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Abstract. A liquid level sensor based on etched D-shaped silica optical
fibers is presented. The optical transmission of the sensor depends on
the liquid level. The sensor can be realized as a continuous level sensor
with a high resolution and requires only one fiber and one optical source
and detector. We have demonstrated a sensor with a resolution of
~1 mm. The sensor works for liquids with refractive indices greater than
~1.45. We show that the sensor response is the same for increasing and
decreasing liquid levels. © 2007 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Optical fiber-based sensors have been the sub]ject of intense
research activity for more than three decades.” Such sensors
offer two main advantages; they are made from noncon-
ducting (dielectric) materials and they are corrosion resis-
tant. The former advantage is particularly attractive for ap-
plications in explosive environments and flammable
atmospheres while the latter is attractive for chemical pro-
cessing applications. An application that is well served by
these two advantages is in liquid level sensing of flam-
mable hydrocarbons or fuels and of chemicals in industrial
and processing plants. For these reasons, there has been a
signiﬁcazng amount of research into optical liquid level
Sensors.

Liquid level sensors can be classified into two main cat-
egories: continuous level sensors and discrete level sensors.
Several continuous level sensors have been demonstrated.
The coupling between optical waveguides at the surface of
a liquid using six fibers and a reflecting array comprised of
steel wires was demonstrated in Ref. 2. A sensor using two
specially treated plastic optical fibers immersed in a quartz
tube filled with an intermediate liquid was developed in
Ref. 3. Some systems measure the reflected light off of the
surface of the liquid using multiple fibers with collimating
0ptics4’5 or ladar techniques,&8 to measure the liquid sur-
face proximity. Such systems require the placement of
transmitting and receiving fibers and/or collimating optics
at a fixed point above the liquid surface. The light can
undergo undesired reflections or refractions due to ripples
on the liquid’s surface leading to errors. The refractive in-
dex sensitivity of long-period fiber-optic gratings has been
exploited in Ref. 9, but suffered limitations such as the
need to use a specific wavelength, a linear response over
only about 60% of the grating’s length and a limiting re-
striction on the liquid’s refractive index (restricted to the
range 1.400-1.456). Most recently, a sensor based on the
optical attenuation in a plastic optical fiber where the liquid
acted as a second cladding was demonstrated in Ref. 10
with a resolution of 2 mm.
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Discrete level sensors are typically based on the change
in optical reflection from or transmission through the sensor
head, due to the change in refractive index surrounding the
sensor head, when immersed in a liquid. Examples of such
sensors are based on the couplin? of cladding modes from a
lead-in fiber to a lead-out ﬁber,1 on frustrated total internal
reflection experienced in fibers with angled or retroreflect-
ing tips12 or conical/tapered tips,]3 on total internal reflec-
tion experienced in fibers with reflecting elements such as
prisms *or specially designed tips15 cemented to their ends,
and most recently on transmission through two fibers inte-
grated using a hemispherical transparent dielectric
element.'® In each of the above cases, the sensor has been
implemented as an on-off switch, or as an array of sensors
placed along the wall of the liquid vessel, or on a mechani-
cal assembly that translated the sensor up and down the
liquid vessel. Thus, to achieve high resolutions, an array of
many sensors (e.g., 140 in Ref. 16) or some additional
moving mechanism is needed, which adds to the cost and
complexity of the level measurement.

Betta et al. have demonstrated a quasi-continuous sensor
based on “unclad zones” on a plastic clad silica fiber where
the cladding has been reduced in these zones to cause op-
tical attenuation when surrounded by a liquid.17 Using six
fibers, each with 63 unclad zones, a 1 m full-scale, 4 mm
resolution prototype was realized and tested. The sensor
length is limited due to the fact that the power attenuation
of each unclad zone is less than that of the previous zone so
that, as the liquid level rises, the change in optical power
becomes comparable to the noise amplitude.

In this paper we describe and demonstrate a liquid level
sensor that is based on power attenuation experienced in
etched D-shaped optical fibers. The sensor can be realized
as a continuous level sensor or as a discrete level sensor. In
either case the use of only one fiber, one optical source and
one detector is needed.

