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Intensity-Based Optical Systems for Fluid Level Detection

Carmen Vazquez™ and David S. Montero®

“Electronics Technology Dpt., Universidad Carlos Il de Madrid, Avda. de la Universidad 30, 28911, Leganés (Madrid),
Spain

Abstract: In this work different patented optical sensing solutions are reviewed, mostly for their application of measuring fluid level
within tanks, containers or bio-mass boilers in condominiums, thus providing an intrinsically safe sensing sce-nario within harsh and
hazardous environments, due to the passive nature of light. In general, the intensity modulation of the light is very attractive since it is
simple in concept, reliable, and can produce optical sensors which offer a wide range of applications at lower costs, thus facilitating their
final commercialization and market spread. The optical sensing solu-tions discussed in this work include a fiber-optic sensor for fluid
detection/level with intrinsic self-referencing property thus solving one of the main drawbacks when using intensity-based sensors,
namely the undesirable and unexpected opti-cal power fluctuations when operating. Moreover, a low-cost intensity-based POF sensor
for fuel level measurements in paramotoring and powered paragliding is presented. It features a very simple and a very low-cost
solution for these sports, attending the increasing demand of new and more sophisticated embedded sensors in the flight instrumental.
Going on from this, a fiber-optic fluid level sensor for a range greater than 2m is described. The system uses a single lens and a sin-gle
fiber but being possible to increase the measuring safety area by optical multiplexing. Finally, a fluid level sensor based on a Light
Dependent Resistor (LDR), which includes a temperature control scheme, is presented. Its final embodi-ment design is also shown and
described.

Keywords: Fiber-optic sensor, fluid level, intensity-based optical sensor, polymer optical fiber (POF), self-referencing tech-nique.

INTRODUCTION

Fiber-optic sensors exhibit a set of very attractive charac-
teristics, including immunity to electromagnetic interference,
small-sized capability, resistance to hostile environments that
may comprise hazardous chemicals or of any other kind,
geometric versatility, ruggedness, sensor multiplexing and
distributed sensing over a single fiber. On the other hand,
their main disadvantages are sometimes the high cost (com-
pared to other technologies) as well as the unfamiliarity of
the end user. There are numerous realizations of fiber-optic
sensors but one extensively investigated transducing mecha-
nism in optical sensing applications is the intensity modula-
tion of the propagating light. Approaching simple configura-
tions, intensity sensors modulate the optical power loss as
the physical magnitude changes, thus providing the meas-
urement as an optical intensity modulation signal. They have
been demonstrated in literature to be very reliable, simple in
concept, easily made selective to specific measurand, easily
integrated in optical networks by means of different multi-
plexing techniques, and a cost-effective sensing approach for
a wide range of applications. In contrast, interferometric sen-
sors display an extremely high resolution [1, 2], but they
require complex detection schemes and they are sensitive to
ambient pressure and other environmental variations.
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These intrinsically safe intensity-based FOS can measure
a wide variety of physical magnitudes such as temperature,
pressure, humidity or displacement among other measurands
[3, 4], and optical fiber applications such as remote optical
sensing, biosensors, civil engineering, military applications
and satellite communications can be developed and still rais-
ing. Despite their attractiveness due to the aforementioned
advantages, fiber-optic intensity-based sensors have a series
of limitations imposed by variable losses in the system that
are not related to the environmental effect to be measured.
Unpredictable changes in losses can be caused by passive
components such as fiber leads, beam splitters, optical cou-
plers or connectors, which may change in time and because
of aging and environmental conditions. In free space optics
intensity measurements, environmental light can be treated
as noise. In reflection, sensor changes on the reflectivity of
the surface can also be considered as a noise source. Addi-
tionally, random power fluctuations of optical sources at the
input of the network and detector responsivity changes can
induce an intensity noise added to the desired signals. All
those effects directly affect the accuracy of the measure-
ments. Nevertheless, different self-referencing strategies to
overcome the shortcomings related to this intensity-
modulation encoding technique have been investigated and
reported in literature. Configurations based on more than one
receiving (multimode) fibers have been applied, as in [5], for
acceleration measurements in large rotating machines. Other
authors have proposed to minimize the detection of the illu-
mination pattern performed at the end of an emitting optical
fiber by means of a photodiode linear array, as in [6], with



biomedical applications such as air flow rate measurements
supplied by infant ventilators. Systems based on Fiber Bragg
Gratings (FBGs) have also been developed, in which the
sensing information is encoded into a wavelength shift which
is not directly affected by extraneous optical power changes
[7]. A general overview of different self-referencing tech-
niques can be seen on [8, 9].

