is then to permanently bond the cap-
illary tube and the fibers together in a controlled fashion.
Apparently a conventional epoxy-based sensor structure is
not a valid solution. Telecommunication optical fibers are
made by doping very small amount of germanium into pure
silica glass. Silica glass is an amorphous material. By lo-
cally heating the fiber and tube assembly to a temperature
bove which the glass is softened, the silica tube and the
ptical fiber can flow into each other and locally join to
form a solid bond.

sure sensor. In the EFPI structure, the temperature effect is 5 System Confi fi
partially compensated because the capillary tube expands to™ ystem tonfiguration

enlarge the gap while the fibers expand to reduce the gapAn automated sensor fabrication system was developed
when temperature increases. However, this is true to somebased on the controlled thermal bonding technique. As
extent. The residual temperature effects can be attributed toshown in Fig. 4, the automated sensor probe fabrication
the difference between the thermal expansion coefficientssystem includes three subsystems. They are the high-energy
(TECs of the fiber and the tube, and the thermal expansion carbon dioxide (C¢) laser, providing the heating power to

of the uncompensated gap porti@ir). As the gauge length  thermally fuse the optical fiber and the capillary tube to-
reduces to achieve a large dynamic range, the temperatureyether; the computer-controlled micromotion stage system

Optical Engineering 054403-5 May 2005/Vol. 44(5)
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5 System Design and Implementation

A prototype sensor system was designed to operate at the
center wavelength of 1310 nm and to use single-mode fiber
= o to transmit optical signals between the sensor probe and

the signal-processing unit. The source used for the single-
mode fiber-based system is a high-power superluminescent

l light-emitting diode (SLED) provided by Anritsu Corp.
(AS3B281FX, with a center wavelength of 1310 nm, a
spectral width of 40 nm, and an output power of 1.21 mW

from a 9/125um pigtailed single-mode fiber.
Fig. 5 Microscopic photograph of the sensor probe (gauge length, A polarization-insensitive BS with a splitting ratio of
1.5 mm; initial cavity length, 25.740 um). 50:50 at the wavelength of 1310 nm was used to split the
light signal from the sensor head into two channels. At one
channel, the light passed an optical ND filter and was de-
tected by a large-effective-area InGaAs PD and amplified
to offer the reference signal. The light in the other channel
to enable real-time accurate adjustment of the sensor cavitypassed through an optical BP filter with its center wave-
length and the effective gauge length; and the fiber optic length at 1310 nm and an FWHM spectral width of 10 nm.
white light spectrum interferometry signal-processing unit Because the spectral width of this channel is much nar-
to monitor the cavity length of the sensor in real-time dur- rower than that of the other channel, an interferometric sig-
ing fabrication. A personal computer is used to coordinate nal can thus be obtained after the photodetection.
these three subsystems so that the, G3er output power, The signal-processing requires a ratio function to com-
the motion of the stages, and the sensor cavity lengthsPensate for the unwanted optical power fluctuation. The
can be precisely controlled during the sensor fabrication ratio of the two channels is performed digitally through the
process. host computer. A 23-bit data acquisition system purchased

The CQ laser used in the system is a SYNRAD, Inc., fLom La\leon Labs flnc. Wﬁs used 'r? the Isysterg' to <I:ocrj1vert
Model 48-2. The wavelength emitted by the laser is 10.6 the analog output from the two channels to digital data.
um, and tHe maximum output power under continuods Computer programs were written to interface the analog-to-
mode operation is 25 W. When the silica glass material is digital (A/D) system so that two channels were sampled

diothe | b it absorbs th ol (glternatively. A finite impulse respons$EIR) filter was de-
exposed to the laser beam, it absorbs the optical energy ang;ynaq in the software to further filter the high-frequency

converts it to thermal energy, which enables the silica glass hgise  After the dark current correction, the ratio of the two

materials to be h_eated Io<_:a||y up to very high temperatures. -nannels data was mapped to pressure output through the
Through a specially designed interface, the output power prestored calibration curve.

