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Highly Sensitive Fiber-Optic Sensor for Dynamic
Pressure Measurements

Wojtek J. Bock Senior Member, IEEBMagdalena S. Nawrocka, and Waclaw Urbanczyk

Abstract—A new type of fiber-optic pressure sensor based on fiber is the phase modal birefringencen defined in the fol-
a specially developed side-hole fiber is presented. It allows for un- lowing way:
ambiguous and fast phase-shift measurements in the range from

—m/2 to +7/2 with a sampling rate of 5 kHz and resolution of A
about 1% of full scale (2- 102 atm). An = o (Bx = By) (1)
Index Terms—bynamic measurements, fiber-optic sensor. where ) is wavelength. External parameters acting on such el-

ements cause change in the initial phase shift between orthog-
onally polarized modes. This phase shift is measured using the

interferometric method. A parameter characterizing the fiber re-

T HERE are many different sensing principles used in fibegponse to a given measurand is sensitivity, which is defined in
sensors [1]-[3]. It has been already reported in the liteghe following way:

ature that highly birefringent (HB) fibers are a good tool for

measuring slowly changing pressure, temperature, and elonga- Ky = Be 2)

tion [4]-[6]. HB fibers have also been tested in measurements of AXL

dynamic pressure changes [7]. The main drawback of solutiomhereAy is the phase shift induced by the measurand change

applied so far is temperature compensation schema, in whimhA X, and L is the length of the fiber exposed to the mea-

sensing and compensating fibers are located in different cosurand. Note thak(x is associated with the change of modal

partments of the sensor housing. The pressure has access binfringence induced by the parameféy and can be also ex-

to the sensing fiber, while the compensating one serves as a peéssed as

erence. Such construction is not best suited for dynamic pres- 9
o . T OAn

sure measurements. This is because fast compressions and de- Ky =— —. 3

compressions are always associated with temperature changes. A 9X

If the sensing and compensating fibers are located at differdrite main difficulty associated with applying HB fibers as active

places, the temperature gradients arise, causing the sensor flg@ents of fiber-optic sensors is associated with the fact that

reading. Therefore, for good temperature compensation in dpey are sensitive to many physical parameters such as temper-

namic measurements, the sensing and compensating fibers ratigie, hydrostatic pressure, lateral and axial stress, etc. There-

be located in the same place. This requirement is fulfilled f@re, the overall phase response of the sensor may be induced

the proposed sensor construction. It was made possible by gipaultaneously by many physical parameters. In case of hydro-

plication of a white-light detection schema and a specially détatic pressure measurements, the sensing part of the fiber can be

veloped side-hole fiber with negative and very high sensitivi§asily isolated from any axial or lateral stress by proper design

to hydrostatic pressure. Furthermore, in comparison to alreg@fythe sensor housing. To reduce temperature drift the sensor is

presented solutions, our system has much better resolutiorPBfically compensated for temperature. To make the compen-

. INTRODUCTION

pressure measurements, equal tal®—3 atm. sation most effective, we used as an active element a specially
developed HB fiber (side-hole fiber), which shows high sensi-
Il. FIBER USED IN SENSORCONSTRUCTION tivity to pressureKt,; = —100 rad/MPa m and at the same
time moderate sensitivity to temperatues,; = —0.5 rad/K

The active part and the leadings of the proposed sensor g{erhjs fiber was developed by Fiber Optic Technology Group,
made of HB fibers operatmg_ in a single mode regime. In thigpcs University, Lublin, Poland [8], [9]. High sensitivity to
case, two orthogonally polarized modé?@{ andLFg; prop-  pressure was achieved by introducing into the fiber cladding
agate in the fiber with different propagation constaftsand o air channels parallel to the elliptical core. The cross section
Py, respectively. One of the parameters characterizing the HBthe fiber is shown in Fig. 1. The elliptical core assures high

modal birefringence of the order of 16 and, therefore, pre-
vents energy coupling between polarization modes. It is worth

Manuscript received May 4, 2000; revised June 22, 2001. This work was s¢fentioning that in the side-hole fiber we used the ratio of sensi-
ported by the Polish Committee for Scientific Research under Grant 8T10C Q

0... P T o .
18 and by the Natural Sciences and Engineering Research Council of Canaﬁg!t{es KSH/KSH =200 K/.MPa while in other commermally
W. J. Bock is with the Laboratoire d'optoélectronique, Département dinfoavailable fibersk Ly, /K%, is lower than 2 K/IMPa. It makes

matique, Université du Québec, Hull, PQ J8X 3X7, Canada. this fiber especially suitable for low-pressure sensing.
M. S. Nawrocka and W. Urbanczyk are with the Institute of Physics, Wroclaw Another i f f this fiber i . . f
University of Technology, 50-370 Wroclaw, Poland. nother important feature of this fiber is negative sign o
Publisher Item Identifier S 0018-9456(01)08754-X. pressure sensitivity, which is unlike other HB fibers. Negative
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Fig. 2. Scheme of the fiber-optic pressure sensor: SLD—superluminescent
diode, BS—beam splitter, R—quartz retardation plate composed of two wedges,