On the other hand, over the past years, intensive research
and development efforts have produced a large body of fiber-
optic sensor technology [10], based both on multimode
(MMF) and singlemode (SMF) fibers. Considering multi-
mode optical fibers, an optical sensor for monitoring the cor-
rosion of aluminium alloys is reported in [11] with applica-
tions in modern military aircraft maintenance. Another ex-
ample of MMF fiber-optic sensor is the optical hydrophone
reported in [12] for high-frequency measurements of ultra-
sound fields up to 100MHz. On the other hand, singlemode
fiber optical sensors have also been widely employed, as the
solution reported in [13] in which a self-referencing fiber-
optic pressure sensor is developed based on a white light
Michelson interferometer obtaining dynamic ranges from 0
to 38.08 MPa with a resolution of 0.03MPa. Another example
of SMF optical sensor is reported in [14] in which tempera-
ture is measured through a SMF taper. It should be outlined
that in the optical sensing field, Polymer Optical Fibers
(POFs) are also experiencing a big growth because they pre-
sent numerous advantages such as easier handling (more
flexibility) and lower cost compared to silica optical fibers.
These are some reasons why new POF-based sensors have
appeared and are still appearing, most of them based on opti-
cal power intensity detection, i.e. they are intensity-based. A
recent POF-based sensor example is the work reported in
[15] for temperature monitoring, and its integration in a
wireless sensor network [16]. And novel special structured
polymer optical fibers are receiving enormous attention in
the sensing field in the past few years [17].

Focusing on liquid level fiber-optic sensor solutions, op-
tical fibers have been used for measuring liquid levels in
many forms. Some are non-intrusive sensors based on light
attenuation while passing tank walls as in [18], but being
only useful in transparent tanks. This latter solution poses
another problem because the light can undergo undesired
reflections or refractions which can distort the measure-
ments. Others used SMFs of reduced aperture [19] for short

distances, being simply intrusive schemes [20], intrusive
large arrays of individual fluid-sensitive transducers [21] or
fibers with clad and unclad zones [22]. In other systems, the
measurement is non-intrusive and it is based on the light
reflection on the surface of the liquid [23]. Transducers for
point measurements in control level devices are reported in
[24, 25] while others allow continuous measurements [26].
Evanescent field effect, in which the light undergo total in-
ternal reflection (TIR), has also been proposed for fluid level
measurements as in [27], by means of a prism attached to
optical fibers and exposable to a fluid. Nevertheless, the lat-
ter solution suffers from the problem that the light launched
into the prism tends to scatter and spread, even under condi-
tions of TIR, thus very little light is returned to the detector
and objective lenses need to be used. On the other hand, for
increasing the sensitivity, bends [28] plus cladding removal
and partially core polished [29] can be especially done on
POF fibers. Other solutions take advantage of the fact of
using silica-based tapered fibers, as in [30], reporting a fiber-
optic refractometer.

Additionally, the capability to passively multiplex a
number of sensors on a limited number of fiber leads is a
desirable feature of sensor systems from the standpoint of
reducing system costs. Passively multiplexing fiber optic
sensors maintains the passive nature of the fiber optic sensor
and permits totally passive networks of fiber optic sensors to
be built. Generic multiplexing approaches based on time,
frequency and wavelength-based techniques have been deve-
loped and implemented [31-33]. In many cases, these ap-
proaches are analogues to the multiplexing schemes develo-
ped for optical fiber communications systems. And can take
advantage of many of the fiber-based modulators, frequency
shifters and wavelength combiners and splitters developed
for communications in order to implement the sensor net-
work. Moreover, these fiber optic intensity sensors can be
easily integrated in  wavelength-division-multiplexed
(WDM) networks, and fiber Bragg Gratings (FBGs) can be
used in them for remotely addressing multiple points. This
approach provides an effective and compact strategy for ex-
ploiting fiber links for both propagating directions of the
light with a single fiber lead, thus operating in a reflective
configuration, as well as opening up WDM capabilities. Fur-
thermore, the use of CWDM devices has been demonstrated
to optimize the power budget of the sensor network taking
advantage of the low insertion losses of such devices pro-
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Fig. (1). General scheme of a bidirectional fiber link for remotely addressing fiber-optic intensity sensors (FOS) with a reflective configura-

tion in the sensing point



vided by the manufacturer [34]. In these configurations the
transmission and reception stages can be located in a single
point, namely central office (CO). From this central office
the light is leaded to the remote sensing point through a fiber
link and the reflected light, which comprises the information
of the sensor-induced intensity modulation, returns to the
central office through the same fiber link. A general scheme
of a reflective topology can be seen in Fig. (1).

The goal for the work presented here focuses on recent
developed and patented fiber-optic intensity-based sensors
for liquid level detection. These latter will be further descri-
bed in the following sections.

INTENSITY-BASED OPTICAL SENSORS FOR LIQ-
UID LEVEL DETECTION

Industry frequently needs to measure fuel levels in tanks
such as public-transport systems or service stations and any
other large containers which mean harsh or highly flamma-
ble environments, as in the case of petroleum derivatives.
Traditionally, in the case of gasoline stations, a common
measurement method is to plunge a measuring rod into the
underground tank to determine the fuel level. This rudimen-
tary method tends to be slow and inefficient. In automotive
industry the fuel is measured by a float connected to a vari-
able resistance indicating the level of the liquid inside the
tank. The main disadvantage of this system is that an electri-
cal current must be introduced into the flammable (or simply
conducting) liquid. Same reasoning can be applied to the
case of bio-mass boilers to be used in condominiums and
building. In this section an overview of recently developed
and patented fiber-optic sensors for liquid level detection for
different applications will be described, thus providing an
intrinsically safe liquid level measurement scenario thanks to
the passive nature of the light and the optical fiber, respec-
tively.

