Optical
Claus,
Appl.

Society of America. Anbo Wang, Mark S. Miller, Angela J. Plante, Michael F. Gunther, Kent A. Murphy, and Richard
"Split-spectrum intensity-based optical fiber sensors for measurement of microdisplacement, strain, and pressure,”
Opt. 35, 2595-2601 (1996). doi: 10.1364/a0.35.002595

Split-spectrum intensity-based optical fiber
sensors for measurement of microdisplacement,
strain, and pressure

Anbo Wang, Mark S. Miller, Angela J. Plante, Michael F. Gunther, Kent A. Murphy,
and Richard O. Claus

A self-referencing technique compensating for fiber losses and source fluctuations in reflective air-gap
intensity-based optical fiber sensors is described. A dielectric multilayer short-wave-pass filter is
fabricated onto or attached to the output end face of the lead-in—lead-out multimode fiber. The
incoming broadband light from a white light or a light-emitting diode is partially reflected at the
filter. The transmitted light through the filter projects onto a mirror. The light returning from the
reflecting mirror is recoupled into the lead-in—lead-out fiber. These two reflections from the filter and
the reflecting mirror are spectrally separated at the detector end. The power ratio of these two
reflections is insensitive to source fluctuations and fiber-bending loss. However, because the second
optical signal depends on the air-gap separation between the end face of the lead-in—lead-out fiber and
the reflecting mirror, the ratio provides the information on the air-gap length. A resolution of 0.13 pym
has been obtained over a microdisplacement measurement range of 0-254 pym. The sensor is shown to
be insensitive to both fiber-bending losses and variations in source power. Based on this approach, a
fiber-strain sensor was fabricated with a multilayer interference filter directly fabricated on the end face
of the fiber. A resolution of 13.4 microstrain was obtained over a measurement range of 0-20,000
microstrain with a gauge length of 10 mm. The split-spectrum method is also incorporated into a
diaphragm displacement-based pressure sensor with a demonstrated resolution of 450 Pa over a
measurement range of 0-0.8 MPa. © 1996 Optical Society of America

1. Introduction

Optical fiber sensors have been developed during the
past 15 years to measure a wide range of physical
observables.! Fiber sensors may be divided into
two general classes, interferometric devices that
measure differential phase changes in multipath

ing complexity greatly increases the cost and makes
interferometric sensors unacceptable for many appli-
cations. Intensity-based fiber sensors conversely
require only simple signal processing, while possess-
ing all the obvious advantages of fiber sensors over
conventional electric sensing techniques. These ad-

fiber geometries and intensity-based devices that
measure environmentally induced changes in re-
ceived optical power. Although a high resolution of
phase detection, of the order of 1078 rad, can be
obtained with fiber interferometers, they require
relatively complicated signal-processing techniques
for effective signal recovery. Such signal-process-
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vantages include immunity from electromagnetic
interference, small size, geometric flexibility, and the
possibility of use in harsh environments.

However, because the values of the measurands
are directly derived from changes in light intensity
for intensity-based sensors, these sensors are espe-
cially susceptible to power fluctuation of the light
source, fiber loss, and variations in modal power
distribution (MPD) in fibers. All these factors cause
changes in the output of the sensor that may be
misinterpreted as changes in the value of the measur-
and. The compensation of these changes, usually
seen as long-term drift, is therefore a major concern
when one is designing an intensity-based sensor
system. A considerable amount of research has
been conducted in this area in the past few years.
In 1983 Giles and coworkers demonstrated a com-
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pensation bridge concept using two light sources
of the same wavelength.2 Over a large range of
fiber-loss variations, an accuracy of 1% was achieved.
In 1984 Jones and Spooncer proposed a two-
wavelength referenced technique for grating-type
modulators.? In 1987 Wang et al. proposed a single-
wavelength compensation technique for extrinsic
polarization-modulated fiber sensors.# A long-term
accuracy of 0.2% was obtained for multiyear in situ
field testing.? Recently, fiber Bragg grating sensors
have been demonstrated for measurement of strain
or temperature,® for either of which the method of
direct wavelength-shift demodulation could be used
to extract measurand information. Because such
sensors have the advantages of small size, low cost of
fabrication, and stable operation, they have been
shown to be especially attractive, even though their
cross sensitivity for measurements of temperature
and strain is still a problem. Also, there have been
a variety of other self-referencing techniques with
similar objectives proposed by different researchers
in recent years.! This paper presents a split-
spectrum intensity-based (SSIB) sensor approach
that permits compensation for both fiber loss and
source fluctuation. Three sensors using the SSIB
approach for measurements of microdisplacement,
strain, and pressure are constructed, and experimen-
tal results are presented.

