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Abstract—This paper presents a dynamic pressure calibration
of the fiber-optic interferometric sensor based on highly birefrin-
gent side-hole fibers. Earlier, we tested other types of fiber-optic
sensors based on the same principle for measurements of static
and quasi-static pressure. To apply the sensor for measurements
of fast pressure changes, the dynamic analysis is crucial due to
the occurrence of resonance phenomena and due to the possibility
of false pressure readings. We applied a static calibration proce-
dure to initially determine the pressure sensitivity and tempera-
ture stability of the sensor. Next, we compared the characteristics
of the fiber-optic sensor with the responses of a calibrated piezo-
electric dynamic pressure sensor at an operating range of 110 bar
with a sampling rate equal to 200 kHz. The characteristics of the
fiber-optic sensor are in good agreement with those of the refer-
ence piezoelectric sensor for the linear and exponential functions
and for the half-sine when the pulse is wider than 400 ms. However,
for half-sine pulses narrower than 250 ms, resonance oscillations
occur only in the reference sensor. Construction of the fiber-optic
sensor reduces the undesirable oscillations, which thereby makes
it possible to operate on frequencies higher by about one order
than in the case of the piezoelectric sensor. It clearly shows that
the highly birefringent fiber-optic sensors can be successfully ap-
plied for measurements of rapid pressure changes.

Index Terms—Dynamic pressure, fiber-optic sensor, highly bire-
fringent fiber, side-hole fiber.

I. INTRODUCTION

THE most important advantage of optical fibers used for
sensing applications is that the information is carried by

light. Hence, in contrast to conventional electronic devices,
fiber-optic sensors can be applied in the presence of high
electromagnetic interference. Moreover, the optical signal does
not generate sparks; thus, in addition to transferring data over
a long distance, fiber-optic sensors can be applied in harsh
environments.
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Fiber-optic sensors have been explored for measurements of
diverse parameters [1], [2]. A survey of recent literature shows
that numerous applications require dynamic pressure measure-
ments, in fields such as automotive engineering, aerodynamics,
acoustics, fluid control, blast waves, and medicine [3], [4]. Static
and quasi-static calibration is not sufficient for sensors that are
called on to test rapidly changing measurands. The dynamic be-
havior of the sensor is different from its static characteristic, es-
pecially if a measurand changes with a frequency that results
in resonance phenomena. To determine the real potential of the
sensor for applications involving fast changing parameters, its
dynamic behavior must be carefully investigated.

Many efforts have been directed to establishing methods
for dynamic pressure calibration. However, although primary
standards exist for a wide range of static pressure, primary
dynamic pressure calibration service is directed mostly to
acoustic measurements, which are characterized by low-am-
plitude pressure. In this paper, we are proposing to extend
the focus to calibration of high-amplitude dynamic pressure
sensors, which requires a different approach than those used
in acoustics. Various methods for generating both periodic and
nonperiodic dynamic pressure have been studied. In practice, it
is easier to produce single-event pressure pulses than periodic
pressure signals, especially when high-pressure amplitudes
are required. One of the simplest techniques for achieving a
pressure pulse resembling the half-sine of a time interval of the
order 10 ms is the dropping weight method. A falling object
hits a piston that acts on a pressure transducer through a volume
of oil. However, the main disadvantage is that the pressure
generated in this way cannot be determined precisely, and, thus,
a reference pressure sensor is required. Another easy way to
achieve a negative-pressure step pulse is to apply a fast opening
valve, which makes it possible to change the pressure from
maintained value to atmospheric pressure. The amplitude of the
pressure can be monitored precisely using the primary static
pressure standard; however, the drop time is of the order of
hundreds of milliseconds, which is much longer than the pulses
from the dropping-weight generator. Another disadvantage is
that it is impossible to obtain an ideal step pulse; thus, the
load pressure should in fact be considered as an exponentially
decaying pressure change. During the dynamic calibration, it
is reasonable to adjust the profile of the pressure signal to the
actual measurement situation if at all possible. If a pressure
sensor is intended for application in different measurement
situations, it follows logically that the sensor should be tested
using different pressure functions.
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1012 IEEE SENSORS JOURNAL, VOL. 5, NO. 5, OCTOBER 2005

Fig. 1. Theoretical response of the second-order transducer to the half-sine pulse. (a) Half-sine input function with a time interval of 13 ms. (b) Response of the
transducer with a natural frequency of 1.8 kHz, damping and gain coefficient equal to 0.03 and 1, respectively. (c) Absolute difference between the input function
and the transducer’s response.

