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A refractometric sensor based on a phase-shifted long-period fiber grating written by electric-arc discharges
is presented. Transmission and reflective configurations for refractive index measurements are studied. It
is observed that the reflective topology permits better performance compared with the transmission one,
which is the approach normally utilized in the context of long-period fiber sensing. The resolution achieved
in the measurement of refractive index enables the application of this sensing head structure in demanding
situations, such as the measurement of the level of salinity of water. © 2006 Optical Society of America
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1. Introduction

Long-period fiber gratings (LPFGs) are devices that
share the intrinsic characteristics of optical fiber sen-
sors, such as electrically passive operation, immunity
to electromagnetic radiation, and multiplexing capa-
bility, and some specific characteristics such as low
backreflection and low insertion loss. The low back-
reflection characteristic occurs because LPFGs oper-
ate in transmission owing to the coupling of the
fundamental guided mode to codirectional cladding
modes.1 The coupling between forward modes occurs
when the phase-matching vector ���� is short, which
corresponds with a spatial modulation period of a

hundred micrometers for LPFG fabrication, a practi-
cal advantage compared with fiber Bragg gratings.

The large spatial period of LPFGs has enabled the
development of different fabrication techniques. In
fact, for instance, LPFGs can be obtained using ul-
traviolet (UV) irradiation,1,2 infrared CO2 laser radi-
ation,3 electric-arc discharges,4 and mechanical
pressure.5 The writing processes that use the point-
to-point technique can produce a complex pattern in
the refractive index modulation along the fiber since,
after each point, the writing parameters can be
changed. This property can easily be used to explore
new LPFG structures, such as phase-shifted LPFGs,6
Mach–Zehnder interferometry using LPFGs,6 or su-
perstructured fiber Bragg gratings.7

An interesting characteristic of LPFGs is their sen-
sitivity to the refractive index of the environment
where they are immersed. Several authors have pro-
posed different configurations of refractometric sen-
sors based on LPFGs. The simplest configuration,
which consists of an optical broadband source, a single
LPFG immersed in the liquid under analysis, and an
optical spectrum analyzer, has been studied by several
authors. Lee et al.8 demonstrated a new method of
analysis to determine the spectral displacement of the
LPFG as a function of the ambient refractive index.
Patrick et al.9 presented the wavelength variation of
the LPFG attenuation band with changes of this pa-
rameter. Measurements of external refractive indices
using higher-order cladding modes have been per-
formed by Shu et al.10 Gwandu et al.11 proposed a
compact scheme for simultaneous temperature and
surrounding refractive index measurement using two
LPFGs inscribed in a hydrogenated double-cladding
fiber, while Duhem et al.12 also used two LPFGs, but to
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produce a Mach–Zehnder interferometer with its path
imbalance modulated by the environmental refractive
index. Swart et al.13 attained the same objective using
a LPFG in a self-interference Michelson configuration
to obtain a channeled spectrum with narrow band-
width fringes. This concept, which relies on the imple-
mentation of a reflective surface at the end of the
optical fiber nearby the LPFG (a silver layer or, simply,
the Fresnel reflection when the maximization of the
optical power level is not of concern), is very interesting
because it transforms the long-period based fiber sens-
ing head with two fiber ends into a fiber probe with
reduced size, facilitating the packaging process and
simplifying its use in different measurement situa-
tions.

In this work a refractometric sensing head based
on a phase-shifted long-period fiber grating is pre-
sented. Transmission and reflective configurations
are studied and compared. A specific but important
application is afterward demonstrated, namely, the
ability of this sensing head structure to measure the
salinity level of water.

2. Experimental Results

A. Phase-Shifted Long-Period Fiber Grating Fabrication

The transmission spectral characteristics of long-
period fiber grating structures can be changed when
two LPFG sections, with same grating period ���, are
placed together with a length separation Lp between
them. If this optical fiber length does not have the
fiber buffer layer (acrylate coating), the resultant de-
vice will be a Mach–Zehnder interferometer when
Lp � �; otherwise, if Lp � �, a phase-shifted long
period fiber grating (PS-LPFG) will result. The anal-
ysis of phase-shifted long-period fiber gratings devel-
oped by Ke et al.14 was experimentally explored by
Humbert and Malki for LPFG written processes that
use the point-to-point technique.15 Besides the de-
tailed description of the experimental procedures for
the production of high-performance phase-shifted
long-period gratings by electric-arc discharges, they
also gave the formula for the phase-shift value:
�� � 2�Lp��, where �� is the desired phase-shift
value in radians.