2. Principle of Operation

Figure 1 shows the geometry of the SSIB sensor.
The output of a broadband source is coupled into a
multimode fiber and propagates through a 2 X 2
fiber coupler and mode scrambler to the sensor.
The short-wave-pass interference edge filter, which
is attached to or directly fabricated on the output end
face of the lead-in—lead-out optical fiber, reflects the
portion of the spectrum above its cutoff wavelength
but allows the portion of the spectrum below its edge
wavelength to transmit. The reflected signal, re-
ferred to as the reference signal, returns directly to
the fiber. The light transmitted through the filter,
referred to as the sensing signal, propagates across

the air gap to the mirror. The light is reflected by
the mirror and is then partially recoupled into the
fiber. The two reflections travel along the same
fiber to the detector end and are separated spectrally
by the wavelength division multiplexer (WDM) or
demultiplexer. The function of the mode scrambler
is to ensure similar MPD’s for the two signals. The
intensity of the reference signal is independent of the
air gap in the sensor, but the intensity of the sensing
signal is a function of the air-gap separation. The
power ratio of the sensing signal to the reference
signal is thus a function of the air-gap separation.
However, because the two signals travel along the
same optical path in the fiber and are also radiated
from the same source, they carry the same informa-
tion concerning the fiber losses and source-power
fluctuations. The power ratio should therefore be
immune to variations in both the fiber losses and the
source power. Thus alow drift and a high long-term
accuracy may be expected for this system.

3. Theory

As described above, the sensor behaves as a fiber-to-
fiber junction with a doubled longitudinal air-gap
separation. In order to evaluate the excess loss of a
fiber splice with a longitudinal separation, we must
know the cross-sectional optical intensity distribu-
tion outside the input fiber end face. For a single-
mode fiber, a Gaussian function gives a good approxi-
mation for this intensity distribution.” But for a
multimode fiber, the optical intensity distribution
outside the output fiber end face is contributed by all
guiding modes in the fiber, and hence a different
MPD leads to a different cross-sectional intensity
profile outside the fiber end face. So, in general, to
obtain an exact expression for an intensity profile,
the phases and amplitudes of the electric fields for all
the guiding modes must be known, and then the
electric field at any point outside the fiber end face
can be derived by the use of Kirchhoff diffraction
theory® It is, however, extremely difficult to know
exactly the phases and amplitudes of all the guiding
modes in a fiber supporting a large number of modes.
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A number of simplified analytical models for evalu-
ation of the excess loss of step-index multimode fiber
splices have been proposed in the past.>1 How-
ever, because of the complexity of the MPD, only two
specific MPD’s, namely a uniform MPD and a steady
or equilibrium MPD, typically are considered in
these models. The model in which a uniform MPD
is assumed has a very simple expression.” However,
it does not describe the behavior of fiber connectors
well. Usually, numerical computer simulation is
required, with the assumption of a steady MPD.
Therefore we try to develop a simple model to
describe our sensors.