and the duration of the laser output can be precisely con-
trolled to generate an optimal heating trajectory, which nor-
mally includes a preheating section, a thermal fusion sec-

tion, and an annealing section. 6.1 Pressure Sensor Calibration

Th_e white light fiber interferometric subs_ystem provid(_as Before the sensor system can be used for actual pressure
real time measurement of th_e sensor cavity length durl_ng measurement, it must be calibrated to relate the output ratio
the fabrication process. llluminating the Sensor prope with to the applied pressure. The sensor calibration is conducted
a broad-spectrum source, th(_a sensor cavity length is meaby applying known pressures to the sensor within the semi-
sured by demodulating the interference spectrum of the jinear'operating range. The one-to-one relation between the
sensor probé..A computer program was developed to de-. sensor output and the applied pressure forms the calibration
modulate the interference spectral signals so that the cavitycyrve, which can be stored in the host computer and later
length of the sensor can be monitored accurately while the seq to convert the sensor output to the pressure reading.
sensor is fabricated. The standard deviation of the white  The sensor calibration system was constructed based
light subsystem was measured to dse0.001 um. _ on a computer-controlled high-performance pressure

During the sensor fabrication, the fibers and the capillary generator/controller manufactured by Advanced Pressure
tube must be kept precisely aligned. The bonding distance, products, Inc. The system configuration is shown in Fig. 6.
which determines the sensor effective gauge length, alsoThe pressure controller/generator can supply a hydrostatic
needs to be precisely controlled. Several ultraprecise mi- pressure up to 20,000 psi, and the accuracy of the pressure
cropositioning stages are used to enable precisely movingoutput is 0.1% of the full scale.
the two fibers in three dimensions. The sensor cavity length  During the calibration process, the pressure sensor was
can thus be accurately adjusted to the preset value. installed inside the pressure calibration chamber. The hy-

Figure 5 shows a microscopic photograph of a typical drostatic pressure was applied to the sensor at the incre-
sensor probe. We can clearly see the sensor cavity formedment of 1/40 of the estimated linear range of the pressure
by the fiber endfaces and the two fusion points. The short- sensor. The built-in pressure gauge of the calibration sys-
est sensor gauge length that can be fabricated with the system measured the hydrostatic pressure inside the chamber
tem is about 0.5 mm. It is very difficult to further reduce and the system saved the data as applied pressures. At the
the sensor gauge length because the fiber endfaces can beame time, the output of the sensor system was sampled
damaged, resulting from the too-close fusion point. through the A/D converter and stored as another data file.

6 Experiments and Results

Optical Engineering 054403-6 May 2005/Vol. 44(5)
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Fig. 6 Block diagram of pressure sensor calibration/evaluation system.

To ensure the accuracy of the calibration, the system heldsphere where the pressure reading from the sensor should
the pressure at each step for about 50 s before moving tobe zero. The data from the sensor system was sampled at a
the next step. By taking the average within the pressure-rate of 10 samples/s for 3 min. The pressure measurement
holding period, the error was minimized. The one-to-one outputs within the 3-min sampling period are plotted in Fig.
relation of the applied pressure and the sensor output was8. The standard deviation of the pressure data within this
then used to find the calibration equation through polyno- time period was calculated to ke=0.2 psi. Therefore the
mial fitting. Usually, the calibration curve was obtained by resolution of the sensor system was estimated todse®@4
taking the average of several consecutive calibration data topsi. The normalized resolution with respect to the dynamic
further ensure the accuracy of calibration. Figure 7 plots the range(8400 ps) of the system was 0.005% of the full scale.
sensor outputs versus the applied pressures resulting from Note that the resolution of the sensor is not constant
the calibration process. The sensor used in the test was awithin the entire operating range due to the nonlinear na-
single-mode fiber sensor with the gauge length of 0.5 mm, ture of the interference signal. The test data at atmospheric
an initial cavity length of 25.46um, and an interference  pressure only gives an estimate. The evaluation of the sys-
fringe visibility of 70%. tem resolution at other pressures becomes difficult because
of the instability of the pressure calibration system.
6.2 Resolution

The resolution of the sensor system can be interpreted by
its standard deviation of pressure measurements. It is com-The repeatability of the sensor system was measured by
mon to use twice the standard deviation as the direct mea-applying pressure to a certain preset point repeatedly from
sure of resolution. The evaluation of the sensor resolution one direction(increasing or decreasingrhe largest differ-

was performed using a calibrated sensor with the linear ence of the sensor output readings were used to specify the
range of 8400 psi. The sensor was exposed to the atmo-epeatability of the sensor. The calibrated single-mode sen-