2 Operating Principle

In a typical step-index single-mode optical fiber the refrac-
tive index of the core, n,, is greater than that of the clad-
ding, n, and total internal reflection at the core-cladding
boundary keeps the light guided. When the cladding thick-
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Fig. 1 Conceptual diagram of liquid level sensor with cross section
of sensor head.

ness is reduced (typically to less than 10 wm) and a second
cladding comes into contact with the first cladding, the fi-
ber’s fundamental mode over the region that is in contact is
affected. In particular, if the refractive index of the second
cladding is less than the mode’s effective index, ng
(=B/k,), the propagation constant, B, is changed and the
fiber continues to guide light. On the other hand, if the
refractive index of the second cladding is greater than ng,
the mode becomes leaky and the propagation constant of
the mode becomes complex, i.e., B=f,+jB;, leadingz to an
attenuation of the power launched into the fiber."* ™ Re-
ducing the cladding thickness over a long length can easily
be achieved with D-shaped optical fibers, while still retain-
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ing the mechanical strength of the fiber. The cladding is
typically reduced by etching the fiber in hydrofluoric acid.

A liquid level sensor can be realized by using the liquid
as the second cladding of such a “reduced-cladding” D fi-
ber. The power attenuation coefficient, y= 2,8j, of the
etched section of the D fiber (which constitutes the sensor
head) that is in contact with the liquid, depends on the fiber
core’s dimensions, on its mode effective index, on its clad-
ding thickness, d (defined as the minimum distance be-
tween the core edge and the fiber flat), on the operating
wavelength, \,, and on the refractive index of the liquid,
niiq- The D fibers used here (obtained from KVH Industries)
were single-mode polarization maintaining and had ellipti-
cal cores with n,=1.4756 and ny=1.4410 at A\,
=1550 nm. Figure 1 shows a conceptual diagram of the
liquid level sensor and the cross section of the D fiber used.

The sensor head, using a single-mode step-index ellipti-
cal core fiber, surrounded by the liquid can be theoretically
modeled as described in Ref. 23 and its power attenuation
coefficient can be determined analytically for njq>neg.
Figure 2 shows the calculated power attenuation coefficient
for the elliptical D-fiber’s fundamental mode (the ,HE,,
mode as defined in Refs. 24 and 25) as a function of the
liquid refractive index for four values of the cladding thick-
ness at \,=1550 nm. The power attenuation coefficient
peaks sharply close to the fiber mode’s effective index and
then monotonically decreases for larger refractive indices.
For njjq<n., the power attenuation coefficient, v, is zero
and there is no power lost from the sensor head due to
contact with the liquid (as is typical with optical fibers,
there are intrinsic losses due to other mechanisms such as
scattering and absorption; however, these are negligible
over short lengths). The power attenuation coefficient
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Fig. 2 Calculated power attenuation coefficient for the ;HE,; mode as a function of liquid refractive
index for four values of d using a=2 um, b=1 um and \,=1550 nm. Solid circles indicate points of

interest.
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Fig. 3 Calculated power attenuation coefficient for the ;HE;; mode as a function of liquid refractive
index for four values of d using a=2 um, b=1 um and \,=1650 nm.

curves can be shifted to the left by increasing \,. For
example, Fig. 3 shows the calculated attenuation using
A\,=1650 nm. It is apparent from Fig. 2 and Fig. 3 that the
proposed sensor can be designed and operated such that it
can be used with any liquid for which nj;;>1.45. This is a
favorable result considering that the refractive indices of
many liquid hydrocarbons and other industrial liquids are in
the range from 1.45 to 1.55.3% Changes in the liquid re-
fractive index (for example, due to temperature fluctua-
tions) could lead to errors since the attenuation coefficient
is sensitive to the liquid refractive index. Nevertheless, in
an industrial application, compensation techniques com-
monly used with intensity-based optical fiber sensors can
be applied.27

The power transmission ratio, 7'p, of the sensor head can
be written as

POUT
P.