Highly birefringent (HB) fibers have been widely tested in
pressure measurements [5], [6]. However, fast compression
and decompression processes are associated with the temper-
ature changes. It is well known that HB fibers are sensitive to
pressure as well as to temperature. The HB fibers used most
often have a maximum pressure-to-temperature sensitivity ratio
equal to 0.2 C/bar. Therefore, pressure sensors employing
such fibers require temperature compensation, which has been
accomplished by adding an additional fiber in a differential
configuration [7]. We took advantage of the unique prop-
erties of a side-hole fiber to assure minimum sensitivity to
temperature effects [8]. The side-hole fibers, having two air
channels positioned in proximity to their elliptical core [9],
show exceptionally high sensitivity to hydrostatic pressure
and are characterized by a very high pressure-to-temperature
sensitivity ratio (up to 25 C/bar), which is about two orders
of magnitude higher than in the case of other HB fibers. In
contrast to other HB fiber-optic pressure sensors, the sensor
presented in the paper requires no additional temperature-com-
pensating fiber, thus avoiding degradation of the intensity and
contrast of the sensor signal [10] and keeping the technology
process straightforward. Testing of side-hole fibers has focused
primarily on their use for the measurement of low pressures,
not exceeding 25 bar [6], [11]. We show that side-hole fibers

can be applied to measurements of higher dynamic pressures at
an operating range of 110 bar.

II. THEORETICAL DYNAMIC RESPONSE OF

PRESSURE TRANSDUCER

The simplest and best known model of pressure sensor is a
linear second-order transducer, which is described by a linear
second-order differential equation with constant mass , stiff-
ness , and viscous damping , as follows:

(1)

where is the external force causing a pressure change. The
well-known form of this equation, which is convenient for vi-
bration analysis, is expressed in the following way:

(2)

Here, is a natural frequency of the transducer, whereas is
a relative damping factor and is a critical damping

(3)
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Fig. 2. Theoretical response of the second-order transducer to the linear function. (a) Input function with a slope of 50 a.u./s. (b) Response of the transducer
with a natural frequency of 1.8 kHz, damping and gain coefficient equal to 0.03 and 1, respectively. (c) Absolute difference between the input function and the
transducer’s response.

The general solution for (2) with the initial conditions
and is expressed as follows [12]:

(4)

with the damped vibration frequency defined as

(5)

The first part of (4), which is expressed by the integral, is the re-
sponse to external force, and the second part is the response de-
pendent on initial conditions. For simple input functions, such
as unit impulse, unit step, or linear function, it is easy to find
the analytical expression of a transducer response, whereas for
more general functions, e.g., a half-sine pulse, the transducer
response must be solved numerically. Figs. 1–3 present exam-
ples of responses to half-sine pulse, step and linear functions
with different natural frequencies, and damping factors. These
examples are similar to the test results presented in this paper.

III. EXPERIMENTAL SETUP

The tested fiber-optic sensor and the reference piezoelectric
sensor are connected in a parallel configuration to the KISTLER
drop-weight dynamic pressure generator, which produces half-
sine pressure pulses that act simultaneously on the two sensors,
as shown in Fig. 4. Both sensors measure only relative changes
of pressure and recognize the direction of the change.

