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Increasing the sensitivity of an optic level
sensor with a wavelength and phase sensitive
single-mode multimode single-mode (SMS)

fiber structure
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Abstract—The sensitivity of a liquid level sensor based oa
single-mode-multimode-single-mode (SMS) fiber stridare has
been increased by hydrofluoric acid etching. The ehing process
was analyzed and monitored both theoretical and exgimentally,
which permitted to observe that a sinusoidal spectrm can be
obtained for low diameters. As an example, a 2.70Ifl sensitivity
increase was attained by etching from diameter 128 50 pum.
Moreover, the sinusoidal shape of the optical specim permitted
to monitor liquid level changes both in wavelengttand in phase.
The cross sensitivity of the sensor to refractivendex and
temperature was also studied.

I ndex Terms— optical fiber transducers, optical interferometry,
phase measurement, SMS structure

|I. INTRODUCTION

level sensor is a device that measures the hefghtiquid

inside a tank, container or a similar recipientidct, many
of these sensors can be found in nuclear facilitie&lges,
swamps as well as naval ports, as examples ofvedriks where
it is important to know the water level to avoiccaents [1]-
[3]. Moreover, they are also present when monitprthe
volume of liquids in hazardous applications sucliuas$ or oil
storage [4].

Critical for the control of many processes in intlias
applications, liquid level sensors can be clasifi¢o two main
types: point level sensors and continuous leved@en The first
type is used as an alarm, indicating that the toleslevel has
been overcome [5]. On the other hand, a contintypessensor
is more complex and can track the liquid level mirsdustrial
system, measuring it within a previously definedg@[6]. The
output of these measuring systems is an analo@lsijrectly
related to the liquid level inside the containehielr can be
taken into account to manage the control of thdedift
processes within the facilities.
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Among the different ways to address the designigefid
level sensors, capacitive, ultrasonic and optit@tagies are
the main options to develop [7-9], since they gotea simple,
easy-to-handle and cost-effective devices. Fromoptical
point of view, the issue addressed in this contidmy a simple
setup can be considered, consisting of a light sowand a
photodetector sending and receiving light to/frorooatainer
wall. The reflected power is detected and processediculate
the liquid level, something similar to radar oratfonic devices
[9]. This is an example of an optical wireless temlbgy with
good commercial acceptation.

This work will show a spectrum-based technique, ciwhi
monitors wavelength changes due to surrounding umedi
refractive index changes. This ensures high seitgitand
resolution measurements, as it will be shown duttiregarticle.

In this sense, a wired technology is proposed he&héch
consists of tracking the light variations insideagptical fiber-
based structure. Fiber-optic-based devices prast@resting
properties such as immunity against
interferences, possibility of multiplexing of sers@nd small
size, combined with the fact of being resistarthaaardous or
inflammable media, which is interesting in ordemtake this
technology versatile in many applications [10],]J[IThe most
recent optical approaches to liquid level sensoiggsst an
indirect measurement of the liquid level by studythe effect
of pressure in the device [12], or a direct measerd by
analyzing the wavelength shift when part of the icevs
introduced in liquid (long-period fiber gratings dan
interferometers can be used [13,14]). The lattesecds
considered in this manuscript: a multimodal intexfeeter
(MMI) based on a single-mode — multimode — singledm
optical fiber structure (SMS) is used.

The SMS structure has turned out to be a costieféec
structure, with many ways to be optimized and veagy to
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fabricate and characterize, as it can be foundmblses [15],
[16]. A recent work byAntonio-Lopez et al. reports the
measurement of liquid level based on an SMS stra¢hat acts
as a continuous level sensor [17]. The noveltygatsd in our
contribution is the fact of getting the best pamrance of the
SMS structure in terms of sensitivity and resolutibased on
an etching process that improves the behavior efotfiginal
SMS-based waveguide.

In addition to this, a novel measurement methocdham
Fast Fourier Transform (FFT) will be presented,chhises the
phase shift as a technique for detecting liquiglehanges.

Il. EXPERIMENTAL SECTION

The experimental setup for the level sensor base8MS
fiber is depicted in Fig. 1. The SMS structure whtained by
splicing a segment of coreless multimode fiber (MMiem
POFC Inc. to two standard SMF pigtails from TelRetdes
Inteligentes Inc. The diameter of both the SMF AnEIF
segments was 125 pm.

