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Highly Sensitive Fiber-Optic Sensor for Dynamic
Pressure Measurements

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

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

2 to + 2 with a sampling rate of 5 kHz and resolution of
about 1% of full scale (2 10 3 atm).

Index Terms—Dynamic measurements, fiber-optic sensor.

I. INTRODUCTION

T HERE are many different sensing principles used in fiber-
sensors [1]–[3]. It has been already reported in the liter-

ature that highly birefringent (HB) fibers are a good tool for
measuring slowly changing pressure, temperature, and elonga-
tion [4]–[6]. HB fibers have also been tested in measurements of
dynamic pressure changes [7]. The main drawback of solutions
applied so far is temperature compensation schema, in which
sensing and compensating fibers are located in different com-
partments of the sensor housing. The pressure has access only
to the sensing fiber, while the compensating one serves as a ref-
erence. Such construction is not best suited for dynamic pres-
sure measurements. This is because fast compressions and de-
compressions are always associated with temperature changes.
If the sensing and compensating fibers are located at different
places, the temperature gradients arise, causing the sensor false
reading. Therefore, for good temperature compensation in dy-
namic measurements, the sensing and compensating fibers must
be located in the same place. This requirement is fulfilled in
the proposed sensor construction. It was made possible by ap-
plication of a white-light detection schema and a specially de-
veloped side-hole fiber with negative and very high sensitivity
to hydrostatic pressure. Furthermore, in comparison to already
presented solutions, our system has much better resolution of
pressure measurements, equal to 210 atm.

II. FIBER USED IN SENSORCONSTRUCTION

The active part and the leadings of the proposed sensor are
made of HB fibers operating in a single mode regime. In this
case, two orthogonally polarized modes and prop-
agate in the fiber with different propagation constantsand

, respectively. One of the parameters characterizing the HB
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fiber is the phase modal birefringence defined in the fol-
lowing way:

(1)

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-
sponse to a given measurand is sensitivity, which is defined in
the following way:

(2)

where is the phase shift induced by the measurand change
by , and is the length of the fiber exposed to the mea-
surand. Note that is associated with the change of modal
birefringence induced by the parameter, and can be also ex-
pressed as

(3)

The main difficulty associated with applying HB fibers as active
elements of fiber-optic sensors is associated with the fact that
they are sensitive to many physical parameters such as temper-
ature, hydrostatic pressure, lateral and axial stress, etc. There-
fore, the overall phase response of the sensor may be induced
simultaneously by many physical parameters. In case of hydro-
static pressure measurements, the sensing part of the fiber can be
easily isolated from any axial or lateral stress by proper design
of the sensor housing. To reduce temperature drift the sensor is
optically compensated for temperature. To make the compen-
sation most effective, we used as an active element a specially
developed HB fiber (side-hole fiber), which shows high sensi-
tivity to pressure rad/MPa m and at the same
time moderate sensitivity to temperature rad/K
m. This fiber was developed by Fiber Optic Technology Group,
UMCS University, Lublin, Poland [8], [9]. High sensitivity to
pressure was achieved by introducing into the fiber cladding
two air channels parallel to the elliptical core. The cross section
of the fiber is shown in Fig. 1. The elliptical core assures high
modal birefringence of the order of 10 and, therefore, pre-
vents energy coupling between polarization modes. It is worth
mentioning that in the side-hole fiber we used the ratio of sensi-
tivities K/MPa while in other commercially
available fibers is lower than 2 K/MPa. It makes
this fiber especially suitable for low-pressure sensing.

Another important feature of this fiber is negative sign of
pressure sensitivity, which is unlike other HB fibers. Negative
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Fig. 1. Cross section of the side-hole fiber used as a sensing element.

sign indicates that birefringence decreases with increasing pres-
sure. This unique feature of the side-hole fiber allowed for ap-
plication of a new temperature compensation schema, in which
pressure has access to both the sensing and the compensating
element. The pressure and temperature sensitivities of this fiber
were measured using the low coherence interferometric method
described in [10], which allows also for determining the sign of
sensitivity.

III. PRINCIPLE OFSENSOROPERATION

The proposed sensor is based on a coherency addressing con-
figuration [1]. Such a sensor is usually composed of sensing
and decoding interferometers with matched optical path delays.
In our case, the sensing interferometer is based on HB fibers,
while a quartz crystalline plate with an analyzer is used as a de-
coding element (see Fig. 2). As a light source in our system,
a superluminescent diode pigtailed with 3M polarizing fiber is
used ( nm, nm, mW). Linearly
polarized light from the polarizing fiber is coupled by a po-
larization maintaining connector into one mode of the linking
fiber (Corning PMF-38). The linking fiber and the active part of
the sensor are spliced to each other with rotation of their polar-
ization axes by 45. Therefore, two polarization modes are ex-
cited in the sensor’s active part, which is composed of sensing
(side-hole) and compensating (elliptical core) fiber spliced with
rotation of their polarization axes by 90. The sensitivity of
the elliptical core fiber to pressure and temperature is equal
to rad/MPa m and rad/K m,
respectively.

When these two elements are exposed to simultaneous
changes in pressure and temperature, the phase shift induced at
the sensor output can be expressed by the following equation:

(4)

Fig. 2. Scheme of the fiber-optic pressure sensor: SLD—superluminescent
diode, BS—beam splitter, R—quartz retardation plate composed of two wedges,
A—analyzer,D —signal detector,D —reference detector.

where and are lengths of the elliptical core and the
side-hole fiber, and is the phase shift associated with the
length imbalance of the sensor elements at atmospheric pressure
and room temperature.