Self-referencing Intensity-Based Polymer Optical Fiber
Sensor for Liquid Detection

As previously reported, the main drawback of fiber-optic
intensity-based sensors is that they are susceptible to two
dominant types of errors. The first one caused by the variable
optical losses suffered by the signals propagating through the
series of optical components comprising the system. And the
second caused by thermal instabilities (caused by ambient
temperature changes and/or electrical heat dissipation) of the
optical source(s) and detectors. These optical variations will
be additionally added to the intensity changes introduced by
the measurand. The resulting error signal may therefore in-
clude contributions from the optical source, variable losses in
the connecting fibers and couplers, sensitivity changes at the
detector, and the sensitivity of the system to environmental
perturbations. These undesirable variations in the power loss
are inevitable in practical engineering applications, especial-
ly those that involve remote operation, and in constrast key
issues to minimize these effects must be addressed. Conse-
quently intensity sensors, especially in remote configura-
tions, need a self-referencing method to minimize these in-
fluences of long-term aging of source and receptor character-
istics. Additionally, undesirable random short-term fluctua-
tions of optical power loss in the fiber link connecting the

central office, where the measurements are taken, to the re-
mote sensing points, where the optical sensors are located,
need to be compensated. In this section a self-referencing
strategy even integrated in the remote sensing point to over-
come those undesirable power fluctuations has been recently
developed and patented [35].

The fiber-optic sensor developed performs an intrusive
discrete-multipoint measuring device. It consists of a poly-
mer optical fiber (POF)-based coupler, located in each meas-
uring discrete level, that changes its coupling ratio (K) de-
pending on the different refraction indexes around it (pro-
vided by different alternative liquids surrounding the sensor).
This is possible for specific liquids, in this work it has been
tested for tanks full with water or oil. This fact can open up
the election of decision thresholds of the received photosig-
nal at the optoelectronics reception stage. The advantage of
using a coupler as a sensor device is based on the fact that
undesirable variations of the optical power at any point of
the link between the emitter and receiver do not change the
value of K, because it equally affects both sensor outputs
(namely P2 and P4). Consequently, the ratio between them,
i.e. coupling ratio K, is unaltered. For the same reason it is
neither necessary to modulate the source to eliminate the
effects of the environmental light, which can bring cost sav-
ing in sensor networks. This is in contrast to the work re-
ported in [36], in which a fiber-optic SMF coupler is devel-
oped for measuring the temperature of a surrounding index
matching oil. In this latter case, a reference optical fiber lead
was needed to assure self-reference property, i.e. to normal-
ize out any laser output fluctuations which would otherwise
be interpreted as temperature variations.

The sensing area has been obtained by a 3 step process:
introducing bending losses, eliminating the fiber cladding
and polishing a defined fraction of the fiber core. Some illus-
trative schemes of the fiber-optic sensor are shown compris-
ing Fig. (2a). This technique has been proved to increase the
sensitivity of the sensor with respect to the refractive index
of the surrounding medium [29]. Patents [37, 38] follow the
same concepts as aforementioned but lack of providing in-
trinsic self-reference property.

From Fig. (2a) P, is the input port, and P, and P, are the
direct and coupled output ports of the sensor, respectively.
The coupling ratio of the device is defined as K = P, / (P, +
P,). From Fig. (2a) L,, R and g define the leakage of optical
power due to light radiation from the fiber core, directly re-
lated to the Fresnel transmission coefficient, see Eq. (1); the
curvature radius applied at the sensing area; and the gap be-
tween the cores of the two fibers at the coupling area, respec-
tively. Parameter Aindicates the fiber polishing depth, see
inset III of Fig. (2a). A photograph of the manufactured sen-
sor device is shown in Fig. (2b) [39].
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where £ is the angle of incidence for a certain beam with
the normal to the core surface and & is the critical angle
defined as 8, = sin~*(n.; /n.,), being n., and n; the core
and cladding refractive indices, respectively. For & < 8- the
beam will be refracted from the fiber core increasing the
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Fig. (2). (a) Longitudinal section of the coupling (sensing) area of the proposed liquid sensor. Inset: liquid sensor scheme (I and II) and one
arm sensor fiber after polishing (III). (b) Photo of the manufactured fiber-optic sensor device [39].

power losses. From (1) it can be deduced that the greater the
value of &; the greater the value of L, is obtained. The radi-
ated losses (refracted light from the fiber) can be expressed
as B, =P, - Ly, Where P, is the input optical power before
the sensing area.”