One end on the SMS structure was connected to damg
83437A white light source and the other end wasieoted to
an HP 86142A optical spectrum analyzer (OSA). Tihaid
level was detected by progressively immersing émeser in the
liquid with a programmed robot sequence. The owpettrum
of the sensor was continuously monitored for eaphid level
and characterized at different liquid temperaturgsusing a
heater and an HP 34970 temperature recorder. liticddo
this, the sensor was also characterized with diffeglycerol in
water solutions (20% and 40%), which permittedrtalgze the
cross-sensitivity of the sensor to refractive indeanges.
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Fig. 1. Experimental setup

I1l. CHARACTERIZATION OF SMSFIBER

As it was indicated in the introduction, SMS fibexan be
tuned to work in two modes of operation. The fogk is the
self image effect (a light field condensation bedwéhe several
guided modes in a particular plane [15,18]), whimmits to

obtain a maximum in the transmission spectrum tisat

distinguished from other maxima obtained by a foac
constructive interference.

The wavelength where this maximum is located can
obtained with analytical expression (1), which pisro obtain
the MMF section length adequate for setting thetfoself-
image band at a specific wavelength [17,19]:

b The self-image band can be observed both
experimental and in the theoretical plot at apprately 1500

1)

whereD is the diameter of the MMF sectiamis the refractive
index of the silica [20], material used to manufizetthe optical
fiber), Z is the MMF segment length ands the operational
wavelength.

The setup depicted in Fig. 1 permits to monita d¢ptical
spectrum from 1150 to 1680 nm. For this reasonMENENngth
60 mm was selected, which according to expresdipleéds to
the generation of the self-image band at 1504.16 nm

In Fig. 2 the transmission spectrum for this dessgshown.
For the sake of comparison we also present the ricathe
spectrum obtained with FIMMAVE The propagation was
calculated with FIMMPROP, a module integrated with
FIMMWAVE. For both SMF and MMF sections, the finite
difference method FDM was used, because it is tlstm
accurate method available for a cylindrical wavdguiFor the
SMF sections one mode was analyzed, whereas 30smate
analyzed in the case of the MMF section, a hnumbeat t
permitted to achieve a convergence in the results.
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Fig. 2. Transmission spectrum for an SMS fibehwdiameter 125 um and
MMF length 60 mm: (a) Experimental; (b) Simulatieith FIMMWAVE.

in the

nm, which agrees with the result obtained evalgagxpression
(1): 1504.17 nm. The not perfect match betweermpdsition of
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the sel_f-im_age band in the experimental results endhe Transmission (dB)
simulation is due to £ 0.5 mm error in the lengththee MMF a)
segment. As an example, if the MMF segment is 6thg the 1600 10
self-image is located at 1491.73 nm according fwession (1). .

The key pa.rameter. that Ieads_ to a sen§|t|V|ty ecdraent Fo g 1500 : .20
the surrounding medium refractive index in an SM8cure is £ \
the diameter [16], and the liquid level sensor dgwed in next £ 1400 \
L e Lo . o \ \ -30
section is also based on the sensitivity to refvaéhdex: if the o
sensor is immersed completely in water the trarsionisand S 1300 \ s
attenuation bands in the optical spectrum will egpee a “
wavelength shift due to the change of refractiwkeinof the air 1200
(1) to that of the water (1.333). Between this txtreme cases 0
the attenuation and transmission bands will adafferdnt 0 10 20 30 40
positions depending of the section of the MMF segjntieat is Time (min)
immersed in water. And the reduction of the fibienaeter will Transmission (dB)
lead to an increase of the wavelength range swetptden the b) \‘
two extreme cases (no liquid and sensor complétatyersed 1600 | WO f
L. . . — ¥ B A N T -10
in liquid). Consequently, the best option will lwereduce the £ N i
fiber diameter with an etching process (see Fig./A3) an ;:—1500 o 20
example of the smoothness of the etching procesisnage of ‘2‘:1400 \X
the fiber after etching is presented in Fig. 3(c). < Vb 30
Sensitive Region g 1300 '.| ;
B.,.=125um \ \ ; -40
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Q... =30 um Fig. 4. Spectral evolution (transmission in dB)entdecreasing the SMS
b) E@ = | smF fiber diameter: (a) Experimental results; (b) Nuicegiresults. In Visualization
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1 and Visualization 2 the etching process up tou3® SMS are shown
> interactively.
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Fig. 3. SMS structure: (a) before etching; (bemaftching; (c) microscope
photograph of the no core section of the senser afthing.
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In Fig. 4 the experimental transmission spectraiobd are
mapped as a function of both the wavelength and fon the
SMS structure under study during the etching pracEsr the a8l
sake of comparison we include also the numericallte for a -
diameter of up to 30 um. The SRI value outsiddibie is 1.22,
which permits to simulate that the fiber is immerge HF. A
video of the etching process is presented alsdsnalization 1
(experimental results) and Visualization 2 (numeriesults),

showing the spectrum evolution as a function of ¢hshing
time.
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Both visualizations show that as well as the waidgsyu
diameter is reduced it gets to a point in which spectrum
presents a sinusoidal shape. This is the seconde nodd
operation of the SMS structure and it permits te tie device
as both a wavelength and a phase sensitive dexsaewill be
shown later. In Fig. 5 an experimental spectrunera#4

minutes and a numerical spectrum obtained witreendter of 12000 1300 1400 1500 11600
30 um are depicted.