In order to make the sensor totally insensitive to temperature
changes, the following condition must be fulfilled:

(5)

Note that fulfilling the condition for temperature compensation
does not compromise the sensor response to pressure. This is be-
cause the signs of sensitivities in the sensing and compensating
elements are the same for temperature and opposite for pressure.
Therefore, for the temperature compensated sensor, phase shifts
induced by pressure in the sensing and compensating fiber add
to each other and in consequence enhance the sensor response
to pressure.

If the condition (5) is satisfied, the sensor performance
versus temperature is only limited by second-order effects [11],
[12], representing dependence of fiber temperature sensitivity
upon pressure. It was experimentally shown in [11], [12] that in
HB fibers, the parameter is nonzero and causes
residual temperature drift in fiber-optic pressure sensors with
standard temperature compensation of the order of 1% of FS
per 50 C. As in the proposed sensor configuration, pressure
has access to both the sensing and the compensating element;
residual temperature drift caused by second-order effects is
significantly lower than in sensors with standard temperature
compensation. In our case, second-order effects influence only
the overall sensor response to pressure, which will change with
temperature with the rate 1% per 50C.

The phase changes induced by pressure are detected in the
decoding interferometer, which is composed of the quartz re-
tardation plate and the analyzer aligned at an angle of 45to
the polarization axes of the plate. The plate is composed of two
wedges, which can be moved with respect to each other. In this
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-
tion of the quartz plateR = �N d and the unambiguous operation range.

decoding interferometer are connected with HB fiber (Corning
PMF-38) aligned at the output at a 45angle to the polarization
axes of the quartz plate. Such alignment assures maximum con-
trast of the interference fringes equal to 0.5. The intensity at the
output of the decoding interferometer can be expressed by the
following formula:

(6)

where
average light intensity at the system output;

coherence function of the light source;

and total group imbalance introduced, respectively,
by the sensor and the retardation plate.

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 delay introduced by
the sensor and the group delay introduced by the quartz
plate match each other

(7)

where , , and are the group refraction in-
dexes of the side-hole fiber, elliptical core fiber, and crystalline
quartz plate, respectively; is the thickness of the quartz plate;
and is a coherence length of the source. The highest contrast
of interference signal is obtained when the sum of group retarda-
tions introduced by the sensor and the decoding interferometer
is equal to zero. The lengths of the sensing and the com-
pensating fibers must simultaneously satisfy conditions (1)
and (3).

By moving one of the wedges constituting the quartz plate, we
can tune the initial phase shift until the system operates in
the most linear part of the sinusoidal characteristic, as in Fig. 3.
In order to preserve an unambiguous measurement range, the
phase shift induced by pressure must be lower than . Addi-
tionally, there is a reference photodiode in the detection system
that is used to normalize the interference signal and to make it
insensitive to intensity fluctuations of the light source. The op-
tical interference signal is converted to an electronic signal by
a pin-photodiode. Signals from the two photodiodes are ampli-
fied and registered by a computer. The computer board we use
allows for signal registration with a sampling rate up to 10 kHz.

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

10:4 rad/atm.

Fig. 5. Sensor response to positive and negative pressure changes exceeding
the operation range.

IV. CALIBRATION PROCEDURE ANDAPPLICATIONS

In the first step of the calibration procedure, we measured
the pressure sensitivity of the sensor. This was accomplished by
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
to pressure: rad/atm. The pressure characteristic of
the sensor is shown in Fig. 4.

In the second step of the calibration procedure, we deter-
mined maximum ( ) and minimum (

) values of the normalized intensity corresponding to
pressure-induced phase shifts of and , respectively.
In order to do this, we first tuned the normalized intensity to
the average value at atmospheric pressure by changing the
thickness of the retardation plate. To determine and ,
we induced positive and negative phase increases, with respect
to the atmospheric pressure, by applying respectively positive
and negative pressure to the active part of the sensor. If the cali-
bration constants and are known, the pres-
sure changes can be calculated according to

(8)

In Fig. 5, we demonstrate the sensor responses to pressure
changes inducing the phase shifts higher than . This
figure shows that unambiguous operation range of the sensor
is 0.1 atm. We also determined the minimum detectable
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Fig. 6. Determining the minimum detectable pressure change equal to 2�

10 atm.

Fig. 7. Pressure changes induced by fumes in a car exhaust pipe. Negative
values indicate pressure lower than atmospheric pressure.

pressure change (210 atm) that is associated with the noise
level in the detection system (see Fig. 6).

The sensor was preliminarily tested in measurements of pres-
sure changes induced by fumes in a car exhaust-pipe. The re-
sults are presented in Fig. 7. It is expected that simultaneous
measurements of pressure and temperature changes in the ex-
haust-pipes of large vehicles like ships and locomotives will
allow for on-line determination of the total mass of fumes re-
leased to the atmosphere.

V. SUMMARY

The presented sensor shows remarkably high resolution
of pressure measurements equal to 210 atm. This is the
highest resolution ever reported for a pressure sensor based on
HB fiber. It was possible to achieve through the application
of the specially developed side-hole fiber, which is extremely
sensitive to hydrostatic pressure. Another advantage of the
proposed sensor is associated with the use of low coherence
interferometric configuration. It reduces the noise level because
the light scattered or reflected by the optical elements cannot
interfere at the system output due to lack of coherence. Further-
more, it simplifies the initial tuning of the system to the most
linear part of the characteristics.

The sensor measurement range can be modified by changing
the lengths of the sensing and compensating fibers. Further-
more, the low-coherence intereferometric sensors can be easily
multiplexed using the coherency addressing principle. To assure
simultaneous readout of several sensors, their group retardations
have to be significantly different, and more detection channels

with retardation plates matching respective sensors have to be
used in a decoding interferometer.
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