n

= 2Bl = g

Tp= (1)
where P;, and P, are the optical powers into and out of
the sensor head, respectively, and L is the length of the
sensor head that is surrounded by the liquid. For example,
Eq. (1) has been used to calculate the sensor’s power trans-
mission ratio at A,=1550 nm and is shown in Fig. 4 as a
function of the liquid level for several values of ny;, using
d=8 pm. Here, a cladding thickness of 8 um was chosen
to give a nearly linear response over the length of the sen-
sor. The sensitivity of the sensor, i.e., the slope of the re-
sponse (J7T),/dL), depends on y and thus, depending on the
application, the sensor response and its sensitivity can be
tailored by carefully selecting the cladding thickness to
yield a desired value for vy for a particular ny;,. It should be
noted that the average slope of the response for a particular
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d decreases as njq increases. In general, it is not necessary
to have a linear sensor. For a given length of sensor, if the
power attenuation coefficient is high (due to a smaller clad-
ding thickness), the sensor response becomes exponential
and remains relatively linear for low liquid levels. In addi-
tion, the sensitivity decreases with increasing liquid levels
for such an exponential sensor. Nevertheless, such a sensor
may be advantageous for applications requiring a high sen-
sitivity for low liquid levels and a lower sensitivity for high
liquid levels.

The sensor can also be realized as a discrete level sensor
for applications that have high liquid levels and require low
resolutions. Short sections of the fiber (e.g., 1 mm) could
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Fig. 4 Calculated liquid level sensor power transmission ratio as a

function of liquid level for several values of ny, using d=8 um,

a=2 um, b=1 um and A ,=1550 nm.
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Fig. 5 Experimental setup showing D fiber running down center of
aluminum tank with sensor head in the middle of tank. The 1550 nm
optical source is used to couple light via a polarization controller into
the sensor. The syringe on the translation stage is used to change
the liquid level. The computer remotely controls all the instruments
and acquires data from the power meter.

be etched at regular intervals (determined by the required
resolution) so that they all yield the same attenuation and
the sensor response would then be a stair-like function,
each step corresponding to a discrete liquid level. Such a
discrete sensor requiring only one fiber, one source and one
detector results in a significant decrease in the complexity
and cost as compared to existing discrete level sensors that
require multiple sensors, lead-in and lead-out fibers,
sources and detectors'"'*'® or moving mechanisms.' 2"

3 Sensor Fabrication and Characterization

To fabricate the proposed sensor, a 19—20 mm unjacketed
section of our D fiber was etched in a 10% hydrofluoric
acid solution for ~170 min to decrease the cladding thick-
ness to between 5 and 6 um. As will be seen later, this was
done to achieve a power attenuation coefficient that would
result in a linear sensor response over its length. Standard
thermo-optic oils (obtained from Cargille Labs) were used
as the liquids so that their temperatures could be used to
accurately control their refractive indices.

The experimental setup in Fig. 5 shows the D fiber run-
ning down the center of a specially built square aluminum
tank, which had a transparent window along one of its
walls with a scale, in mm, to read the liquid level. A
plugged hole at the bottom of the tank allowed the routing
of the fiber to the power meter. Alternatively, as in Ref. 10,
the fiber can be looped back to the top of the tank so as to
make a “U” shape. In this case, however, only one side of
the U shape needs to be etched to create the sensor head.
The other side of the U shape serves to direct the modu-
lated light back to the power meter with negligible power
loss. The liquid was inserted into the tank using a syringe.
To accurately control the liquid level (by either introducing
or extracting a small amount of liquid) the end of the sy-
ringe’s plunger was attached to an automated translation
stage. The aluminum tank was placed on a temperature
stage so that the liquid’s temperature, and hence its refrac-
tive index, could be controlled throughout the experiment.
A 1550 nm monochromatic optical source was used and the
light was coupled into the sensor from a standard SMF-28
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fiber using a mechanical splice. A polarization controller
was inserted between the optical source and the sensor so
that the fundamental ;HE,; mode of the D fiber could be
launched. This mode has its electric field folarized parallel
to the major axis of the elliptical core.”*** The reason for
launching this mode is that the theoretical model used was
developed for this mode. To confirm that the ;HE,; mode
was launched, a polarizer placed at the output was used to
measure the extinction ratio of the light, which was always
in excess of 27 dB. The output of the fiber was directed
onto a power meter. The computer shown in Fig. 5 was
used to remotely control the temperature controller, polar-
ization controller, and translation stage and to acquire data
from the power meter. To measure the power transmission
ratio, the output power of the sensor was recorded with a
liquid level of zero, i.e., air surrounding the sensor head.
This power level was used as the reference to calculate the
power transmission ratio so that for a liquid level of zero,
Tp=1. Thus, when the liquid level increases, the power
transmission ratio decreases and thus becomes less than
one. In this way, we normalize out the power losses due to
other mechanisms such as intrinsic attenuation and absorp-
tion in the D fiber.