The principle of operation is the following. By introduc-
ing a bend on a multimode fiber, the higher-order propagat-
ing modes in the fiber are refracted because the angle of in-
cidence increases in the interface core-cladding. This re-
fracted light produces an increase of the power losses in the
receiver, directly related to the Fresnel transmission coeffi-
cient, which is a function of the angle of incidence for a cer-
tain beam with the normal to the core surface and the critical
angle of the optical fiber. The greater the angle of incidence,
the greater value of L, can be obtained. Thus, the optical
power is transferred and guided in the fiber cladding due not
only to the curvature, but also due to the polished core, see
Fig. (2a). When the sensor is immersed into different liquids,
these losses change because of the different refractive in-
dexes surrounding the coupler which means a variation of
the coupling ratio K of the sensor and, therefore, a variation
of optical power at port P, at the reception stage. If the sur-
rounding liquid is oil, its refractive index (n,; = 1.46) be-
comes very similar to that of the fiber cladding (n, = 1.417)
and all the modes guided through the cladding are refracted
outside the fiber. In that case, the value of L, increases
whereas the optical power at port P, decreases. Conse-
quently, the coupling ratio K increases and the coupler be-
comes more directive. As the liquid refractive index de-
creases (Myaer = 1.33 or n,;,- A1) more optical power is guided
again into the fiber core, increasing the optical power re-
ceived in port P,. In that case, K decreases. And this change
of K can be measured. Consequently, it is possible to distin-
guish the air-to-liquid interface change depending on the
measured value of this parameter.

The characteristics of the manufactured fiber-optic sensor
are n,, = 1.492 and n, = 1.417 with a measured polishing
depth of € = 0.23 + 0.0lmm. Both coupler arms have been
joined by gluing over the length of the sensing area (3 cm of
polished fiber) with no-gap interface (g = 0). Coupling ratio

values for Carthamus tinctorius oil (n = 1.466) and water
besides air surrounding the sensor have been experimentally
measured. It has been taken five measurements for each sen-
sor configuration (each configuration is determined by the
bending radius applied to the sensor and the type of liquid as
external media). Defining repeatability as the percentage of
the output parameter variation for a determined number of
measurement cycles (under the same conditions), the worst
case was found to be 1.02% (with R = 25 mm and air as ex-
ternal medium), which is a very good result. All these meas-
urements have been taken for an environmental temperature
of T = +29°C (average value) with a maximum deviation of

T = £3°C. Additionally, different bending radii, R = 60, 25,
12 and 7 mm at the fiber sensing area have been applied and
investigated. Results are shown in Fig. (3). Moreover, a self-
referencing test has also been done to prove the inherent self-
referencing property of the proposed liquid level sensor. De-
pending on the liquid surrounding the sensing area, the value
of K changes for each fixed bending radius. With proper
control electronics and detection schemes the liquid can be
distinguished by different decision thresholds. Highest sensi-
tivity is obtained for a bending radius R = 25 mm. For this
sensor configuration the following coupling ratios are ob-
tained: K, = 0.545 + 0.001 (air); K,, = 0.563 £ 0.001 (water)
and K, = 0.605 £ 0.002 (oil) with coupling ratio increments
of K =0.018 (from air to water); K = 0.060 (from air to
oil) and K =0.042 (from water to oil). Measurement errors
are given as standard deviation and are, in all cases, at least
one order of magnitude below the average value of K when it
changes, depending on the surrounding liquid. Moreover, the
independence of the sensor against hypothetical link losses
due to its intrinsic self-referencing characteristic has also
been tested [39]. From a nominal coupling ratio of K=0.54 a
maximum deviation of K = +0.002 is obtained. The maxi-
mum link losses tested are 4dB and are made by bending the
fiber into turns using Mode Scramblers, at different points of
the fiber link.

Both the simulated [39] and the experimentally measured
K results are congruent and show a good agreement between
theory and measurements.
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Fig. (3). Measurement of sensor coupling ratio versus bending ra-
dius, for different liquids. Highest sensitivity of manufactured de-
vices: R =25 mm.

POF Fiber-optic Sensor for Fuel Level Measurements
Applied to Paramotoring and Powered Paragliding

The POF sensor described within this section performs
an intrinsic and intrusive fiber-optic measuring device for
fuel level discrete-monitoring, applied to a specific area such
paramotoring and powered paragliding [40], sports that are
continuously increasing the demand of new and more sophis-
ticated flight instrumental. Nevertheless, its application to
watercraft systems would be also a feasible feature [41]. Pa-
ramotoring and powered paragliding consist of a frame that
combines the motor, propeller, harness (with intregrated
seat) and cage. Focusing on motor characteristics, engines
used are almost exclusively small two-stroke types, between
80cc and 350cc, that burn mixed gasoline and oil. These en-
gines are favored for their high output power and light
weight and use approximately 3.7 liters of fuel per hour de-
pending on paraglider efficiency, weight of motor plus pilot
and flight conditions. Most pilots use variometers, radios,
and, increasingly, GPS units when flying, but usually lack of
fuel level warnings. Motor-on flight time can easily exceed 2
hours based upon mild throttle usage. However, periods of
extended full-throttle will burn fuel at a faster rate or with an
up down throttle. And, consequently, fuel tank capacities
usually range from 9 liter to 13 liters. Some pictures of the
real application scenario are shown in Fig. (4).

