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Abstract

The performance of long period fiber grating (LPFG) sensors written in single cladding and double cladding fibers
have been compared by using a fast responding interrogation system based on intensity modulation. Temperature and
dynamic strain monitoring using this system have been demonstrated. This system is capable of resolving strain to 0.2
and 0.4 le at a loading frequency of 20 Hz, and temperature resolution to 0.02 and 0.19 �C by using LPFG in the single
cladding (SC-LPFG) and double cladding (DC-LPFG), respectively.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Long period fiber grating (LPFG) has found
increasing applications in optical communication
and sensing systems. LPFG promotes the coupling
between the propagating core modes and co-
propagating cladding modes. In optical communi-
cations, LPFG devices have been demonstrated
for applications such as in band-rejection filters
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[1], gain-flattening filters [2]. In the sensing appli-
cations, LPFG plays an important role as in sens-
ing for temperature [3–6], strain [4,5], and
refractive index [7,8]. These sensors possess a
number of advantages over conventional sensors.
For example, they are light and small in diameter
yet they have good sensitivity and good long-term
stability. They are also relatively free from corro-
sion attack [9], and electromagnetic interferences
[4,5] that seriously affect many conventional sen-
sors. Physical quantity changes are reflected as
wavelength shift in the characteristic resonant
ed.
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dip in the transmitted spectrum of LPFG. LPFG
were often written in single cladding (SC) fiber.
It has been shown that the coupling strength of
a LPFG decreased so that the resonant dip van-
ished at certain refractive indices [10]. This will
create problems for applications where the sensor
has to be embedded in a medium such as a poly-
meric composite structure. A number of works
have pointed out the environmental refractive
index sensitivity may be greatly reduced by fabri-
cating LPFG in double cladding fibers [11–14].
These works mainly focused on analyzing the
spectral sensitivities of LPFG in double cladding
fibers in response to temperature variations and
bending [13,14]. Similar investigation on strain
sensitivity is more limited [14] and has been lim-
ited to quasi-static strain variations to the best
of our knowledge. In structural applications, dy-
namic strain monitoring is a common require-
ment. In the current work, the characteristics of
LPFG in double cladding fiber has been studied
and comparison has been made with that in single
cladding fiber.
2. Experimental set-up

LPFGs were fabricated in a single cladding
(SC) and double cladding (DC) photosensitive fi-
bers. The single cladding fiber is Ge–B co-doped
and refractive indices of 1.458 in the core and
1.446 in the cladding. The diameters of the core
and cladding are 9 and 125 lm, respectively. The
double cladding fiber is Ge–P co-doped with differ-
ent dope concentrations to give refractive indices
of 1.4530 in the core and 1.4459 in the inner clad-
ding. The outer cladding is made of pure Silicon
dioxide with a refractive index of 1.4443. The
diameters of the core, inner cladding, and outer
cladding are 9, 55, 125 lm, respectively. LPFGs
were fabricated by exposing them to a 248-nm
UV radiation from an KrF Excimer laser through
an amplitude mask (period 400 lm). Along the fi-
ber core, the LPFG has a periodic refractive index
modulation of 200 lm for per pitch. The dip losses
of the SC-LPFG and the DC-LPFG were about 12
and 15 dB at 1569 and 1571 nm, respectively.
These correspond to 94% and 97% of power ratio
being coupled to cladding in the SC-LPFG and
DC-LPFG, respectively.

For temperature measurement, the fiber sensor
was put into a temperature control chamber and
a thermo-coupler is located beside the fiber sensor
to record the instantaneous temperature.

For strain measurement, the fiber sensors were
attached to the surface of a 16-layer quasi-isotro-
pic carbon fiber epoxy laminate specimen. The
specimen geometry conformed to ASTM D3039
[15] for tensile testing of fiber reinforced compos-
ites. A strain gauge was also attached to the oppo-
site surface of the composite specimen. The
specimen is loaded in a servo-hydraulic testing ma-
chine with a cyclic sinusoidal waveform which
amplitude is 2000 le at 20 Hz.

In the previous studies, LPFG shift has com-
monly been measured by diffraction grating tech-
nology such as using an optical spectrum
analyzer (OSA) [11–14]. This technique is too slow
for dynamic measurement. In the current work, an
all fiber interrogating system (Fig. 1) taking advan-
tage of the edge filtering effect of a LPFG [16,17]
has been employed. The system was originally pro-
posed to interrogate FBG sensors [16] and mea-
surement up to 150 kHz has been demonstrated
[17]. To the best of our knowledge, interrogation
of an LPFG using the fiber laser has not been
attempted and more importantly, the dynamic re-
sponse of LPFG is still unclear. In this study, we
employ such a system to investigate the dynamic
response of LPFG. The FBG and the gain medium
of Er-doped fiber forms a lasing cavity [18] which
pumps laser light at the Bragg wavelength through
to the LPFG. As the LPFG responds to the
measurand, the resonant dip shifts, thus edge
filtering the intensity of light energy to different de-
grees. This energy may be measured with an InG-
aAs photodetector circuitry to reflect the
measurand. The FBG involved was also fabricated
in the Ge–B co-doped single cladding fiber by side
writing using a phase mask with a period of
1.08 lm. This resulted in a peak wavelength of
�1564 nm to match with the dip spectrum of the
LPFGs in order to achieve the edge filtering effect.
The reflectivity of the resulting FBG was about
99% and the FWHM (full width at half maximum)
of the FBG is about 0.175 nm.
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Fig. 1. Schematic diagram of the hybrid FBG-LPFG intensity modulation sensing system used for interrogating the measured
parameters.
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3. Experimental results and discussion