For normal input excitation conditions, the cross-
sectional optical intensity distribution outside the
output end face of a step-index multimode fiber has
an on-axis central maximum value and an off-axis
distribution that decreases with the increase of the
radius coordinate away from the axis. This charac-
teristic of the intensity distribution remains true
within a relatively large range of varying excitation
conditions.

We assume that the cross-sectional optical inten-
sity distribution at any distance outside the output
end face of a step-index multimode fiber, as shown in
Fig. 2, can be expressed by a Gaussian function in a
cylindrical coordinate system as

p2
[f(Z)JZ) ’ o

where p is the radius coordinate, I, is the intensity at
the center of a cross-sectional plane at distance z,
and A is a constant related to the MPD in the fiber.
The total power in such a plane should be a constant.
Thus we have at any distance z

2 o
pP,= f dq)f Ipdp. (2)
0 0

Substituting Eq. (1) into Eq. (2), we obtain
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Fig. 2. View of a step-index multimode optical fiber splice with a
longitudinal gap separation.

Let us discuss the possible form of function f(z).
According to the ray-optics explanation of propaga-
tion in a multimode optical fiber, the spatial extent of
the light beams out of the fiber is limited to within
the emitting cone determined by the numerical
aperture of the fiber, as shown in Fig. 2. That
means that most of the optical power radiated from
the fiber end face is confined within that cone.
Naturally we assume that the function f(z) is given
by

flz) = z tan[sin"Y(NA/ny)| + a, (5)

where a is the radius of the fiber core, NA is the
numerical aperture of the fiber, and n, is the refrac-
tive index of the medium outside the fiber end face.
Combining Egs. (1) and (5), we find that the normal-
ized optical intensity I/I, becomes exp(—A2? at a
radial position p = Z tan[sin"1(NA/ng)| + a. So the
constant A gives an indication of the amount of
optical power within the light-emitting cone, which
is related to the MPD. Substituting Eq. (4) into Eq.
(1), we obtain the expression of the optical intensity
at any point outside the fiber output end face as

— eX p .
1= e P A P

In a step-index multimode fiber splice with a longitu-
dinal gap separation, we assume that all the power
projected onto the core region of the same type of
receiving fiber will be captured. The power enter-
ing the fiber can then be written as

6)

R f dé fazpdp, )

where C represents the Fresnel reflection at the end
face of the receiving fiber. Substituting Egs. (5) and
(6) into Eq. (7) and considering the condition that
when z = 0, P must equal (1 — C)P,, we thus obtain
the power collected by the receiving fiber of the splice
as

P=(1-C)Py1 + explA)

- exp(— { da _—

2z tan[sin (NA/n)| + af?

where z represents the longitudinal gap separation
between the two fiber end faces.

Because the behavior of the sensor element can be
considered equivalent to that of a fiber splice with a
doubled longitudinal gap separation, the sensor out-
put can be written as

P+ P
Pref

’ 9)
where P + Ppis the total optical power in the sensing
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signal, Pis described in Eq. (8), and Py represents the
optical power, which is independent of the air-gap
variation in the sensor element. The optical power
Pz is mainly contributed by the Fresnel reflection of
the sensing signal at the air—glass interface at the
far end of the filter substrate. P, is the optical
power in the reference signal that is reflected by the
interference filter.

4. Experiments

To verify the model described in Section 3, an
experiment was performed to measure the excess
loss of a step-index multimode fiber splice. In the
experiment, a light-emitting diode (LED) at 820 nm
pigtailed to a step-index 100/140 pm multimode
fiber with a numerical aperture of 0.284 served as
the light source. The same type of fiber was used
for the coupler and the sensing fiber. In the experi-
ment, the constant A in Eq. (8) was determined to be
4.32 by evaluation of the far-field spatial optical
intensity distribution. Figure 3 indicates that a
Gaussian function gives a good description of the
cross-sectional intensity distribution outside the fi-
ber end face. Figure 4 shows the experimental
results of the excess loss of the fiber splice measured
versus the longitudinal gap separation. The results
presented in Figs. 3 and 4 demonstrate that the
model proposed in this paper gives a good description
of the excess loss of the step-index multimode fiber
splice.