Wavelength (nm)

N
o

Transmission(dB)
S & o &

'
w
o

Fig. 5. Transmission spectrum for an SMS fibehwitMF length 60 mm after

etching: (a) Experimental results after 44 minuwéetching; (b) Simulation
with FIMMWAVE for a diameter 30 pm.
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IV. LEVEL SENSORRESULTS

Since the SMS fiber is an interferometer, the peegive
immersion of the device in a liquid will lead toasavelength
shift of the optical spectrum [17]. For the sakecofmparison,
and once the performance of the sensor during rejcis
known, a new sensor with the same characteristiisber
analyzed both before etching (in self-image bandieh@and
after etching (in sinusoidal spectrum mode).

A. Self-image band mode

Before etching, the sensor was immersed in thédiigusteps
of 10 mm. Fig. 6(a) shows the wavelength shifthef optical
spectrum as a function of the liquid level in rmilBters,
whereas in Fig. 6(b) the central wavelength of ¢bé-image
band has been tracked during the immersion proessa
function of time. The sensitivity of the deviceld5 nm/mm,
which is very similar to the 0.17 nm/mm attainedim].

It is not possible to explain the wavelength shiftthe red
with expression (1) because the surrounding medafractive
index is not considered in it (it is an approxiroa). However,
the wavelength shift to the red can be understbee iconsider
that the effective index of modes guided in the M&€tion is
modified by the external medium [16]. In the legehsor the
surrounding medium refractive index increases wherlevice
is immersed in liquid and, similarly to the phencmoe
observed in [20], the difference between the effedhdices of
modes guided in the fiber increases, something ¢hat be
observed in Fig. 3 of [21]. Focusing on construetiv
interference, this phenomenon occurs if the difieesbetween
the phases of modes is a multiple af Zhe phase is directly
proportional to the separation between the effedtidices of
the modes guided in the MMF section and to thetlengthe
MMF section, and inversely proportional to the demt
wavelength. In view of the fact that the differencegphase is
inversely proportional to the incidence wavelendtiis last
parameter must be increased in order to contintisf\sag the
condition for constructive interference. In othesrds, there is
a wavelength shift to the red, which also occurdinds with
destructive interference, following the same exatam but for
a phase difference of an uneven multipler.of
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Fig. 6. Controlled liquid level sensor based onuartched SMS fiber with
diameter 125 pm and length 60 mm. (a) Transmisspattra for different
liquid levels (b) Wavelength shift of the self-inealgand as a function of time

B. Snusoidal spectrum mode

After characterizing the self-image band as a fioncof the
refractive index, the device was immersed in hydmfc acid
(HF) up to the moment when a sinusoidal spectruaidcbe
monitored (35 minutes). The diameter of the SM$icstire
after etching was 50 um. For the sake of comparisodip
located at 1490 nm, a similar wavelength to theisgge peak
at 1481 nmin Fig. 6(a), was chosen. The reasosdlecting a
dip instead of a peak after etching was that thendis narrower
that the peak, which is important in terms of aacyrin the
determination of the wavelength shift as a functibthe liquid
level.
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Fig. 7. Controlled liquid level sensor based onetched SMS fiber with
diameter 50 pm and length 60 mm. (a) Transmisgentsa for different liquid
levels; (b) Wavelength shift of one of the banda &mction of time; (c) Phase
shift of the fundamental frequency as a functiotirok

The sensor was analyzed in the same way afterttinéng
(see Fig. 7). In this case the wavelength shiftsw.41
nm/mm.

It is remarkable to mention that the ratio betwdeninitial
and the final diameter after etching (from 125 jon5® pum) is
2.5, whereas the ratio between the sensitivityr aftel before
etching was 2.77 (sensitivity increases from 0.b%mm to

5

0.41 nm/mm). This fact agrees with a sensitivitgr@ase
proportional to the diameter reduction [18]. Morenun view
of the sinusoidal shape of the optical spectrunaiabd with
the etched SMS structure, and according to whatexpkined
in previous section, it was possible to analyzehbtte
wavelength shift and the phase shift as a funaticime (Fig.
7(b) and Fig. 7(c)). Regarding the phase shiferasgivity of
0.0615 rad/mm was attained. This proves the ahilftyhis
sensor to be monitored with a phase interrogatdichvis
interesting in terms of reducing costs.