Fig. 1. Cross section of the side-hole fiber used as a sensing element. ~ A—analyzer,D y,—signal detectorD n—reference detector.

sign indicates that birefringence decreases with increasin r\é@-ereLEC and Lsy are lengths of the elliptical core and the
g g gp ide-hole fiber, and\¢y is the phase shift associated with the

sure. This unique feature of the side-hole fiber allowed for a : .
plication of a new temperature compensation schema, in wh (%lgth imbalance of the sensor elements at atmospheric pressure
gﬁqu oom temperature.

pressure has access to both the sensing and the compens i .

element. The pressure and temperature sensitivities of this fibel1 0rder to make the sensor totally insensitive to temperature
were measured using the low coherence interferometric metfStgn9es the following condition must be fulfilled:
described in [10], which allows also for determining the sign of

T T _
sensitivity. Kpclpe — KsgLsy = 0. (5)

Note that fulfilling the condition for temperature compensation
[ll. PRINCIPLE OF SENSOROPERATION does not compromise the sensor response to pressure. Thisis be-

The proposed sensor s basedon a conerency adressing S 1 S ofsevsives e sensing and compensatng
figuration [1]. Such a sensor is usually composed of sensiﬁ P PP p '

and decoding interferometers with matched optical path dela}/ erefore, for the temperature compensated sensor, phase shifts

In our case, the sensing interferometer is based on HB fibepsduced by pressure in the sensing and compensating fiber add

while a quartz crystalline plate with an analyzer is used as a (ig-gfggsztzer and in consequence enhance the sensor response

coding element (see Fig. 2). As a light source in our syste 'If the condition (5) is satisfied, the sensor performance

a superluminescent diode pigtailed with 3M polarizing fiber is ) o
used fo = 830 N, AX = 25 nm, P = 0.2 mW). Linearly versus temperature is only limited by second-order effects [11],

polarized light from the polarizing fiber is coupled by a po[lz], representing dependence of fiber temperature sensitivity

larization maintaining connector into one mode of the “nkin?{%o?kfresstlﬁ]re. ltwas ?égfzmeg;%"y §hown n [11]’512] thatin
fiber (Corning PMF-38). The linking fiber and the active part Oégsidluglri,emSe?:trSrrgzrift innfi/ber-opptli: r;)c;zz;rj?eagen(;?)l:: evjith
the sensor are spliced to each other with rotation of their pol Al ndard temperature compensation of the order of 1% of FS

ization axes by 4% Therefore, two polarization modes are ex- £ 50°C. As in the proposed sensor confiquration. ressure
cited in the sensor’s active part, which is composed of sensi §s acces.,s to both tr?e spens'n and the corg ensat"np clement:
(side-hole) and compensating (elliptical core) fibersplicedwir idual temperature drift N9 db nz d : gﬁ s i '
rotation of their polarization axes by 90The sensitivity of ?SnifLiJa nt(Ia Ipsvaruthe . canuser W)i/thsefond -Sd teme ?Ctsr s
the elliptical core fiber to pressure and temperature is eqti%’m gr?sa'gor? Ii ou?casesge?:gnsa or de? :ffe(?ts in?luepr?c: gn?
to K. = +0.5 rad/MPa m andKL. = —0.7 rad/K m, P ' ' e Y

. the overall sensor response to pressure, which will change with
respectively. .

temperature with the rate 1% per 5G.

When these two elements are exposed (o simultaneousg e phase changes induced by pressure are detected in the
changes in pressure and temperature, the phase shift induceﬁd p b 9 yp

: ._decoding interferometer, which is composed of the quartz re-
the sensor output can be expressed by the following equatio rdation plate and the analyzer aligned at an angle ftd5

P P the polarization axes of the plate. The plate is composed of two
Ags = (KECLEC - KSHLSH)AP wedges, which can be moved with respect to each other. In this
+ (KECLEC — K§HL5H)AT + Adgyg (4) way, the thickness of the plate can be tuned. The sensor and the
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Fig. 3. Intensity variation at the sensor output as a function of group retarda- Pressure [atm]

tion of the quartz plat&?; = ANgd and the unambiguous operation range.

Fig. 4. Calibration of the pressure sensor, pressure sensitiity =

_ . , . 10.4 rad/atm.
decoding interferometer are connected with HB fiber (Corning radratm

PMF-38) aligned at the output at a%4&ngle to the polarization

axes of the quartz plate. Such alignment assures maximum con- 150
trast of the interference fringes equal to 0.5. The intensity atthe & 100
output of the decoding interferometer can be expressed by the = 50 -
following formula =
Wi ula:
g E 0 -
| 550
I]w = Io[]. + 0.5’}/(R5 + RQ) Slll(A(/)S + A(/)Q)] (6) é 100 -
£ .
where -150 ‘ . : . ,
Iy average light intensity at the system output; 0 1 2 3 4 5 6
¥ coherence function of the light source; Time [s]

Rs and R total group imbalance introduced, respectively{i_ . _ _
by the sensor and the retardation plate. thlg.OS. Sensor response to positive and negative pressure changes exceeding
peration range.
Intensity variation as a function of group retardation of the
quartz plate is shown in Fig. 3.