The experimental setup used to fabricate the phase-
shifted long-period gratings is the same described by
Rego et al.4 An uncoated Corning SMF-28 fiber is
placed between the electrodes of a fusion splice ma-
chine. To keep the fiber under constant axial stress, a
small weight is suspended in one of the fiber ends,
while the other is clamped in a fiber holder on top of a
motorized translation stage computer controlled with
a precision of 0.1 �m. An electric arc is then ap-
plied with an electric current of 8.5–10.0 mA during
0.5–2.0 s, exposing a short length of the fiber. After
the discharge, the translation stage displaces the fi-
ber by a distance that represents the grating period
���, typically 400–700 	m, several times �N� until a
required attenuation loss peak is obtained. The grat-
ings spectra were recorded using an optical spectra

analyzer (OSA) set to a resolution of 1.0 nm. The
illumination was provided by a white light source.

For the particular PS-LPFGs produced for the
present work, the following set of fabrication parame-
ters were used: weight of 5.1 g; period of 540 	m;
electric current of 9.5 mA; arc duration of 1 s. The
first LPFG section was fabricated up to the point where
the transmission loss at the resonance wavelength was
approximately 6.9 dB, corresponding to approxi-
mately 35 electric discharges. When this point was
reached, the fiber was translated by Lp � 118 	m to
introduce the required phase shift and, afterwards,
the writing process was repeated for the second
LPFG section until the desired transmission spec-
trum was reached. The total number of electric dis-
charges was 70, and the total grating structure had a
length of �N 
 1�� � Lp. Figure 1 shows the trans-
mission spectrum before the insertion of the phase
shift and at the end of the fabrication process. The
final transmission spectrum shows two band rejection
peaks: the first one is at 1534 nm (referred to as
LOSS 1), and the second one is at 1562 nm (LOSS 2).
The bandpass peak (PS-PEAK), between the two
band-rejection peaks, is at 1548 nm. The bandwidth
FWHM (full width half-maximum) of the fabricated
PS-LPFG is 18.5 nm, and the insertion loss is 0.99
dB.

B. Transmission Configuration

Figure 2(a) shows the experimental setup used to test
the sensing head based on a phase-shifted LPFG in a
transmission configuration. The PS-LPFG sensor
was inserted into an immobile plastic recipient with
four openings, two of them used to insert the optical
fiber with the PS-LPFG, and the two others to insert
and to drain the liquid samples. Then, after the PS-
LPFG had been inserted into the recipient, the fiber
ends were held to avoid fiber-bending effects on the
sensor response. Another parameter controlled to
minimize measurement errors was the room temper-
ature, which was kept at �19 °C. Finally, to obtain
the transmission spectra of the PS-LPFG sensor, a
broadband optical source (BBOS), an erbium-doped
fiber amplifier (EDFA model FIBREAMP-BT 1400

Fig. 1. Transmission spectrum of the LPFG structure before the
phase shift to be applied (dotted curve) and at the final of the
writing process (solid curve).
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from Photonetics with a gain bandwidth of 100 nm
around 1550 nm), and an optical spectra analyzer
(OSA, model AQ-6315B from Ando) were used. The
refractive index range for the studied samples was
between 1.32 and 1.44. These refractive index values
were measured with an Abbe refractometer working
at 589 nm just after the samples had been drained of
the plastic recipient. The Cauchy equation can be
used to obtain the refractive index of these samples at
the PS-LPFG operation wavelength �1550 nm�.16

Figure 3 shows the wavelength shifts for the three
resonances labeled LOSS 1, LOSS 2, and PS-PEAK in
Fig. 1, as a function of the refractive index of the
surrounding liquid. These results are in line with
previous ones presented by other authors. The reso-
nance peaks shift to lower wavelengths when the
external refractive index increases, with the reso-
nance LOSS 2 exhibiting a marginally higher sensi-
tivity when compared with the other two due to its
spectral location at longer wavelengths.