This phase shift tracking was possible because Rist
Fourier Transform FFT corresponding to the sendter éhe
etching presents a different shape if comparekdd-£T before
etching. In Fig. 8(b), the fundamental frequencyesponding
to a period of the spectra in Fig. 7(a) can be nlesk However,
this is not the case in Fig. 8(a). In this case, fimdamental
mode of one of the spectra in Fig. 6(a) cannotd@exiated.
This is because the spectrum is not sinusoidal.
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Fig. 8. Amplitude of the Fast Fourier Transfora): ifefore etching; (b) after
etching.

In addition to the previous results, a more aceuaaialysis in
steps of 5 mm was performed for the sensor afthirey (Fig.
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9(a), (b)). Moreover, the sensor was analyzed bating the

!mmersion and. extraction from the liquid, and icoeers its 1520 > before etching |
|n|t|a_1I state, as it can be qbserved. _ a o after etching

It is important to mention that, with an MMF segrherf
higher length, the period of the sinusoidal speuteould be g 1510

reduced to such a point that the phase shift exctraiperiod £

of the signal. However, in view that the increasdecrease of £

the liquid is progressive, algorithms for detecting g’ 1500
discontinuities that will detect when a phase shifther than 2
2rn is attained could correct this problem. Anotheshbem in
increasing the device length would be an increddesses in
the transmission spectrum.

©
>
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= 1490

Finally, the central wavelength shift as a functiéthe liquid P o
level of both the sensor before and after etchsngpimpared in 1480 == sl
Fig 10(a). Fig. 10(b) shows the wavelength shifadanction 0 20 40 60
of time in steps of 1 mm for the sensor after etghi Water level (mm)
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2 [ Fig. 10. (a) Wavelength shift of 60 mm length Sethsor before and after
j\_,ll etching; (b) Wavelength shift for the SMS sensteradtching in steps of 1 mm.
T 1 m r
£ HL1 I,JH C. Cross sensitivity
§ 0 g rJ The cross sensitivity to temperature and refractiniex of
= i the SMS sensor after etching was analyzed in Rigarid Fig.
L, 4 12. For the sake of simplicity, only the wavelengthift is
-1 j_w(l analyzed. Nonetheless, the performance as a funofiphase
would be similar.
2 In Fig. 11, the water temperature was increasestaps of
100 200 300 400 10 °C. The slope of th.e. p_Iots as a function theitidevel was
Time (s) constant and the sensitivity to temperature wagrB6C. This

Fig. 9. Controlled measurements for liquid levehsor based on an etched
SMS fiber with diameter 50 pm and length 60 mm\{a)elength shift of one
of the bands as a function of time; (b) Phase ehifte fundamental frequency

as a function of time.

constant performance, independent of the liquiélleadicates
that the sensitivity is mainly due to the expangbthe sensor.
In this sense, it is important to indicate thatsbasor was glued
to a polylactic acid holder, with a higher expansooefficient
of 80x10%/°C (higher than silica), which suggests that veith
material with a lower expansion coefficient thessr@ensitivity
to temperature could be reduced.

Regarding the refractive index cross sensitivihe sensor
was immersed in water and different glycerol inevalutions
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(20% and 40% respectively). These solutions coardpvith V. CONCLUSIONS
refractive indices 1.321, 1.352 and 1.382 in thevelength

range analyzed [22], as shown in Fig. 12. In vidat tthe

maximum variation from water to glycerol 40% isrt, it can

be said that the cross-sensitivity to refractiveex in the

refractive index range 1.321-1.382 is 34dn2/refractive index
unit (nm/RIU).

This sensitivity indicates the possibility that ematefractive
index variation as a function of temperature cqléy a role in
the wavelength shift observed in Fig. 11 as a foncof
temperature. However, the refractive index of walecreases
as the temperature increases [23], which should teaa
wavelength shift to the blue as a function of terapee,
contrary to the effect observed in Fig. 11. Consetjy, the
water refractive index variation is not the maifeefin Fig. 11.
Moreover, by selecting a different material for ghastic holder
that maintains the fiber straight it could be pbissito
counterbalance both effects and to reduce the tsatysito
temperature.

By monitoring the etching of an SMS structure it lBeen
possible to observe two modes of operation in thécal
spectrum. The first one is the self-image band, rede the
second one is a sinusoidal spectrum. This last mbdgeration
is obtained after etching. Consequently, two acged are
obtained at the same time: a sensitivity increbaekts to the
diameter reduction and the possibility to both krao
wavelength and phase the sensor. As an exampléheof t
performance for the second mode of operation, sosesiched
up to a diameter of 50 um has been analyzed. Tistisaty is
improved by a factor of 2.77, what involves the sdactor of
the diameter reduction. This suggests the podyibitif
obtaining more sensitive devices by gently reducitg
diameter. In addition to this, it has been proveat the phase
shift of the fundamental frequency follows the saemdency
than the wavelength shift when the sensor is imetkirs liquid.
Consequently, the path is open towards a costteféedevice
where an interrogator instead of an optical spet@nalyzer is
used.
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