6.3 Repeatability

s -e- Measuremem.1
o9l —v— Measurernent 2 1 |
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—8- Measurement 4 = 08

o8 a
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o7t 4
= 3
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g g
; 05 2
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Fig. 8 Standard deviation of pressure measurement under atmo-
Fig. 7 Pressure sensor response to applied calibration pressures. spheric pressure.
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Fig. 9 (a) Repeatability test of the pressure measurement and (b) deviation of the test results.

sor was used to evaluate the repeatability of the system.at 1310 nm, the total round-trip loss of the signal was about

Two consecutive measurements up to the full operating 4 dB. The pressure measurement results are plotted in Fig.

range of the sensor were performed with the results shown11(a), and the deviations of the measured pressures and the

in Fig. 9a). The deviation of the two measurement results applied pressures are shown in Fig(l)1 The sensor sys-

with respect to the calibration data are plotted in Fign)9 tem provided a reliable pressure measurement up to its de-
The maximum deviation between the measured pressuresigned dynamic range of 8400 psi, of course, with a minor

and the calibrated pressure was withiri3 psi. The nor- degradation of accuracy from13 to =28 psi.

malized repeatability of the sensor system with respect to

its dynamic rang€8400 psj was thereforer0.15% of the 7 Conclusions

full scale. A novel fiber optic pressure sensor with self-compensation
- capabilities was developed to provide robust and reliable
6.4  Stability pressure measurement in a harsh environment. The sensor

The same single-mode sensor with the operating range ofsystem compensates for source power fluctuations and fiber
8400 psi was also used to test the system stability. Theloss variations by self-referencing its two channel outputs.
sensor was kept in the pressure test chamber of the APPThe sensor achieves high resolution with very simple signal
hydrostatic pressure calibration system for 25 h starting processing by confining the operating range of the sensor
from 4:00 p.m. in the afternoon. The pressure of the cham- within the semilinear portion of the half interference fringe,
ber was maintained to the atmospheric pressure. The datavhich also circumvents the phase ambiguity problem.
acquisition system was programmed to sample the sensor's A novel sensor fabrication system based on the con-
output every 10 s. The test result is shown in Fig. 10. The trolled thermal bonding method was developed. The sensor
maximum peak-to-peak pressure variation within the 25-h fabrication system uses a G@aser to thermally fuse the
time period was about 7 psi. The normalized maximum capillary tube and fiber together. The sensor fabrication sys-
variation was thus about 0.09% of the full dynamic range tem provides real-time control and accurate adjustment of
of 8400 psi.

6.5 Pressure Measurement Over a Distance

One of the advantages of using a fiber optic sensor is its
capability of remote operation. The pressure sensor probe
can be deployed to the remote site at a distance that is far
away from its signal-processing unit. Pressure signals can
be transmitted from the sensor probe back to the signal-
processing unit through an optical fiber. Although the opti-
cal fiber attenuates the signal strength, and in real applica-
tions, the fiber attenuation might even vary as the
environmental parameters change, the designed pressure
sensor system can compensate for the change of the fiber
loss by self-referencing one channel’s signal to the other.
To test the remote operation capability of the single-
mode fiber pressure sensor system, we separated the sensor s

Change ol sensor outpul {psi)

0 5 10 15 20 25

probe from its signal-processing unit by inserting a spool of SR
optical fiber(SMF28™ by Corning Ing. The length of the
optical fiber was 6.4 km. With a typical loss of 0.3 dB/km Fig. 10 System stability test results for the period of 25 h.
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Fig. 11

the sensor cavity length and gauge length. For the first time,
high-performance fiber optic Fabry-fe sensor probes can
be fabricated in a controlled fashion with excellent me-
chanical strength and temperature stability that enhance the
sensor’s capability of operating in harsh environments.

Using a single-mode fiber sensor probe with a dynamic 13-

range of 8400 psi, the performance of the pressure sensor
system was studied systematically. The system achieved;4
resolution of 0.005%20=0.4 ps) at atmospheric pressure,
repeatability of=0.15% (+13 psj, and 25-h stability of

processing unit at a distance of 6.4 km, the sensor system

was also tested to show an excellent remote operation ca-i6.

pability.
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