C. Reflective Configuration

The experimental setup implemented to test the re-
flective configuration is shown in Fig. 2(b). Compared
with the transmission layout [Fig. 2(a)], an optical
circulator was included to read the optical spectra in
reflection and, at the end of the optical fiber, a silver
coating was deposited with a reflectivity of �100%.

When the light propagates the first time through the
PS-LPFG, the wavelengths in the grating LOSS 1
and LOSS 2 resonance bands are coupled into clad-
ding modes to a variable degree, while the other
wavelengths continue to travel in the fiber core to-
ward the mirror located at the end of the cleaved
fiber. The light that propagates in the cladding modes
is leaked out, a process assisted by the fiber coating
between the PS-LPFG and the mirror, which is not
removed. On reflection in the mirror, the core wave
retraces its path toward the PS-LPFG. At the grat-
ing, part of the core wave is coupled again to cladding
modes that are, by the second time, lost due to the
cladding–external medium interface. Therefore, in
the spectral regions where the mode coupling occurs,
the core light is leaked out twice; out of these spectral
regions the amplitude does not change since the light
is always kept in the core. The net result of this
process is a sharpness of the spectral PS-LPFG trans-
fer function (Fig. 4), a feature that has positive con-
sequences on the measurement performance of this
configuration, as is shown below.

D. System Resolution

The optical power variation at the wavelength of
1552.8 nm as function of the refractive index of the
external liquid for both the transmission and reflective
configuration is shown in Fig. 5. It is interesting to note
that the chosen wavelength value of 1552.8 nm, lo-
cated in the right side region of the central resonance
of the PS-LPFG, is not arbitrary. It was chosen after
the analysis of the transmission spectral evolution of
PS-LPFG for the desired refractive index operation
range, between 1.3333 and 1.4283, and the search for
a wavelength region where power changes are high
but not maximum. This procedure is important to
avoid detecting both sides of PS-LPFG resonance
and, consequently, to obtain the same power value for
two different refractive indexes, one due to the posi-
tive and another due to the negative slope.

As can be observed, the optical power variation in-

Fig. 2. Experimental setup used to test sensing heads based on a
phase-shifted LPFG in (a) transmission and (b) reflective configurations
(the parameter under measurement is the refractive index of a liquid).

Fig. 3. Refractive index wavelength response of the PS-LPFG
based sensing head operating in the transmission configuration.

Fig. 4. Comparison between the transmission spectrum (dotted
curve) and the reflective spectrum (solid curve) of the phase-shifted
LPFG structure.
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duced by changes of the refractive index approximately
doubles for the reflective configuration. This is an ex-
pectable result in face of the light double propagation
through the PS-LPFG. Considering that the insertion
loss of the PS-LPFG structure operating in reflection
does not increase substantially comparatived to the
transmission configuration (Fig. 4), such double optical
power variation translates almost directly into a dou-
ble measurand resolution. On the other hand, the
wavelength variations induced in the spectral struc-
ture by the external refractive index variations are
essentially the same for the transmission and reflec-
tive configurations. This similarity comes from the fact
that such wavelength shifts occur due to the change on
the effective refractive index of the cladding, which is
independent of the configuration used.

When the reading is in wavelength, even if the sen-
sitivity of the sensing head for refractive index mea-
surement is similar for the reflective and transmission
configurations, the resolution is better in the former
case. This result can be observed in Fig. 6, which shows
the wavelength readout evolution for a fixed value of
the refractive index of the surrounding medium (fixed
sample), together with the step variations of the mea-
sured values when the sample under measurement is
changed. This happens because the system refractive
index readout resolution is determined not only by its
intrinsic sensitivity to this parameter, but also by the
noise level present, considering this factor affects the
accuracy with which a particular spectral instrument
(an OSA in this case) determines the wavelength of the
resonance peaks of the PS-LPFG structure. For a fixed
noise level, the fluctuations in the measured values of
the resonance wavelength are smaller for the reflective
configuration, compared with the transmission one,
due to its sharper transfer function, i.e., the resonance
peaks are better defined in presence of noise. Indeed,
those fluctuations have rms values of 0.066 nm and
0.035 nm for the transmission and reflective topolo-
gies, respectively, indicating that the reflective layout
provides a refractive index measurement resolution
approximately a factor of 2 better than the transmis-
sion one.