Several sensors based on the SSIB approach were
constructed and tested. The first sensor was an
intensity-based displacement sensor, as shown in
Fig. 1, to test the split-spectrum compensation tech-
nique. The target mirror was attached to a micropo-
sitioner to permit precise changes in the gap separa-
tion. An LED centered at 820 nm with a spectral
width of 12 nm was used as the light source. The
edge interference filter, deposited on a 0.15-mm-
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Fig. 3. Cross-sectional intensity profile of the far field at 900 pm
from the output end face of the input fiber of the splice.
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Fig. 4. Optical power in the receiving fiber as a function of the
longitudinal gap separation.

thick glass substrate, with a cutoff wavelength of
820 nm, was selected to match the central wave-
length of the LED. The filter was attached to the
fiber by the use of index-matching optical epoxy, with
the film surface of the filter adjacent to the fiber end
face. The mirror, which was mounted on a micropo-
sitioner, was adjusted to be perpendicular to the fiber
axis. An edge filter identical to the filter used at the
sensor head was used to separate the sensing and
reference signals at the detectors.

The mirror was moved 100 steps in increments of
25.4 uym (0.001 in.), and the ratio of the sensing signal
to the reference signal was recorded at each step.
For this experiment the output of the sensing-signal
detector was 1.82 V without the target mirror.
When the gap between the mirror and the filter was
set to zero, the output of the sensing-signal detector
was 7.8 V. Figure 5 is a plot of the results of the
experiment in comparison with the theoretical predic-
tions. The thickness of the filter substrate (150 nm)
has been accounted for during this analysis. Ascan
be seen in Fig. 5, the theoretical model closely
predicts the experimental SSIB sensor results in a
simple displacement sensor configuration. Aresolu-
tion of 0.13 pm was obtained at the zero point under
the detection bandwidth of 2.1 Hz.

Because the sensing and reference signals travel
in the same fiber, it is assumed that these two
signals should carry the same information about
fiber attenuation. However, because the two sig-
nals have slightly different MPD’s in the fiber, they
will experience slightly different optical power varia-
tions when the fiber is subjected to bending. Figure
6 presents a plot showing the dependence of the
sensor output ratio on the input—output fiber-
bending loss. As shown in this figure, the variation
of the sensor output ratio remained below 5% for
bending losses up to 50% of the total power. The
presence of the mode scrambler, located approxi-
mately 5 m away from the sensing filter, reduces the
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MPD dependence. In experiments, it was found
that when the mirror was tilted slightly the sensor
output versus the air-gap separation shown in Fig. 5
followed a different curve that was lower than but
almost parallel to the original curve. Here it is
important to notice that for most practical applica-
tions fiber-loss variation, caused by changes in envi-
ronmental conditions, is usually much smaller than
the tested bending-loss variation range. So an accu-
racy of much better than 5% may be obtained when
the sensor is operated under practical conditions.
The results of the experiment performed to mea-
sure the dependence of the sensor output ratio
versus the input power level are shown in Fig. 7.
This graph indicates that the sensor output ratio
changes less than 0.2% with LED output power
variations of 60%. The LED drive-current varia-
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Fig. 6. Dependence of the sensor output on the fiber-bending
loss.
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Fig. 7. Dependence of the sensor output on the LED current.

tion not only changed the power output, but also
moved the central wavelength of the LED. It is
believed that this change in wavelength is the factor
that caused the small change in the output ratio
indicated in Fig. 7. For most applications, the
amount of power change shown here is far greater
than would be experienced in practical situations.
These two tests indicate that the SSIB sensor is
capable of compensating for fiber losses and source-
power fluctuations.