Fig. (4). Real application scenario.

A compact, integrated solution including a simple and
inexpensive associated electronics, and a very intuitive de-
vice used by pilots has been developed bringing considerably

cost savings from other fuel level sensors in the same area.
Other possible solution such as an intrusive fiber bundle for
discrete multipoint measurements could also be applied, but
introducing very complex reception schemes, such as an
optical decoding system, being difficult to develop portable
devices in that case [42]. Our POF-based solution also pro-
vides a measuring alternative by means of a hand-held visual
electronic display compared to the traditional non-automatic
visual inspections. Given that the optical fiber is the only
part of the measuring device introduced into the tank, i.e.
only light and plastic interacts with the liquid, the method
becomes safe without electrical sparks that could cause a fire
or an explosion. The principle of operation of the sensor is
based on radiation losses in bends of optical fibers depending
on the difference in the refractive indices between the fiber
and the external medium (liquid) surrounding the measuring
points, as described in the former section. Restrictions im-
posed by the fuel tanks (typically up to 12 liters of fuel ca-
pacity and with specific shapes and access valves) used in
this industrial sector leaded to evaluate different fiber de-
signs and parameters in order to test the suitable option for
this application such as the type of the fiber (stripped or non-
stripped) and the bending shape (helicoidal or gauge-shape).
Experimental results demonstrated that the best option could
be performed by stripping the fiber at the desired discrete
multi-points with a gauge-shape bending, see Fig. (5). The
proposed solution includes a standard step-index (SI)
PMMA plastic optical fiber fixed to a metallic stick provid-
ing more robustness to the sensor as well as an easy height
location to place the sensing heads inside the tank. It should
be mentioned that this metallic stick has no effects on the
fuel in which is immersed. Thanks to the POF flexibility the
fiber is placed inside the tank through the input fuel valve.
By means of a simple relation, and taking into account the
tank geometry, the quantity of fuel contained in the tank can
be related to the height of the liquid inside it, see Table 1.
Consequently, at those points, the fiber was stripped and
gauge-shape bended achieving the discrete points where the
fuel level is measured. Averaged measured temperature dur-
ing experimental trials was T=27°C.

10.4 25 1 1.1
330 1.8

Fig. (5). Photo of a fiber-optic sensor prototype manufactured for
fuel level measurements.

The control electronics block has been designed to permit
a recalibration of the threshold voltages shown in Table 1,
due to the use of different fluids, the use of different fuels
with different refractive indices, or undesirable power losses
from the optical fiber system. It should be mentioned that
although temperature has been proved to change the optical



Table 1.

Volume of Fuel (in liters), V(L), and Corresponding Heights (in cm), H(cm), Inside the Tank. Decision Criteria (Thresh-

old Voltage, Vx) Implemented at the Control Electronics Stage

Fuel Level Fiber-optic Intensity-based Discrete-point Sensor Performance

V(L) 0.0 0.5 1.0 1.5 2.0 6

H(cm) 0.0 1.1 1.8 2.5 33 10.4
Threshold (Volts), Vx Vx>4.1V 41>Vx>35 35> Vx>3.1 3.1>Vx>27 27>Vx>22 22> Vx

H=Fuel height inside H<1.1 I.I<H<18 18<H<25 25<H<33 33<H<104 H>104
the tank (cm)
. FL=0 0.5>FL>0 1.0>FL>0.5 1.5>FL>1.0 20>FL>1.5 FL>6

FL=Fuel Level (liters)

power transmitted through the fiber, in the field of paramo-
toring and paragliding, fuel tanks are placed separately
enough thus the motor heating source does not affect to the
fuel tank and, consequently, to the sensor head. Minimum
flight turbulences, horizontal courses and soft turns are the
most usual flight conditions in this transport media and so
variations in the fuel level measurements due to these cir-
cumstances can be also considered negligible in the perform-
ance of the sensor head.

POF-based Multi-sensor for Intrinsically Safe Level
Measurements

The POF-based multi-sensor for level liquid measure-
ments reported within this section performs a continuous,
non-intrusive sensor with no hysteresis. The system allows
an intrinsically safe level measurement with a simple, modu-
lar and cost-effective solution. It is a simple design using an
unique lens to collimate and focus the light and it is based on
amplitude variations as a function of the liquid distance [43]
and not in time of flight or phase detection, as in [44]. An-
other proposed technique employs a unique light pulse
source, and a photodetector is provided including a threshold
activation level of intensity whereby an incoming light pulse
having an intensity above/below the threshold produces an
on/off indication [45]. However, the incorporated electronic
controls are complex since the activation driving laser cur-
rent for each cycle has to be monitored as well as the need
for a proper control of the pulse duration.