The instrumentation system for the discussed sensor relies on
a coherence-addressing principle [13] to read out a phase shift
between two polarizing modes in the sensing side-hole fiber.
The phase shift depends linearly on pressure as well as
on temperature change

(6)

where and indicate, respectively, pressure and tempera-
ture acting on the fiber; m is the length of the
side-hole fiber; and is the phase shift associated with the
initial imbalance of the sensor. The sensitivity of the side-hole
fiber to pressure and temperature is equal to rad
bar m and rad C m , respectively. The
system is composed of sensing and decoding interferometers
with matched optical path delays (see Fig. 5), which makes it
possible to place the sensor’s head even a few kilometers away
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Fig. 3. Theoretical response of the second-order transducer to the exponential function. (a) Input rise and drop for a time constant of 200 ms. (b) Response of the
transducer with a natural frequency of 50 Hz, damping and gain coefficient equal to 0.9 and 1, respectively. (c) Absolute difference between the input function and
the transducer’s response.

from the decoding system. The sensing interferometer is com-
posed of the side-hole fiber, whereas a quartz-crystalline plate
with an analyzer is employed as a decoding interferometer. The
system is powered by a low-coherence superluminescent diode
( , ), which is pigtailed with polar-
izing fiber. Linearly polarized light from the polarizing fiber is
coupled by a polarization maintaining connector into one mode
of the lead-in polarization maintaining fiber. The lead-in fiber
and the side-hole fiber are spliced to each other with rotation
of their polarization axes by . This process assures an exci-
tation of two polarization modes with equal amplitudes in the
side-hole fiber. The signal of the side-hole fiber is connected
with the decoding interferometer by the lead-out polarization
maintaining fiber, which is aligned at angles with respect to
the side-hole fiber and the polarization axes of the quartz-crys-
talline plate. The analyzer is also aligned at the angle with
respect to the retardation plate. Such alignment assures max-
imum visibility of the interference fringes equal to 0.5 [14]. The
interference signal is detected if the group imbalance in-
troduced by the side-hole fiber is compensated by the group im-
balance introduced by the retardation plate

(7)
Fig. 4. Scheme of the system for dynamic calibration of the fiber-optic
pressure sensor.
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Fig. 5. Fiber-optic pressure sensor with a digital demodulation system. SLD:
Superluminescent diode. PF: Polarizing fiber. PMF: Polarization maintaining
fiber. S : Beam splitters.R : Retardation plates.A : Analyzers.D ,
D : Pin photodiodes.

where and are the group refraction indexes of the
side-hole fiber and the retardation plate, respectively, whereas

is the thickness of the plate.
We used a digital demodulation system to read out the phase

shift associated with the pressure changes [5]. The system con-
tains four channels for decoding the interference signal and one
reference channel for monitoring an average intensity at the
sensor output. The plates are tilted to introduce the initial phase
shift of the interference signal differing by in con-
secutive decoding channels, which, thus, allows unambiguous
measurement of a phase shift with a resolution of one-eighth in-
terference fringe in a dynamic range of 45 fringes. The intensity
registered in the th detection channel contains the information
about the phase shift induced in the side-hole fiber and is
represented by the following equation:

(8)

where is the average light intensity at the system output and
is the coherence function of the light source. Sinusoidal changes
of intensity are registered in the detection channels and con-
verted into digital TLL signals in such a way that a high level
is generated when the interference signal is higher than the av-
erage intensity and a low level is generated for lower than

. The digital pulses are counted by the data acquisition system
with a sampling rate up to 200 kHz and then converted into pres-
sure values.

In the piezoelectric sensor, a measured pressure acts on a di-
aphragm that converts the pressure to a proportional force. The
force is transferred to the quartz packet, which produces an elec-
trical charge proportional to the pressure change. The electrical
charge is converted into a voltage by a charge amplifier, and the
voltage is read by the data-acquisition system with a resolution

Fig. 6. Static calibration of the fiber-optic sensor. (a) Its pressure calibration
curve and (b) response to temperature changes from 10 C to 60 C.

nine times higher than that of the tested sensor (0.05 bar for
the reference sensor and 0.44 bar for the fiber-optic sensor in a
range of 110 bar). The factory calibrated reference sensor mea-
sures dynamic pressure with a precision of 0.2% of full scale
(FS) in a range from 0 to 250 bar, and its natural frequency is
equal to 45 kHz.

IV. CALIBRATION RESULTS

We applied a static calibration procedure to initially deter-
mine the pressure and temperature sensitivity of the fiber-optic
sensor, which made it possible to avoid resonance phenomena
that occur during rapid pressure changes, but at the same time
to determine precisely the static parameters of the sensor.