The characterization of the sensor was split into (1)
static characterization and (2) dynamic characterization.

3.1 Static Characterization of the Sensor

The static characterization was carried out by measuring
the sensor’s response to increasing and decreasing liquid
levels, which were changed in 2 mm steps. At each liquid
level, the power level was measured and the power trans-
mission ratio was calculated as described earlier in this sec-
tion. The response was measured at three values of refrac-
tive index achieved using two oils. OIL-A had an index of
refraction at 25 °C, np and thermo-optic coefficient,
dnp/dT, of 1.471 and -3.86X 107*/°C, respectively, and
OIL-B had n;,=1.493 and dnj/dT=-3.91X 1074/ °C, all at
\,=1550 nm. The third refractive index was achieved by
using OIL-A at 50 °C which resulted in an index of refrac-
tion of 1.461. These three values were chosen because they
approximately occur at points of interest on the power at-
tenuation coefficient curve of our D fiber (indicated by
solid circles in Fig. 2), i.e., nj;;=1.461 occurs near the peak
of the curve, nj;;=1.471 occurs near where the slope of the
curve to the right of its peak is steepest and n;q=1.493
occurs near the middle of the range 1.45-1.55 for typical
hydrocarbons and other industrial liquids. Figures 6-8
show the sensor’s measured power transmission ratio using
liquids with the three refractive index values above. Shown
in each figure is the response to an increasing and a de-
creasing liquid level. Each response has been fit to a line to
illustrate the sensor’s linearity with the fitted line’s slope,
m, and regression coefficient, R, given in the legend. The
calculated slopes for the increasing and decreasing liquid
levels differ by ~1% in each case, demonstrating that the
sensor has virtually identical responses for increasing and
decreasing liquid levels. The regression coefficients for the
linear fits are all greater than 0.99 signifying the sensor’s
linearity. As predicted, the value of the slope decreases with
increasing liquid refractive index.

The resolution of the sensor depends on the measure-
ment of the optical transmission, which can fluctuate due to
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Fig. 6 Sensor’s measured power transmission ratio vs liquid level
for ny,=1.461 for increasing and decreasing liquid levels along with
linear fits.

factors such as source temperature changes, detector re-
sponsivity changes, link attenuation changes, and those
caused by changes in mechanical components such as con-
nectors, mechanical support mounts, and optics.28 A conser-
vative optical transmission measurement resolution of 1%
yields a liquid level measurement resolution of ~1 mm.

3.2 Dynamic Characterization of the Sensor

The dynamic characterization of the sensor was carried out
by continuously varying the liquid level at a constant rate.
The liquid level was first increased at a particular rate to fill
up the tank, thus immersing the entire sensor head. After
some time, the level was then decreased at the same rate.
This time interval was introduced to demonstrate the power
transmission ratio’s stability while the liquid level remained
stationary. As the liquid level increased or decreased with
time, the sensor’s power transmission was sampled every
second to calculate the corresponding power transmission
ratio. The sensor’s response to a dynamically changing lig-
uid level is shown in Fig. 9 for n;,=1.461 and in Fig. 10
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Fig. 7 Sensor’s measured power transmission ratio vs liquid level

for njq=1.471 for increasing and decreasing liquid levels along with
linear fits.
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Fig. 8 Sensor’s measured power transmission ratio vs liquid level
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linear fits.