The principle of operation is the following. The attenua-
tion of the light transmitted from the sensor, reflected off the
liquid surface and returned to the receiver fiber depends on
the distance from the sensor head to the liquid surface. A
unique lens is used to collimate the incident beam and to
focus the reflected beam. The emitter fiber is placed in the
lens’ focal plane, near the focus and it is considered as a
point source. Therefore, behind the lens, there is a collimated
beam that is tilted a little angle, referred to the lens optical
axis. The beam is reflected by the liquid surface and comes
back to the lens, see discontinuous trace in Fig. (6). Due to
the mentioned angle, the beam suffers a lateral displacement
that depends on the distance between the lens and the liquid
surface, D. Consequently, the lens collects only a part of the
beam, whose image is formed on the focal plane, in a pint
symmetric to the emitter fiber in relation to the focus, the
receptor fiber is placed in this position. Assuming that: (a)

the absorption of the laser radiation by the air is negligible in
the considered distance range; (b) the emitter fiber is placed
in a way that its numerical aperture does not produce any
limitation; and (c) the power is uniformly distributed in the
laser cross section, the signal generated by the photodiode,
which is placed behind the receptor fiber, should be propor-
tional to the rate of the common area Sy, see Fig. (6) inset,
between the reflected beam and the lens, to the total area of
the reflected beam, Sy. As the emitter fiber is very close to
the lens focus, the cross section of the reflected beam could
be treated as a circumference. If the beam is well collimated,
the radius of the lens, a;, and the reflected beam, a,, should
be the same. However, in order to permit a small divergence,
the radii are related as:

a,=a,+2Dtano 2)

where D is the distance between lens and the liquid sur-
face, and O is the beam divergence. Taking into account the
latter consideration four possible situations can be done: (a)
the two circumferences intersect; (b) the lens radius is
smaller than the beam one and the distance between the cir-
cumferences centers, ¢, has a value that holds: ¢ <a, —a,;
(c) the beam radius has a smaller value than lens radius
(slightly convergent beam) and the beam circumference is
contained inside the lens one; or (d) the two circumferences
do not intersect neither are one inside the other. Monte-Carlo
method has been used to fit the model parameters with a
good accuracy between the measurements and the fitted
curve. A detailed analysis of all these situations is reported in
[23], including the effects when considering a tilt of the liq-
uid surface, which can lead to an additional lateral displace-
ment of the reflected beam. Accordingly, the sensor head has
been built following the previous considerations.

A schematic of the multi-sensor, scalable system archi-
tecture is shown in Fig. (7a). Optical fibers are used in the
sensor head and for optical multiplexing to address different
tanks without using multiple cables. Commercially PMMA
SI-POF with Imm diameter and a 0.47 of numerical aperture
(NA) has been used to manufacture the sensor heads. The
latter also include the collimating/focusing lens and the me-
chanical parts to align the sensors perpendicular to the liquid
surface. Photographs of two manufactured sensor heads are
depicted in Fig. (7b). The light signal used to measure the
level is emitted by the generation unit, transmitted to the tank
and collected after being reflected off the liquid surface by
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Fig. (7a). A schematic of the multi-sensor system and its connection to the tanks. (b) Photographs of two sensor heads including the lens

assembly.

the sensor heads. The generation circuit includes also the
laser diode drivers, which modulate the optical output signal
and stabilize the average power. The received signal is con-
verted to the electrical domain by the processing unit to
properly extract the desired information and adequate the
signals to the microcontroller. It should be mentioned that
the reception stage includes a logarithmic stage for having a
linear calibration curve, because there is almost exponential
dependence from the measured output voltage and the liquid
level in the tank. Moreover, a user-friendly software applica-
tion is developed to configure the system and show the
measurement results. Scalability of the system is reached
using frequency division multiplexing technique (FDM) for
addressing the signals of the multiple sensors. Each sensor
head uses a laser diode modulated at a specific frequency,
after being reflected off the liquid surface they are optically
multiplexed in a single, using 1xN POF couplers, and trans-
mitted to the processing unit.

Two different sensor heads have been calibrated using
the proposed multi-sensor system [23]. The measured cali-
bration curve for the sensor head using a smaller lens is re-
ported on Fig. (8). System linearity is found to be better that
1.5% FS (Full Scale) from 37cm to 207cm, and for that span
a system sensitivity of 0.002V/cm is obtained. System reso-

lution is limited by Analog-to-Digital (AD) conversion at
reception but could be improved by employing a better con-
ditioning. In the actual design with an 8-bit AD converter for
the 2m range a resolution <0.5% FS is obtained limited by
the AD converter, but could also be improved with a better
conditioning. Although the system is developed for multi-
plexing eight sensors, only multiplex of three sensor heads
have been carried out. Consequently, a 3x1 POF coupler has
been used in the experiments. Signals have been modulated
around 10kHz to avoid DC noise. The comparison of this
curve not only with the experimental data, but also with the
distribution obtained with the model from the theoretical
analysis is also shown on Fig. (8), and a detailed description
of the model fit can be seen on [23].