We determined the pressure sensitivity of the fiber-optic
sensor from atmospheric pressure to 112 bar with a precision
of 0.1% using the primary static-pressure dead-weight stan-
dard HARWOOD DWT-35KG. The calibration curve shown
in Fig. 6(a) is characterized by very good linearity with the
correlation coefficient equal to 1 and the sensitivity to pressure
equal to 1.770 rad/bar. In our sensor, the operating range up to
112 bar is limited by vanishing birefringence in the side-hole
fibers, which we recognized by irregularities in the shape of
interference fringes in the decoding channels when pressure
higher than 112 bar was applied. Because of the vanishing bire-
fringence, only 70% of the full dynamic range of the sensing
system (limited by the coherence length of the light source) is
exploited.

To determine thermal stability, we measured the tempera-
ture phase shift of the sensor using the temperature stabilizer
HAAKE C in a range from 10 C to 60 C with a precision of
0.1 C [see Fig. 6(b)]. The pressure-to-temperature sensitivity
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Fig. 7. Dynamic calibration of the fiber-optic sensor. (a) Responses of the
tested fiber-optic sensor and reference piezoelectric sensor to the half-sine
pressure pulse of a time interval of 250 ms. (b) Absolute difference between the
readings of the two sensors. (c) Oscillations of a frequency equal to 1.8 kHz in
the reference sensor.

ratio of the sensor is 19 C/bar. The temperature change equal to
8.3 C corresponds to the resolution of the sensor, and this value
is in line with the temperature change associated with the com-
pression and decompression during rapid pressure changes. The
additional phase shift caused by this uncontrolled temperature
change could introduce an additional worst-case error of 0.8%
FS. Nevertheless, a pressure sensor with such residual temper-
ature sensitivity is suitable for many technical applications.

We compared the dynamic characteristics of the fiber-optic
sensor with the calibrated piezoelectric sensor, which can be
considered as a dynamic secondary standard. In Fig. 7(a), we
show the responses of the two sensors to a half-sine pulse
of a time interval equal to 250 ms and an amplitude equal to
101 bar. The maximum absolute difference between the sensor
readings (excluding resonance oscillations of the reference
sensor) is equal to 1.06 bar, which corresponds to 0.96% FS
[see Fig. 7(b)]. In this measurement, no resonance oscillations

Fig. 8. Responses of the fiber-optic sensor and piezoelectric sensor to the
half-sine pressure pulse of a time interval of 13 ms shows oscillations of a
frequency of 1.8 and 25 kHz in the reference sensor.

occur in the fiber-optic sensor, whereas slight oscillations of a
frequency equal to 1.8 kHz appear in the reference sensor [see
Fig. 7(c)]. This result is due to the existence of a tube-shaped
setup connecting both sensors and the pressure generator.
Because of this, the diaphragm of the piezoelectric sensor
with the tube represents a spring-mass oscillator with a natural
frequency lower than the natural frequency of the sensor itself,
depending on the tube dimensions and on the properties of
the medium (in this case, oil). The damping factor is of the
order of in the piezoelectric sensor. The construction
of the fiber-optic pressure sensor makes possible the use of a
pressurized oil that will spread out in eight different directions
and act simultaneously on as many points of the sensing fiber
loop in the whole volume of the head which, thus, reduces
undesirable oscillations. For time intervals greater than 400 ms,
no resonance oscillations occur in either the fiber-optic sensor
or the piezoelectric sensor. In Fig. 8, we show the response of
the sensors to a half-sine pulse with a time interval equal to
13 ms. In the piezoelectric sensor, high-amplitude oscillations
of a frequency equal to 1.8 kHz occur, whereas in the fiber-optic
sensor, only phase-shifted slight oscillations of the same fre-
quency take place. The slight oscillations are probably carried
from the tube to the fiber-optic sensor during the resonance.
This result shows that the construction of the fiber-optic sensor
allows it to operate at frequencies about one order higher than
the piezoelectric sensor. We also noticed that the reference
sensor reads additional oscillations at the frequency equal
to 25 kHz, which are excited by high-amplitude oscillations
of 1.8 kHz. In Fig. 9, we show the response of the sensors
to the linear pressure change of a slope equal to 224 bar/s,
which was obtained from the KISTLER pressure generator by
slow pressing the drop-weight. In this measurement, neither
sensor detected noticeable oscillations. The maximum absolute
difference between the sensor readings is equal to 0.55 bar,
which corresponds to 0.50% FS [see Fig. 9(b)]. We also tested
the sensor’s response to the exponential decay of pressure from
90 bar to atmospheric pressure, with the relaxation time equal
to 200 ms, which is shown in Fig. 10. The maximum absolute
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Fig. 9. Dynamic calibration of the fiber-optic sensor. (a) Responses of the
fiber-optic sensor and piezoelectric sensor to linear pressure change of a slope
of 224 bar/s. (b) Absolute difference between the readings of the two sensors.

