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Abstract

MODELING OF LONG-PERIOD FIBER GRATINGS AND THEIR
APPLICATION ON LIQUID LEVEL SENSORS

1. Flores-Llamas and V. Svyryd

It is presented a mathematical model for non-uniform long-period fiber gratings which is based
on the Coupled-Mode Theory. The model has the capability of considering the case of a surrounding
medium with a refractive index higher than that of the optical fiber cladding, which gives advantages
in a number of applications. As an application of the model a new liquid level sensor is proposed and
the results of its simulation are compared with experimental data.
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Pesiome

MOJEIIOBAHHA JOBI'OINEPIOAHUX BOJOKOHHO-OIITUYHUX PEIIIITOK
TA IX BACTOCYBAHHS B CEHCOPAX PIBHA PIJINUHU

1. Daopec-Jlvamac, B. Ceupuo

ITogana MatremMaTuyHa MOAEIb HEOAHOPIAHOI JOBrONEPioAHOI BOJIOKOHHO-OMNTUYHOI PEIIiTKH,
3aCHOBaHa Ha Teopii 3B’3aHux moA. Llsg Moaenb 3qaTHA BpaxyBaTu i BUMAA0K 3 TIOKA3HUKOM 3a-
JIOMJIEHHSI HAaBKOJIMIIIHBOTO CEPEAOBMIIA BULLIUM, HiXX B 000JIOHKM ONTUYHOTO BOJIOKHA, 1110 AA€
nepeBaru B 6araTb0X 3aCTOCYBaHHSIX. B SIKOCTi OMHOTrO i3 3aCTOCYBaHb MOAEi, pO3p0o0JIeHO HOBUIA
CEHCOP PiBHS PiIUHU, a TAKOX MOPIiBHIOIOTHCS PE3YJIBTATA MOTO MOAEITIOBAHHS 3 €KCIIEpUMEHTA -
JIBHUMU JaHUMH.

Kirouosi cjioBa: moBrorepiogHi BOJJIOKOHHO-OTNITUYHI PEUTTKYU, pepaKTOMETPis, CEHCOPH pi-
BHSI PiIMHU.
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Pe3iome

MOJEJIWPOBAHME JUINMHHOIIEPUOAHBIX BOJIOKOHHO-OIITUYECKHX PEIIIETOK
N NX TIPUMEHEHMUE B JATYNKAX YPOBHA KUJIKOCTH

H. Daopec-Jlvamac, B. Ceupuo

[IpencraBieHa MaTemMaTudecKasi MOAEIb HEOTHOPOAHOM JIMHHOIIEPUOIHON BOJIOKOHHO-OII-
TUYECKOU PEIIeTK, OCHOBAHHAS HAa TEOPUM CBSI3aHHBIX MOJI. DTa MOEJb CIIOCOOHA YYECTh U CITy-
yaii ¢ K03(pPULIMEeHTOM MpeTOMICHUS OKPYXKAIOIIeil Cpeabl BBIIIE, YeM Y 000JI0YKH OIITUYECKOTO
BOJIOKHA, UTO JAeT IIPErMYIIEeCTBa BO MHOTUX IPUMEHEHMUsIX. B KauecTBe 0MHOIO 13 IPUMEHEHUI
MOJIeJIr, pa3paboTaH HOBBIM JATYMK YPOBHS KUIKOCTH, a TAKXKEe CPAaBHMBAIOTCSI PE3YJIBTAThI €T0
MOJEIMPOBAHMS C SIKCIIEPUMEHTaIbHBIMU JaHHBIMH.

Kimouesbie clioBa: JJIMHHOMEPUOIHBIE BOJOKOHHO-ONTUYECKHUE PEIIETKU, pedpakToMeTpusi,

JaTYMKHN YPOBHA KMIKOCTU.

1. Introduction

Recently, long-period fiber gratings (LPFGs)
have experienced a remarkable demand in optical
communication devices and sensing systems appli-
cations. They show higher sensitivity with respect
to temperature, strain-induced and external refrac-
tive index changes, than their counterparts fiber
Bragg gratings; and some techniques have been em-
ployed in order to further increase this sensitivity.
In particular, the change in the index of refraction
of the external medium causes changes in the trans-
mission spectrum response of LPFGs; this response
depends on a combination of the grating parame-
ters and has been determined both theoretically and
experimentally.