The second sensor was fabricated for absolute
strain measurement. The sensor is illustrated in
Fig. 8. A tungsten halogen lamp served as the light
source, which provided a flat spectrum over the
spectral region of interest. A 100/140-um step-
index multimode optical fiber served as the lead-in—
lead-out fiber and the reflecting fiber. The multi-
layer dielectric interference filter was directly
deposited on the end face of the lead-in—lead-out
fiber. The cutoff wavelength of the edge filter was
located at 820 nm. A reflecting fiber with an alumi-
num-coated end face functioned as the reflector.
The two fibers were inserted into a hollow glass tube
with an inner diameter of 145 pm so that the motion
of the fibers could be well guided in the tube. Two
wavelengths were selected at the detector end by the
use of two bandpass filters at 800 nm and 860 nm,
with identical spectral widths of 15 nm. The mea-
sured sensor output ratio as a function of strain is
plotted in Fig. 9. It can be seen that the sensor
output is quite linear over a strain range from 0 to
20,000 pe. A resolution of 13.4 pe was obtained at
the zero point for a detection bandwidth of 2.1 Hz.

The temperature dependence of the sensor was
also examined. After the above tests, the sensing
and the target fibers were fixed to the hollow glass
tube with epoxy. The sensor head was placed in an
oven, in which temperature was monitored with a
thermocouple. The test result is presented in Fig.
10. The small change in the sensor output is be-
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lieved to be caused mainly by the thermal properties
of the epoxy and the differential thermal expansion
of the fiber and the hollow glass tube.

Finally, as a further application of the split-
spectrum loss-compensated technique, a pressure
sensor was fabricated by incorporation of a flat
diaphragm functioning as the reflecting mirror.
The central displacement of a flat diaphragm can be
expressed by!2

0.1706Pr*

YT T ER

(10)
where P is the applied pressure, r is the radius, E is
the Young’s modulus, and 4 is the thickness. Equa-
tion (10) holds for small diaphragm displacements
that remain in the elastic range of the material.
The pressure-sensor configuration is shown in Fig.
11. The diaphragm was made of stainless steel
with a thickness of 0.33 mm and a diameter of 25
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Fig.9. Output ratio of the sensor as a function of strain.
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mm. For this configuration, the central displace-
ment of the diaphragm was a function of the differen-
tial pressure (P; — Py). The output ratio of the
sensor is therefore a function of differential pressure.
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Fig. 10. Temperature dependence of the sensor output.
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Fig. 11. Schematic of the pressure-sensor head.
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Figure 12 shows the calibration curve of the sensor
as well as the theoretical predictions. A resolution
of 450 Pa was achieved, with a measurement range
of 0-0.8 MPa.

5. Conclusions

We have demonstrated a split-spectrum compensa-
tion technique that permits compensation for fiber-
loss variations and source-power fluctuations in
air-gap intensity-based fiber sensors. Three sen-
sors for measurements of microdisplacement, strain,
and pressure have been constructed and tested.
First, for the microdisplacement measurement, a
resolution of 0.13 ym has been achieved over a
measurement range of 0-254 ym. The sensor has
been shown to be immune to source-power fluctua-
tions and fiber-bending losses. Second, a reflective
strain sensor was fabricated based on the split-
spectrum technique. Experimental testing results
have indicated a resolution of 13.4 pe over a range of
0—-20,000 pe. Because of its small geometric dimen-
sion, the sensor would be useful for evaluation of
embedding materials. Finally, we demonstrated

pressure measurements incorporating the compensa-
tion technique, in which a diaphragm functions as
the reflecting mirror. A resolution of 450 Pa was
obtained, with a measurement range of 0-0.8 MPa.
A simplified theoretical model has been developed
for the description of the sensors. The experimen-
tal results agree very well with the theoretical
predictions. The method reported here may also be
applied to other intensity-based fiber sensors.

The authors thank the Virginia Center for Innova-
tive Technology for initial support to this research.
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