3.1. Basic properties of LPFG sensors

In a long period fiber grating, the phase-match-
ing condition [5] is

k ¼ ½neff � nicl�K; ð1Þ
where k is the central wavelength of the resonant
dip spectrum, K is the periodicity of the grating,
neff is the effective refractive index of the core
mode, nicl is the effective refractive index of the
cladding mode, It is clear from Eq. (1) that
the resonance wavelength is not only related to
the refractive index (neff) of the core mode, but
also to the refractive index ðniclÞ of the ith clad-
ding mode, which be dependent on the indices
of various fiber cladding layers. When phase-
matching condition was satisfied, the core mode
will couple to the cladding mode and part of
the spectrum will be attenuated, which may result
in a dip in the transmitted spectrum. The clad-
ding mode will interact with material surrounding
the cladding. Changes optical properties of the
ambient material will result in a change in the
dip spectrum [4,5].
Wavelength drift due to temperature sensitivity
is obtained by differentiating Eq. (1) with respect
to temperature T [5]

dk
dT

¼ dk
d dneffð Þ

dneff
dT

� dnicl
dT

� �
þ K

dk
dK

1

L
dL
dT

; ð2Þ

where T is the temperature and L is the length of
the LPFG. The first term on the right-hand side
of Eq. (2) is a material factor, and is related to
the change in the differential refractive index of
the core and cladding arising from the thermo-
optic effect. The term dnicl=dT is the thermo-optic
coefficient of the ith cladding mode, which in turn
can be calculated approximated from the thermo-
optic coefficient of the cladding layer material
containing the majority of the energy of the ith
cladding mode. The second term is the waveguide
factor as it results from variation of the LPFG�s
period. The magnitude and sign of the term
depend upon the order of the cladding mode.

The axial strain sensitivity of LPFGs may be as-
sessed by differentiating Eq. (1) with respect to
strain e [5]

dk
de

¼ dk
d dneffð Þ

dneff
de

� dnicl
de

� �
þ K

dk
dK

. ð3Þ
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Again, the sensitivity comprises a material influ-
ence and a waveguide effect. Material influence
comes from the change in fiber dimensions and
the strain-optic effect. The term dnicl=dT is the
strain-optic coefficient of ith the cladding mode,
which may be taken as the strain-optic coefficient
of the cladding layer in which that mode is pre-
dominantly guided. The waveguide effect also
arises from the slope of the dispersion term
dk/dK as above.

The thermo-optic coefficient ðdnicl=dT Þ and the
strain-optic coefficients ðdnicl=deÞ in Eqs. (2) and
(3) of a glass material will vary with the composi-
tion and concentration of dopants in the different
fiber cladding layers. These result in the different
sensitivity and character between SC-LPFG and
DC-LPFG.

3.2. Environment effect of SC-LPFG and

DC-LPFG

3.2.1. Environmental index effect

Changes in the optical properties of the ambient
material will be reflected as a change in the reso-
nant dip spectrum of LFBG [4,5]. Fig. 2 shows
the resulting spectra coming through a SC-LPFG
when the fiber is put into a media with various
refractive indices. It can be seen that when the fiber
is surrounded by a medium with a refractive index
of 1.47, and the characteristic resonant dip of this
LPFG will disappear. Also, no dip spectrum was
observed when the SC-LPFG is embedded in the
LPFG in single cladding fiber
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Fig. 2. Transmitted spectra through the SC-LPFG when the
latter is submerged in media with different refractive indices.
carbon fiber epoxy composite. It has been point
out that when the refractive index of the external
medium is in the range of 1.45–1.64, the coupling
strength of a LPFG is decreased so that the reso-
nant dip vanished [10]. When a fiber sensor is used
to measure the physical quantities such as strain or
temperature on a mechanical structure, often it has
to be stuck onto the surface or even be embedded
in the structure. In fact, being embeddable is one
of the major attractiveness of the in-fiber sensors
in smart structures. However, common polymeric
adhesives for sensor fixation and the resin matrix
of fiber reinforce composites for sensor embed-
ment have refractive indices near 1.5. This will ren-
der the LPFG useless since the embedded sensors
are used in most structural applications.

By using the DC-LPFG, the cladding mode is
confined in the inner cladding. This can effectively
isolates the interaction between the cladding mode
and the ambient environment. Fig. 3 shows the
resulting spectra through the DC-LPFG that has
been put into different media. It is clear that the
characteristic resonant dips still exist despite of
being embedded in a widely used carbon fiber
epoxy composite. The intensity of the spectrum
through the embedded LPFG is somewhat lower
than that of the freely hanging fiber. This degrada-
tion may cause the composite curing process,
which exposed the fiber to a pressure of 0.69
MPa at 120 �C for half an hour. The spectrum of
the embedded LPFG has also being shifted pre-
sumably due to the residual stresses in the cured
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Fig. 3. Transmitted spectra through the DC-LPFG when the
latter is submerged in media with different refractive indices.
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composite, so that the embedded LPFG is actually
under some degree of straining.