LPFGs have been modeled accurately with the
Coupled-Mode Theory (CMT), this theory allows
us to consider several parameters of the gratings, for
instance length of the grating, period chirp, apo-
dization, etc. Since LPFGs are highly sensitive to
the external medium, they have been employed as
refractive index sensors. However, the applicability
of these devices has been constrained to a reduced
interval of the external refractive index, because
their sensitivity decreases when the external index
is higher than that of the cladding fiber. Further-
more, the properties of LPFGs, under the influ-
ence of a medium with high refractive index, have
been investigated theoretically only by few authors
[1, 2]. These works present well-defined models for
uniform LPFGs under these circumstances, but in
many cases non-uniform LPFGs, with certain apo-
dization or period chirp, show some advantages,
therefore, it is desirable to have an approach for
modeling and simulating this kind of gratings.

In this work is presented a more complete and

versatile mathematical model for non-uniform
LPFGs, which is based on the CMT and takes
advantage of the F-matrix formalism. Besides,
the mathematical model also considers the case
of a surrounding medium with a refractive index
higher than that of the optical fiber cladding, pro-
viding a wider working refractive index range, and
giving further advantages in applications such as
refractometric sensors, liquid level sensors, and
tunable optical filters. Finally, in the present work
is proposed a new liquid level sensor that operates
properly for those cases when the refractive index
of the liquid is higher than the refractive index of
the fiber cladding. This liquid level sensor has been
simulated with the described model and the results
of its simulation coincide with experimental re-
sults.

2. Modeling of LPFGs

An LPFG is a periodic modulation of the effec-
tive refractive index of the fiber modes, there are
several forms to produce this modulation, however,
the most widely used consist in modifying the mate-
rial refractive index by taking advantage of the fiber
photosensitivity to the UV-radiation, or modifying
the fiber diameter employing etching or heating
technologies. LPFGs have a typical period in the
range of 100 to 600 uym and, when induced in sin-
gle-mode optical fibers, untilted gratings have the
property of coupling light between the fundamen-
tal core mode (HE,)) and several cladding modes
of different order and with the same azimuthal
symmetry (HE ). The complex amplitudes of the
modes are related by the well-known coupled equa-
tions for co-propagating modes
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where A(z) is the core mode amplitude, B(z) is the
cladding mode amplitude, x is the ac cross-cou-
pling coefficient, and o, and &, are general dc
self-coupling coefficients of the core and cladding
modes respectively. In general o, and o, are dif-
ferent because the propagation conditions of the
core and cladding modes may be distinct, thus they
are defined by

c,=0+0,, 3)
o,=6+0,, 4)

where is assumed that there is no chirp in the grat-
ing and § is the detuning given by

1 T
o =E(ﬁw _ﬁc/,i)_Xs &)

here B., and B, are the core mode and cladding
mode propagation constants respectively, and A is
the grating period. Also in Egs. (3) and (4), o,, and
o, are dc self-coupling coefficients of the core and
cladding modes respectively, and their value is deter-
mined by the mode overlap integral. In order to deter-
mine B,,, the eigenvalue equation for a step-index
fiber and for HE modes must be solved [3], and if
the effect of the core on the propagation constant of
cladding HE , modes is neglected, the same eigen-
value equation may be employed to calculate 3, .

When the external index n, is higher than the
cladding index n,, the cladding fiber and the exter-
nal medium can be considered as a hollow or leaky
waveguide [4]. For this type of waveguide there is no
total internal reflection, cladding modes experience
Fresnel reflection at the boundary between the two
media instead, giving rise to losses in the different
cladding modes. In this case the eigenvalue equa-
tion still holds provided that S, and other quanti-
ties take complex values [4]; the real part of B,
represents the phase velocity and its imaginary part
represents the loss rate. The solution of the eigen-
value equation becomes rather complex when the
arguments of the Bessel functions take complex
values, however, under the restrictions of low-loss
cladding modes and wavelength much less than the
cladding radius, the complex propagation constant
is approximated by [4]
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u' is the zero-order real approximation for the pa-
rameter u given by the /" root of

J, ) =0 for HE, modes, (8)

k, is the free-space propagation constant, and a, is
the cladding radius.