It should be mentioned that the proposed and patented
sensor presented within this section poses the problem that
tilts can influence the sensor response. It is also important to
point out that the developed sensor can be used for sensing
liquids with slow level variations (big tanks or pools) or after
leaving the liquid surface to be stabilized. Nevertheless it is
proved that liquid surfaces tilts less than half the value of the
beam divergence do not influence the sensor response. Any-
way, in mobile tanks with great tilts and ripples it would be
mandatory to use other type of liquid level sensors, as those



reported in [22, 46], although they must be placed inside the
liquid so wetting of the sensor can alter its performance and
their range is limited to the sensor dimensions. Changes on
reflectance at the liquid surface will also modify the sensor
response. Periodic calibrations at a certain level can over-
come this problem. Intensity fluctuations of the power source
are overcome by using stabilized sources. Mobile spots in
the liquid surface can be solved by using more than one sens-
ing head located in another part of the tank and comparison
between both measurements can be performed.

In terms of multiplexing, FDM technique has been used
in this work along with the use of passive components to
combine all the receiving fibers, allowing simplify the elec-
tronics at the reception. Considering other multiplexing
techniques, wavelength division multiplexing (WDM) could
be proposed but optical filters would be necessary to address
each sensor with a specific wavelength, and the expense and
complexity of the WDM system would progressively be in-
creased with the number of channels, although it could be
useful in fiber grating-based level sensors. Other approach
would be developing time division multiplexing (TDM)
technique using optical switches but, in that case, only two
sensor heads could be driven with a single laser source.
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Fig. (8). Calibration curve of a sensor head and comparison be-
tween the experimental data (dots), and the theoretical data with
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Low-cost LDR-based Optical System for Liquid Level
Measurement

The patented optical measuring system presented in this
section provides a discrete measurement of a liquid level
within a tank with applications in the field of automotive or
avionics [47]. The embodiment has been designed and manu-
factured with an opaque material to avoid fluctuations from
the environmental noise.

The principle of operation is the following. It takes ad-
vantage of a LDR (Light Dependent Resistor) device as a
sensor head, that is, a resistor whose resistance decreases
with increasing incident light intensity. And, this light inten-
sity impinging the LDR will change depending on the refrac-
tive index of a surrounding medium (i.e. liquid) immersed
between the emitter and the sensor head. The sensor per-
formance is not affected if the liquid conducts or not electric-
ity, contrary to the case of capacitive ones, or when measur-
ing transparent/muddy liquids. By applying different liquids
with different refractive indices, Fresnel losses vary due to
the different amount of reflected light within the receptacle.
And this fact will contribute to a variation in the LDR resis-
tance.

A scheme of the manufactured sensor head is shown in
Fig. (9a). The embodiment includes a red LED (Light Emit-
ting Diode) and the LDR as the transducer element, with
Smm of separation between them. Points A and B corre-
spond to the inputs where the liquid is introduced into the
sensor head. As the receptacle gets filled of liquid the light
intensity received by the LDR decreases so its corresponding
resistance increases. This transducing mechanism will be
used to detect the liquid level. The embodiment also includes
a LM335-based temperature sensor to compensate possible
measurement fluctuations due to this parameter. Concurrent
with this, a temperature compensation circuit to drive the
optical output power from the LED has been designed, and a
photodiode has been placed next to the emitter for a continu-
ous output power monitoring. Figure 9b depicts the calibra-
tion curve of the LDR resistance versus the liquid level in-
side the package, at T=25°C, when considering water. This
calibration has been done in the presence/absence of envi-
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Fig. (9). (a) Embodiment of the fiber-optic sensor for liquid level measurements. (b) LDR resistance (KA) versus liquid level (ml) inside the

package in the presence of environmental light. T=25°C.



ronmental light. No influence of the environmental light is
noticed and, moreover, five regions of operation can be ob-
served. They will be analyzed in a further detail. Region 1
(R1) corresponds to the starting condition in which no liquid
is present and only air separates the output light from the
LED to the LDR device. As the liquid starts to fill the recep-
tacle two air-water interfaces appear. Fresnel losses appear
due to the difference in refractive indices, as some reflection
of light occurs. This fact contributes to a higher optical
power impinging the photodetector, so the LDR resistance
decreases, as seen in Region 2 (R2) of Fig. (9b). As the lig-
uid level increases (i.e. air-water interface increases) light
becomes radiated and less power reaches the LDR. Conse-
quently, the LDR resistance dramatically increases, see R3.
Going on from this, the contribution of the refracted light, at
the air-water interface, to the total amount of detected power
starts to be negligible so higher power is again impinging the
LDR device and its resistance decreases. This fact can be
seen as a “guiding effect” and is illustrated in R4. Finally,
when the receptacle is completely filled only Fresnel losses
affect the total light power detected, contributing to a slightly
higher resistance at the end of the measuring process, as seen
in RS.

Figure 10 illustrates the calibration curve for oil. Other
liquids such as milk and petrol have also been characterized.
Milk is the most opaque medium so the most reflective one,
reaching LDR resistance its greatest value (5.5KA) when
filling the receptacle. From measurements, a threshold level
at the control electronics reception stage can be easily im-
plemented to discriminate the kind of liquid to test.
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Fig. (10). Sensor head calibration curve for oil, at T=25°C.