3.2.2. Temperature effect

Temperature calibration using an OSA shows
that the temperature coefficients of the SC-PLG
and DC-PLG are �284 and 29.7 pm/�C, respec-
tively. Fig. 4 shows the temperature induced vari-
ation interrogated by the intensity modulation
sensing system with the SC-LPFG and the DC-
LPFG. Temperature resolution of 0.02 and
0.19 �C were obtained, respectively. However, the
relation between temperature and voltage output
for the SC-LPFG is not one-to-one. It is because
that modulation by edge filtering can take place
on both sides of the resonant dip. The current sys-
tem could not discriminate on which side the
Bragg wavelength lies relative to the dip. As a re-
sult, only half of the resonant dip can be used
for energy modulation in practice. Thus, this
usable temperature range will quickly be ex-
hausted. This range can be considerably increased
at the expense of resolution degrade. Also, the
DC-LPFG has linear relationship between the
modulated energy output and temperature under
an applicable temperature range. The temperature
resolution is 2.5 times more precise than that in [5].

Since these fiber sensor systems are small in size,
it will take up minimal thermal energy from the
object. Moreover, they are embedded into a struc-
ture to allow interior temperature of an object to
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Fig. 4. Temperature induced wavelength shift interrogated by
using the intensity modulation sensing system.
be measured. These properties, as well as their
applicable range and resolution, give them signifi-
cant advantages over many conventional tempera-
ture sensors.

3.3. Strain measurement

Calibration with applied strain shows its rela-
tion to wavelength shift is quite linear. And the
strain coefficients are 1.59 pm/le for the SC-
LPFG and 0.8 pm/le for the DC-LPFG. With
a data acquisition resolution of 0.2 mV, these
correspond to strain resolutions of 0.2 and
0.4 le, respectively. Fig. 5(a) and (b) shows the
measured results from the current system when
the same dynamic strain as above is applied to
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Fig. 5. Comparison of the sinusoidal strain variation measured
by the intensity modulation sensing system using (a) SC-LPFG
or (b) DC-LPFG with the conventional strain gage output.



Table 1
Temperature and strain coefficients of different LPFG

Fiber type housing
the LPFG

Temperature
coefficient (pm/�C)

Strain coefficient
(pm/le)

Single cladding �284 1.59
Double cladding 29.7 0.8
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the SC-LPFG and DC-LPFG. For the SC-LPFG
shows in Fig. 5(a), the signal exhibited occa-
sional spikes and fluctuation in the peaks and
valleys. However, the output from the strain
gauge remained fairly constant, indicating that
the applied strain was quite steady and free from
spikes. The discrepancy may be due to the high
temperature-sensitivity of the SC-LPFG. On the
other hand, Fig. 5(b) shows that the measured
results for the DC-LPFG is virtually the same
as that given by the strain gauge.
3.4. Comparison of SC-LPFG and DC-LPFG

sensors

Table 1 shows the strain and temperature
coefficients of SC-LPFG and the DC-LPFG.
The temperature coefficient of the SC-LPFG is
negative and is about an order of magnitude lar-
ger than that of the DC-LPFG. Its strain coeffi-
cient is double that of the DC-LPFG. Such large
temperature coefficient is advantages in provid-
ing a good temperature resolution but on the
down side, it limits the applicable temperature
measurement range. The DC-LPFG has a good
balance between the temperature sensitivity and
measurement range. Though the DC-LPFG has
only half the strain sensitivity than that of the
SC-LPFG, it gives more stable performance in
the monitoring of dynamic strain variations.
4. Conclusions

A hybrid FBG-LPFG arrangement to achieve
intensity modulation has been developed for inter-
rogating wavelength shift in LPFG housed in sin-
gle and double cladding fibers. It is capable of
resolving strain to 0.2 and 0.4 le at a loading fre-
quency of 20 Hz, and temperature resolution to
0.02 and 0.19 �C, by using the SC-LPFG and
DC-LPFG, respectively. The SC-LPFG has a
large temperature coefficient (�284 pm/�C) and is
better fitted for monitoring a small temperature
variation over a narrow range. The DC-LPFG
has a good balance between temperature sensitiv-
ity (29.7 pm/�C) and the measurement range.
Though the DC-LPFG has only half of the strain
sensitivity (0.8 pm/le) than that of the SC-LPFG
did, it gives a more stable performance in monitor-
ing the dynamic strain variations. Moreover, the
SC-LPFG will lose its characteristic resonant dip
spectrum when it is embedded in a carbon fiber
epoxy composite while the dip spectrum of DC-
LPFG is not affected by the embedment. Thus,
the DC-LPFG is better suited for applications
such as structural integrity monitoring that
involves embedment of fiber in the structure and
dynamic strain variations.
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