1.00

0.95f

Sensor Power Transmission Ratio

Increasing Liquid Level

Liquid Level

Decreasing Liquid Level

00 400 500

[l
| Stationary
.
f

whk-=

0'750 100 200
Time (s)

Fig. 9 Sensor’s measured power transmission ratio as a function of
time for increasing and decreasing liquid levels for n;,=1.461.
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Fig. 11 Sensor’s measured power transmission ratio as a function
of time with liquid level decreasing at a rapid rate for nj,=1.461.

for n;q=1.493. As seen, the power transmission ratio de-
creases linearly with increasing liquid level and increases
linearly back to one with decreasing liquid level. The
dashed vertical lines in the figures separate the three differ-
ent regions described above.

The rate of change of the liquid level only affects de-
creasing liquid levels. With increasing liquid levels, the rate
is only limited by the optical detection time. However, if
the level is decreased rapidly, the sensor’s power transmis-
sion ratio does not increase linearly, as expected, but fluc-
tuates with time. In fact, in some cases the power transmis-
sion ratio decreases to values below the minimum power
transmission ratio value (i.e., the power transmission ratio
value when the entire sensor head is immersed in the lig-
uid). Figure 11 shows an example of the sensor’s measured
power transmission ratio with a rapidly decreasing liquid
level for nj,=1.461. These fluctuations in the sensor trans-
mission ratio are likely due to a thin film of liquid being left
behind on the sensor head. It is possible that such a film
would likely form a planar waveguide which would interact
with, i.e., couple with, the core of the D fiber.2*?%3% Such
coupling would likely be strongly dependent on the thick-
ness and length of the liquid film, both of which would
likely change over time, leading to oscillations in the sensor
transmission ratio.

4 Conclusions

We have demonstrated a liquid level sensor using etched
D-shaped silica optical fibers. Once calibrated, our sensor
has a resolution of 1 mm when used as a continuous level
sensor and had virtually the same response for increasing
and decreasing levels.

Advantages of the reported sensor over other continuous
level sensors that use an optical fiber immersed in the
liquid2’3’17 is that it only requires one piece of fiber to
achieve a high resolution. In Ref. 10 where one plastic
optical fiber has been used with the liquid acting as a sec-
ond cladding, the refractive index of the liquid has to be
less than the refractive index of the fiber (typically ~1.49
for plastic fibers) to cause total internal reflection, thus
placing an upper limit on the liquid’s refractive index. The
sensor based on the refractive index sensitivity of long-
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period fiber gratings9 has a higher resolution; however, its
operating principle is far more complicated, its refractive
index range is limited to 1.400—1.456, it requires the use of
a specific wavelength and it has a linear response over only
about 60% of the grating’s length.

The sensor reported here does not require the placement
of any collimating optics, or receiving and transmitting fi-
bers above the liquid surface as is required in Refs. 4-8. A
simple mechanical splice between a standard single-mode
polarization maintaining fiber and the D fiber is all that
would be required. The sensor can also be implemented as
a discrete level sensor requiring only one fiber, one source
and one detector, unlike other discrete level sensors that
require multiple sensors.'' 1

The range of operation of the sensor is only limited by
the length of the sensor, where a longer sensor would lead
to an exponential response. This is not a serious limitation
as a linear response is not necessary if appropriately cali-
brated. However, the sensitivity of the sensor would be
less. Careful selection of the power attenuation coefficient
can lead to a nearly linear response over the required length
of the sensor. The refractive index of the liquid must be
greater than the mode effective index of the fiber, which in
our case was ~1.45. Since the liquid is in contact with the
fiber, only liquids that do not modify the fiber should be
used. Rapidly decreasing liquid levels can lead to errors in
the sensor’s response, which is likely due to residual liquid
being left on the fiber surface.
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