The nonlinearly of PS-LPFG refractive index sensi-

tivity (Fig. 3) forbids a linear translation from wave-
length rms values into refractive index resolutions.
Considering two refractive index regions around 1.37
and 1.40, the corresponding resolutions achieved were
respectively 2.1 � 10
3 RIU (refractive index units)
and 1.1 � 10
3 RIU for the transmission configura-
tion, while for the reflective configuration such values
became 1.1 � 10
3 RIU and 0.6 � 10
3 RIU, respec-
tively. It is also interesting to note that for both the
transmission and the reflective configurations, the
grating was kept untouched even after the silver
coating procedure, which was made in a fiber part
distant from the plastic recipient.

E. Salinity Measurement

An important application of high-resolution refrac-
tive index sensors is the measurement of the degree
of salinity of water. Usually, this parameter is deter-
mined using electrical conductivity techniques due to
the presence of chlorine ions in the water solution.17

However, the salinity can also be determined through
measurement of the refractive index, since an empir-
ical equation between the seawater salinity and its
refractive index is well established.17,18

The refractive index range of water with a salinity
level from zero to that present in seawater goes from

Fig. 5. Variation of the returned optical power at the wavelength
1552.8 nm, as a function of the refractive index of the external
liquid, for the transmission and reflective topologies.

Fig. 6. Wavelength stability obtained during the refractive index
measurements when the transmission and reflective configurations
are used.
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1.332 up to 1.342. This means that a relatively highly
sensitive refractive index measurement technique is
required to identify the water salinity level. Due to
this need, the reflective PS-LPFG based configura-
tion was used following the experimental setup
shown in Fig. 2(b). Two measurement approaches
were considered, namely, the measurand induced
wavelength shifts and the measurand induced optical
power variations at specific wavelengths.

Although wavelength and power are necessary pa-
rameters for refractive index determination of seawa-
ter using long-period grating devices, they are not
sufficient when an absolute refractive index value is
desired. This condition occurs because the long-period
grating device not only measures the surrounding fiber
refractive index but also other parameters that can
change either the effective refractive index of core or
the effective refractive index of cladding or both, such
as temperature and strain. Furthermore, temperature
also changes the refractive index of material under
analysis, which generates an extra error in the mea-
surement. Therefore, methods to avoid or to correct
errors related to external physical parameters are nec-
essary. For the reasons described before, during all
experiments concerning the refractive index range of
seawater, the room temperature was monitored and
controlled to ensure changes up to 0.3 °C. This tem-
perature variation corresponds to a wavelength error
of 11 pm considering a temperature sensitivity of
74 pm�°C.19

Figure 7 shows the wavelength responses for the
three resonant bands of the PS-LPFG structure. It
can be observed that for the refractive index range
under concern, the wavelength shifts of these reso-
nances are essentially linear and equal, with sen-
sitivities of 
19.30  1.73 nm�RIU (resonance
LOSS 1), 
19.95  1.50 nm�RIU (resonance LOSS
2), and 
19.00  1.41 nm�RIU (resonance PS-
PEAK).

In the context of salinity measurement, the other
approach that was explored was the measurand in-
duced optical power variations at certain wave-

lengths. Compared with the case of wavelength-shift
reading, this approach does not require specific
equipment to detect wavelength variations, which is
in general expensive, is conceptually simpler, and has
the potential to provide similar or even better mea-
surand resolutions. Its main drawback is its intrinsic
susceptibility to errors arising from the presence of
optical power variations others than those induced by
the measurand. Due to this susceptibility to errors, it
is necessary to couple to the scheme some type of
optical power correction, following one of many solu-
tions that have been proposed along the years to
tackle this problem.