This analysis indicates that o, is complex-val-
ued when the fundamental core mode couples to
leaky cladding modes, because the imaginary part
of B, must be incorporated to o, since, by defini-
tion, § isareal quantity, which measures the devia-
tion of the wavelength from the resonant wavelength
of the grating.

An appropriate and straightforward approach
for modeling non-uniform LPFGs is the F-matrix
formalism [5], in which the grating is divided into
M sections, each having constant parameters and
being characterized by a 2 x 2 matrix F . Assuming
that the grating extends from 0 to L along the axis
z and one grating section m extends fromz =z  to
z = z , the amplitudes of the modes at the section
boundaries are related by

R R
[ (Z"’)} - Fm[ (Z'“)} ©)
S(Zm) S(Zm—l)
where the elements of the fundamental matrix
for section m, obtained from Egs. (1) and (2) and

applying appropriate boundary conditions, are
given by

where

2/ 2 2
2a,k,ny (ny —n,

J(n§ +n22) )1/2}, (7)

1 .
F,u= [(c, —7.)exp(jy.L,)+
Yi—72 , (10)
+(7/1 - O-A ) exp(]’)/2Lm )]
—K . .
Fm,lZ = _”}7/ [exp(JJ/le) - eXp(]J/ZLm )] bl (1 1)
1772
_(?ﬁ _GA)(GA _7/2) .
F,0= [exp(jy.L,) —
T k(uT) (1)
—exp(jy,L,)]
1 .
F, = [(y,—o.,)exp(jr.L,)+
Yi—72 . (13)

+(o, =) exp(jy,L,)]
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here

71=(GA_GB)+\/(GA _20-3) +(Km+o-AGB) , (14)

(0,~0,) (0, ~0,) +4Kk: +0,0,)

5 , (15)

V2=

L, =z, 6 -z, ,,and k, isthe ac cross-coupling co-
efficient in section m. Finally, the single 2 x 2 matrix
Fthat describes the complete LPFG is obtained by
multiplying the M matrices of each section, so the
output mode amplitudes are calculated from

o))
S(L) 5(0)

3. Design of liquid level sensors

(16)

In an LPFG cladding modes show high sensitiv-
ity to the changes of the external index, hence, any
variation of the external medium refractive index, in
the grating region, causes changes on the resonant
or central wavelength of the LPFG. This central
wavelength of the attenuation bands in a uniform
LPFG can be obtained from Eq. (5) and is given by

A= (l’l;{/ - ng‘f[)[\ >

7)

where n and nZ, are the effective indexes of the

core mode and cladding mode of order i respec-
tively. The sensitivity of the grating is determined
by its period and the order of the cladding mode.
Furthermore, for values of n, between air and n,, 1,
decreases as n, increases; but when n, is equal to n,,
the attenuation band disappears, and for values of
n, higher than n,, the attenuation band reappears at
a A somewhat higher than that when the fiber is sur-
rounded by air, but with smaller depth of the trans-
mission minimum. This behavior can be exploited
to measure the level of liquids with certain refrac-
tive index.

A liquid level sensor has been presented in [6],
its principle of operation consists in measuring the
minimum transmission value of the two attenuation
bands that appear when a uniform LPFG is partially
immersed in a liquid with a refractive index almost
equal but lower than that of the fiber cladding. In this
case the grating can be considered as two cascaded
gratings, each with different attenuation bands and,
consequently, different central wavelengths. How-
ever, such attenuation bands may overlap if they are
wide enough and one grating is surrounded by air and

the other by a medium with refractive index close to
the index of air or higher than the cladding index.
Furthermore, the minimum value of the transmis-
sion and the attenuation bandwidth of each grating
depend upon its length which is proportional to the
liquid level; but its central wavelength does not vary
if this length is modified.

In contrast, here is proposed a liquid level sensor
based on the variation of the central wavelength 4, of
a chirped LPFG, due to the level of a liquid 4, with a
refractive index 1, higher than that of the fiber clad-
ding. According to Eq. (17), a method to produce a
shift in the central wavelength of each grating region
(immersed and not immersed), as the liquid level
changes, is to introduce a period chirp in the whole
physical grating. Although the central wavelength of
a chirped LPFG cannot be found with Eq. (17), be-
cause the parameters change along the grating, the
equation suggests that, in certain degree, 4, is pro-
portional to the average period; as a result, the 4, of
each grating must suffer a shift if its effective length
changes. Finally, the transmission spectrum and 4, of
the two cascaded LPFGs may be calculated making
use of the F-matrix approach [7].