The interference signal can be observed at the output of the
decoding interferometer, if the group del&yRs introduced by In the first step of the calibration procedure, we measured
the sensor and the group del&yR, introduced by the quartz the pressure sensitivity of the sensor. This was accomplished by
plate match each other applying pressure much higher than the sensor’'s unambiguous
operation range and counting interference fringes observed in
the measurement channel. By fitting the pressure characteristic
of the sensor with a linear function, we determined its sensitivity

~ topressureSp = 10.4 rad/atm. The pressure characteristic of
whereANsy, ANpc, andAN are the group refraction in- the sensor is shown in Fig. 4.

dexes of the side-hole fiber, elliptical core fiber, and crystalline | the second step of the calibration procedure, we deter-

quartz plate, respectivelyy, is the thickness of the quartz plate;jjned maximum (2% = [max/[ .y and minimum (22 =

an.dfc isa coherence. Iength of the source. The highest contrgﬂin/_fref) values of the normalized intensity corresponding to
ofinterference signal is obtained when the sum of group retarqfessure-induced phase shiftsiaf /2 and— /2, respectively.

tions introduced by the sensor and the decoding interferomeigiorder to do this, we first tuned the normalized intensity to
is equal to zero. The lengths of the sensingr and the com- the average valugl$, ) at atmospheric pressure by changing the
pensatind. g fibers must simultaneously satisfy conditions (1jhjckness of the retardation plate. To determifié® and /3>

and (3). we induced positive and negative phase increases, with respect

By moving one of the wedges constituting the quartz plate, wg the atmospheric pressure, by applying respectively positive
can tune the initial phase shift¢, until the system operates inand negative pressure to the active part of the sensor. If the cali-
the most linear part of the sinusoidal characteristic, as in Fig.}ation constantgax, [@in 19 andSp are known, the pres-

In order to preserve an unambiguous measurement range, dfie changedp can be calculated according to
phase shiftinduced by pressure must be lower thay2. Addi-
tionally, there is a reference photodiode in the detection system 1 2 [IN(Ap) — IR,]

i ; i ; ; Ap = arcsin ——————————
that is used to normalize the interference signal and to make it Sp Jmax _ pmin
. .. . . . . N N
insensitive to intensity fluctuations of the light source. The op-
tical interference signal is converted to an electronic signal byln Fig. 5, we demonstrate the sensor responses to pressure
a pin-photodiode. Signals from the two photodiodes are ampthanges inducing the phase shifts higher than/2. This
fied and registered by a computer. The computer board we diggire shows that unambiguous operation range of the sensor
allows for signal registration with a sampling rate up to 10 kHzs +0.1 atm. We also determined the minimum detectable

IV. CALIBRATION PROCEDURE ANDAPPLICATIONS

ANsyLsy — ANgcLpc £ ANQdQ < TC (7)

(8)
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16 with retardation plates matching respective sensors have to be
& 12 used in a decoding interferometer.
=
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V. SUMMARY of the Department of Information Technology. At UQAH, he established a suc-
cessful research program in fiber-optic sensing devices and systems. He leads
The presented sensor shows remarkably high resolutigaveral large research projects aimed at practical implementation of fiber-optic
of pressure measurements equal te P03 atm. This is the Sensors for the structural monitoring, including measurements of stress, load,

. . &ressure, and strain in large civil engineering and aerospace structures. He has
highest resolution ever reported for a pressure sensor based@hbred and coauthored more than 200 scientific publications and holds five

HB fiber. It was possible to achieve through the application.s. patents.
of the specially developed side-hole fiber, which is extreme Dr. Bock became an active Member of the IEEE’s Instrumentation and

. . easurement Society in 1987. As a member of its Editorial Review Board,
sensitive to hydrostatic pressure. Another advantage of served many years as a frequent reviewer of the |EEANFACTIONS ON

proposed sensor is associated with the use of low coherenGgRUMENTATION AND MEASUREMENT. Since 1997, he became an Associate
interferometric configuration. It reduces the noise level becauS@tor for the TRANSACTIONS ONINSTRUMENTATION AND MEASUREMENT and

. . since 1998, he has been serving his first term as an AdCom member. In May
the light scattered or reflected by the optical elements cann@b7, he was a General Chairman of the 14th Annual Instrumentation and

interfere at the system output due to lack of coherence. Furthi@easurement Technology Conference in Ottawa and contributed to the success
more, it simplifies the initial tuning of the system to the most this meeting.
linear part of the characteristics.

The sensor measurement range can be modified by changing _ , _
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