Comparative between the Patented Solutions Proposed

In this section a comparative between the different pat-
ented optical solutions proposed in this work is made. A
summary of the most important features of each sensor is
given in Table 2. It should be mentioned that all solutions are
intensity-based, that is, the sensor modulates the optical
power loss as the physical magnitude changes, thus provid-
ing the measurement as an optical intensity modulation sig-
nal.

The first two prototypes are based on power loss arising
bent sections prepared along a plastic optical fibers (POF).
Both solutions perform a multipoint measurement method
for the determination of liquid level. The first solution con-
sists of a POF coupler as a sensing probe, thus intrinsically

providing self-referencing. A determined number of these
sensing probes can be placed sequentially along the fiber at
the desired heights inside a tank, acting as sensing heads that
will be immersed in the liquid, in combination with an optoe-
lectronic unit working as a liquid-level transducer. The same
principle of operation relies on the solution described for
paramotoring and powered paragliding applications. In this
case, the POF has been bent at five different points thus pro-
viding a 5-discrete point liquid-level measurement inside the
tank. In both solutions, high losses due to tight bends would
reduce the number of sensing sections (i.e. sensing points)
that could be employed in the same fiber, for a multilevel
liquid sensor. In contrast, a much larger bending radius
would not yield significant radiation loss. In any case, the
possible range of liquid heights that can be measured is vari-
able, from 1mm to several meters depending on signal condi-
tioning and application, but with very high accuracy, resolu-
tion, and low-cost. The signal conditioning provides a varia-
tion of more than 0.08V per sensing head, and of 0.5V per
each bend, that are immersed in the liquid, respectively. In
both cases the optoelectronics unit allows to evaluate the
signal variations and determine the liquid level. Neverthe-
less, a previous liquid calibration is needed.

Concerning the optical sensor solution described within
section 2.3, the most important difference is that it performs
a non-intrusive liquid level detection system. In addition it
allows a continuous liquid level measurement, with high
resolution and linearity, but could be improved by employing
a better conditioning. It is important to point out that this
developed sensor can be used for sensing liquids with slow
level variations (big tanks or pools) or after leaving the lig-
uid surface to be stabilized. Consequently, in mobile tanks
with great tilts and ripples it is mandatory to use other type
of liquid level sensor.

Finally, the solution proposed in last section takes advan-
tage of a LDR device, performing an intrusive measuring
system. No optical fiber is needed. This solution can also be
applied to multipoint liquid level measurements. A minimum
variation of 600A for the liquids analyzed has been obtained,
being possible to discriminate the type of liquid by the op-
toelectronics unit._But it needs to have electronics reaching
pretty closed to the flammable fluid, so it is not intrinsically
safe as the other options.

CURRENT & FUTURE DEVELOPMENTS

Fiber-optic sensors have penetrated over almost four dec-
ades in a multitude of markets such as medical, defense,
aerospace, offshore or industrial being a competitive and
mature sensing technology in specific niches compared to
more traditional solutions such as electronics, acoustics or
magnetic. A huge volume of physical magnitudes can be
measured and still raising. In addition, an emerging theme
covers the increasing demand in buildings, homes and resi-
dential areas of services such as fully automation, control
and sensing which can enhance the integration of fiber-optic
sensor applications and systems. The fiber-optic sensors de-
scribed within this work have been patented providing, in
each case, a step-forward in the state-of-the-art of optical
sensing solutions.



Table2. Performance of the Different Patented Intensity-based Optical Sensor Solutions

Optical Sensor 1 Optical Sensor 2 Optical Sensor 3 Optical Sensor 4
(Section 2.1) (Section 2.2) (Section 2.3) (Section 2.4)
Optical Fiber Yes (POF) Yes (POF) Yes (POF) No (LDR-based)
Fluid detection’' Fluid detection' ) . Fluid detection’
Operation 5 5 Fluid level detection 5
Fluid level detection Fluid level detection Fluid level detection
Intrusive Yes Yes No Yes
Type Discrete Discrete Continuous Discrete
Intrinsic self-reference Yes No No No
Intrinsically safe Yes Yes Yes No
Scalability Multipoint Multipoint Multiplexing Multipoint
Optical source operation CW CwW CwW Pulsed
Linearity - <5%F.S. <1.5%F.S. -
Sensitivity > 0.08V/probe’ 0.5V/bend 0.002V/cm > 600Q/liquid’
Resolution <3%FS.! <0.78%F.S. <0.5%F.S. X
Liquid range X X 0.37m to 2m° X
Notes: ' a previous liquid calibration is needed.
? directly related to the height in which the sensor is located inside the tank.
? directly related to the coupling ratio variation. Worst; transition from air to water, RA25mm.
4 coupling ratio variation. Worst case; transition from air to water, RA25mm.
° resistance variation. Worst case; transition from air to petrol.
¢ fluid height inside the tank, independent from its total volume.
7 depending on the height in which the sensor is located inside the tank.
Three representative examples of patented fiber-optic
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