Fig. 10. Dynamic calibration of the fiber-optic sensor. (a) Responses of the
fiber-optic sensor and piezoelectric sensor to exponential pressure change for a
time constant of 200 ms. (b) The absolute difference between the readings of
the two sensors.

difference between the readings of the two sensors is equal
to 1.18 bar, which corresponds to 1.07% FS [see Fig. 10(b)].
This pressure change was obtained by quickly opening the

TABLE I
MAXIMUM DIFFERENCES BETWEEN READINGS OF THE FIBER-OPTIC SENSOR

AND THE CALIBRATED PIEZOELECTRIC SENSOR FOR DIFFERENT PRESSURE

CHANGE FUNCTIONS APPLIED FOR DYNAMIC CALIBRATION

valve of the primary static-pressure dead-weight standard
HARWOOD DWT-35KG. Compared with the measurements
with the drop-weight pressure generator, this response shows
a higher damping factor (of the order of ) and a lower
natural frequency (of the order of ), which is due
to the long and curved pipes connecting the sensors with the
static-pressure generator.

The results of the above comparison are set out in Table I. The
various responses of the fiber-optic sensor show good agreement
with those of the calibrated piezoelectric sensor if no resonance
occurs. The maximum difference between readings of the two
sensors is about 1% FS and is mainly caused by temperature
changes during compression and decompression processes and
a slight phase lag in the fiber-optic sensor response as a result
of the longer fluid flow between the pressure generator and the
fiber loop.

The responses of the sensors closely resemble the theoret-
ical behavior of the second-order transducer. The discrepancies
between the experimental and the calculated signal occur due
to the curved flow of a liquid between the pressure generator
and the sensors, irregularities in the tubes’ radii, less than ideal
shapes of the load pressure function, and temperature change
during compression and decompression processes.

V. CONCLUSION

We presented the dynamic calibration of the fiber-optic pres-
sure sensor based on birefringent side-hole fibers. Considering
that the optical sensor will likely be applied in different mea-
surement situations, we tested it in the static as well as in the
dynamic regime of operation. We determined its pressure sen-
sitivity using the primary static-pressure dead-weight standard.
Next we compared the characteristics of the fiber-optic sensor
with the responses of a calibrated piezoelectric dynamic pres-
sure sensor (considered as a secondary dynamic pressure stan-
dard) for half-sine, linear, and exponential pressure change. The
characteristics of the fiber-optic sensor are in good agreement
with those of the reference piezoelectric sensor for the linear
and exponential functions and for the half-sine when the pulse
is wider than 400 ms. However, for half-sine pulses narrower
than 250 ms, oscillations of the frequencies equal to 1.8 kHz
occur in the piezoelectric sensor, which is due to the tube-shape
setup connecting the two sensors with the pressure generator
that causes the diaphragm of the piezoelectric sensor with the
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tube to function as a spring-mass oscillator. Construction of the
fiber-optic sensor reduces the undesirable oscillations, which
thereby makes it possible to operate on frequencies higher by
about one order than in the case of the piezoelectric sensor. Fur-
thermore, the fiber-optic sensor described here allows measure-
ment of static pressures. This promising capability of fiber-optic
sensors should be further investigated; they indeed should be
considered as secondary standards for both static and dynamic
pressure measurements, which are better than commonly ac-
cepted piezoelectric reference transducers.
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