Figure 8 shows the experimental setup imple-
mented to test this approach in the context of salinity
measurement. Compared with the setup of Fig. 2(b),
two modifications were introduced: a tunable semi-
conductor laser (TSL-210 from Santec) was used as
the optical source to have improved measurement
flexibility (in a practical situation an inexpensive
semiconductor laser diode would be enough), and the
output port of the circulator was connected to an OSA
and to an optical powermeter (OPM) through a cou-
pler. Again, in a real situation both this coupler and
the OSA would not be necessary, and a single photo-
detection and amplification block could work as an
OPM. Figure 8 also shows the relative position of the
PS-LPFG spectral transfer function and of the laser
line in one of the measurement situations.

Figure 9 shows the results obtained with this con-
figuration with the laser line at 1550 nm. The envi-
ronment temperature was kept constant at the value
23.4  0.1 °C. Due to the shift to shorter wavelengths

Fig. 7. (Color online) Wavelength sensitivities of the three PS-
LPFG resonances, in the reflective configuration, when measuring
refractive index in a range corresponding to a salinity level from
zero to that present in seawater.

Fig. 8. (Color online) Experimental setup to measure the water
salinity level through detection of measurand induced optical power
variations (also shown is the relative position of the PS-LPFG spec-
tral transfer function and of the laser line in one of the measurement
situations).
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of the PS-LPFG spectrum when the refractive index
of the liquid increases, there is a corresponding linear
decrease of the detected optical power with a slope of

146.14  7.20 	W�RIU. It is clear from these re-
sults that this measurement approach permits easy
determination of the refractive index variations of
water when its degree of salinity changes.

Actually, it is possible to improve the performance
of this technique using the two sides of the central
resonance of the PS-LPFG structure. In fact, when
the refractive index changes, the optical powers in
two wavelengths located on these sides vary in a
symmetric way, i.e., one optical power increases
while the other decreases. Therefore, if P1 and P2
represent these optical powers, then the processing
��P1 
 P2���P1 � P2�� essentially doubles the measur-
and readout sensitivity and, simultaneously, permits
the correction of the optical power fluctuations along
the system.

To test this approach, two laser sources were used,
one emitting at �1 � 1537.8 nm (generating P1) and
the other at �2 � 1552.8 nm (generating P2). These
wavelengths are located at each side of the PS-LPFG
spectral transfer function (see Fig. 8). The processing
��P1 
 P2���P1 � P2�� permits afterwards the results
shown in Fig. 10. From this figure the excellent dis-

crimination of the refractive index changes associ-
ated with the salinity range under concern is evident.
On the other hand, there is also a degree of nonlin-
earity in the obtained results, a consequence of the
implemented ratio. However, this feature is not of too
much concern in face of two reasons. First, it is al-
ways possible to correct this nonlinearity with fur-
ther signal processing. Second, and more relevant,
the calibration function of Fig. 10 can be found to be
linear by choosing proper values for �1 and �2. In
principle, when practically feasible, this second alter-
native is the preferable one.

3. Conclusion

Arc-induced phase-shifted long-period fiber gratings
in SMF-28 fiber were fabricated to measure external
refractive indices. Transmission and reflective config-
urations were studied. The main advantage of using
phase-shifted LPFG sensors instead of conventional
LPGs is the positive peak presence in the transmis-
sion spectrum. Such a positive peak allows a high
power level to be available when the wavelength
measurement is performed with improvement in the
signal-to-noise ratio of the refractive index measure-
ment system. The measurand induced action was de-
termined by monitoring both the wavelength shifts
of the grating resonances and the optical power vari-
ations at specific wavelengths. It was observed that
the reflective topology permits better performance
compared with the transmission one, which is the
approach normally utilized in the context of long-
period fiber sensing. Also, the intensity based tech-
nique, which is conceptually simpler and technically
less demanding, showed appreciable performance,
particularly in the case where power correction was
implemented. The phase-shifted long-period fiber
grating structure in the reflective configuration was
applied, with success, to measure the small refractive
index variations associated with the degree of salin-
ity of water up to the value found in seawater. This
result, together with the intrinsic wavelength selec-
tivity of the described grating device, makes viable
the concretization of a fiber optic multiplexed sensing
system for real-time monitoring of water salinity lev-
els in delicate ecosystems, such as those found in
sea-river lagoons.
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