4. Results of simulation and experiment

A chirped LPFG, fabricated in a single-mode
optical fiber (SMF-28), was simulated in order
to obtain the variation of the central wavelength
for the 4™ order cladding mode. The fiber has the
following parameters: core radius of 4.0 um, clad-
ding average radius in the region of the grating of
61.0 um, and refractive index difference of 0.34 %.
And the grating parameters are as follows: total
length L ~ 23.6 mm, ac cross-coupling coefficient
k =0.66 cm™', a period which varies linearly from
490.8 to0 491.9 um, and the grating was divided into
M = 12 sections. A schematic diagram of the con-
figuration of the liquid level sensor is illustrated in
Fig. 1, the grating was placed in a liquid container
with its end of minimum period (490.8 um) as the
point of # =0 mm, a broad band light source was
coupled to one end of the fiber and an optical spec-
trum analyzer to the other end.

The transmission spectra of this liquid level sen-
sor were calculated for different level values of a
liquid with a refractive index of n iy = 1.454 (refrac-
tive index difference n o M~ 0.009) and they are
shown in Fig. 2. This figure presents the calculated
transmission spectra and shows that not only the
minimum transmission value and the width, but
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also the central wavelength of the attenuation band
change. On one hand, the changes in the minimum
transmission value and width are mainly due to the
decreasing effective length of the LPFG region sur-
rounded by air as the liquid level increases, in this
case the effect of the grating region under the in-
fluence of n i, 18 rather weaker compared to the ef-
fect of the other grating region. On the other hand,
the reason why the central wavelength shifts is the
change in the average period of the LPFG region
which remains in air as the liquid level increases.

naa’r E 3
L nh’q
h
Y Y L
2

Fig. 1. Configuration of the liquid level sensor: optical
source (1), optical fiber (2), chirped LPFG (3), liquid
container (4), and optical spectrum analyzer (5).
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Fig. 2. Transmission spectra of the chirped LPFG
calculated for different level values 4.
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An LPFG, with the parameters mentioned
above, was fabricated using the point-by-point tech-
nique and by heating the optical fiber with a focused
beam of a CO, laser, in a similar manner as the one
described and employed in [8]. Then, the grating
was placed as indicated in Fig. 1 and the transmis-
sion spectra was measured with an optical spectrum
analyzer for the same index difference » i — M and
the same liquid level values of the simulation de-
scribed above. The results are shown in Fig. 3. It can
be observed that the behavior of the practical level
sensor coincides with the behavior predicted by the
simulation, there is a change in the minimum trans-
mission value, width, and central wavelength of the
attenuation band as the liquid level is increased.

Transmission T, dB

-28

T T T T T
1412 1416 1420 1424 1428

Wavelength A, nm

Fig. 3. Transmission spectra of the chirped LPFG
measured for different level values 4.

The variation of A, for this liquid level sensor was
obtained theoretically and experimentally, and it is
illustrated in Fig. 4 (4, corresponds to the minimum
value of the transmission spectra). The shape of the
calculated function A (#) coincides with the experi-
mental data: for low liquid level # <4 mm and high
liquid level # > 16 mm the slope takes a small value,
it increases within the interval of 4 from 4 to 16 mm.
Also, it can be noticed that the interval of linear-
ity is for 4 < 4 < 16 mm, in which the slope has an
approximate value of 0.05 nm/mm. On the other
hand, we believe that the discrepancies between the
calculated and experimental results arise from cer-
tain lack of precision in the value of x , since the
technology employed to fabricate the grating is not
optimal at the moment.
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Fig. 4. Theoretical and experimental data of the central
wavelength 4, as function of the liquid level 4.

5. Conclusions

The more general model for LPFGs presented
in this work is useful for calculating the transmis-
sion spectrum and the central wavelength of non-
uniform gratings under the influence of an external
medium with refractive index lower and higher than
the fiber cladding index, this model is simple and
takes advantage of some approximations valid for
hollow or leaky waveguides. In addition, the intro-
duced liquid level sensor, based on a non-uniform
(chirped) LPFG, changes its central wavelength
as the liquid level increases, showing a reasonable
range of linearity.
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