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800 nm WDM Interrogation System for Strain,
Temperature, and Refractive Index Sensing
Based on Tilted Fiber Bragg Grating
Rui Suo, Xianfeng Chen, Kaiming Zhou, Lin Zhang, and Ian Bennion, Member, IEEE

Abstract—A low-cost high-resolution wavelength-division-multiplexing (WDM) interrogation system operating around 800 nm
region with operational bandwidth up to 60 nm and resolution of
12.7 pm utilizing a tilted ﬁber Bragg grating (TFBG) and a CCDarray detector has been implemented. The system has been evaluated for interrogating ﬁber Bragg grating based strain, temperature sensors, giving sensitivities of 0.59 pm
and 5.6 pm C,
which are in good agreement with previously reported values. Furthermore, the system has been utilized to detect the refractive index
change of sample liquids, demonstrating a capability of measuring
index change as small as 10 5 . In addition, the vectorial expression of phase match condition and fabrication of TFBG have been
discussed.
Index Terms—Optical sensing, strain and temperature sensor,
tilted ﬁber Bragg grating (TFBG), wavelength-division-multiplexing (WDM) interrogation system.

I. INTRODUCTION

F

ROM THE earliest stage of their development, ﬁber Bragg
gratings (FBGs) have been considered as excellent sensor
elements, suitable for measuring static and dynamic ﬁelds, such
as temperature, strain, and pressure [1]. Due to their advantages
of linearity, very low insertion loss, immune to the electromagnetic interference, small size, and easily being embedded in materials, FBGs become compatible with applications in high radiation environment, in the human body for temperature proﬁling and in composite-embedding for local damage detection,
offering the promise of real-time structural measurements.
Tilted ﬁber Bragg gratings (TFBGs) consist of periodic perturbation to the refractive index of the ﬁber just as normal Bragg
gratings but with tilted fringes (Fig. 1). TFBGs were previously
shown to have the ability to couple light out of the ﬁber core
in a certain wavelength range and thus introduce high attenuation to the bounded core modes at these wavelengths [2].
Since the ﬁrst report as optical taps [3], TFBGs have been used
in interrogation systems as spectrometers [4]–[8]. The TFBG
used in most reported work, so far, are with responses around
1300 or 1550 nm. However, in some applications, such as medical optics, spectral region around 800 nm is more often used.
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Fig. 1. A schematic diagram showing the structure of a tilted ﬁber Bragg
grating with a given period in a step index optical ﬁber.

Also, devices such as CCD array detectors and light emitting
diodes (LEDs) working in this spectral region are usually much
cheaper than those for 1300 and 1550 nm. It thus would be
of great interest to build an interrogation system for 800 nm
range, offering advantages of low-cost and compact size. In this
paper, we present a TFBG-based side detection spectrometer
system with operational range around 800 nm, its application
for measuring changes to strain and temperature experienced
by FBGs, and its further implementation as a refractive index
sensing system.
II. PRINCIPLE AND TFBGS FABRICATION
A. Principle
When incident light in core modes composed of various
wavelengths encounters a TFBG, it is radiated out of the ﬁber
core in diverse directions with different strengths. The strongest
light coupling only takes place when the phase match condition
shown below is satisﬁed
(1)
where
,
, and
are wave vectors of the radiation mode,
the core mode, and the grating mode, respectively.
Further deduction from phase-match condition [9] yields the
of the coupled light with
relation among the radiation angle
in the radiation range of the TFBG, the
certain wavelength
period
of fringes in the ﬁber core and the tilted angle
as
follows:
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Fig. 2. The transmission spectra for FBG and TFBGs with 3 and 6 tilted
angles fabricated using the same phase-mask.

Fig. 3. The transmission spectra for a 3
-TFBG with different UV exposure
time. Curve i–v present the spectra of TFBGs scanned by UV for 1–5 times.

where is the refractive index of the ﬁber. (Since the refractive
indices of the core and the cladding are very close, we take an
average value in calculation.)
Owing to the cylindrical geometry of the ﬁber, the internal
is not the same as the tilted angle of the phasefringe angle
. When the TFBG is fabricated using the phase-mask
mask
inscription method, the relationship between internal and external fringe angles is given by [10]
(3)

B. TFBGs Fabrication
We have previously shown that the fringe angle of TFBGs in
single-mode and multimode ﬁber, written by holographic and
phase-mask fabrication technique, will directly affect both the
strength and bandwidth of the out-coupled radiation proﬁle for
a given grating period [11]. In this experiment, TFBGs were
UV-written in hydrogenated 820 nm single-mode ﬁbers by
phase-mask method. The period of the employed phase-mask
. Fig. 2 shows the transmission spectra of FBG
was 0.5742
and
tilted angles fabricated using
and TFBGs with
the same phase-mask. From Fig. 2, it is observed clearly that
the transmission-loss characteristics are related to the tilted
angle. With the tilted angle increasing, the radiation-mode
out-coupling (appearing as a broad transmission-loss proﬁle)
evolves as a result of blue shift of its central wavelength and
increase in its dynamic range. It should be pointed out that
in order to eliminate the resonant features in the transmission
spectrum caused by the cladding-mode coupling effect, the
gratings were immersed in index-matching gel to mimic an
inﬁnite cladding layer resulting in smooth radiation proﬁles,
as shown in Fig. 2. It is noted that a very strong and narrow
loss peak at the shorter wavelength side of the Bragg resonance
-TFBG, as shown in Figs. 2
occurred in the spectrum of
and 3. This is a ghost mode, resulted from the coupling between
modes caused by
the fundamental mode and backward
the UV-induced asymmetrical index distribution in the ﬁber
[12], [13].

Fig. 4. Transmission spectrum of a 7
-TFBG. The comb-like resonances
are measured with the TFBG in air; while the smooth curve is measured with
the TFBG immersed in the index-matching gel.

Apart from the tilted angle, the transmission-loss characteristics of TFBGs are also related to the strength of index
modulation. We have monitored the TFBG growth by scanning
the UV beam across the ﬁber several times with the exposure
length of 15 mm, UV power of 45 mW, and the scan speed
of 0.07 mm/s. Fig. 3 shows the recorded transmission spectra
-TFBG after each scan. The proﬁles were measured
for a
without immersing gratings in the index-matching gel. We
can see that with the exposure time increasing, more cladding
modes are excited at the shorter wavelength side, while those
at the longer wavelengths grow stronger, so the overall radiation-mode proﬁle becomes broader, and at the same time the
Bragg resonance shifts to the longer wavelength side.
-TFBG was selected to be used in our side detecA
tion experiment. The transmission spectrum of this TFBG is
shown in Fig. 4, exhibiting a radiation-mode out-coupling proﬁle ranging from 800 to 830 nm with the maximum spectral attenuation of 15 dB at the central wavelength of 818 nm. Based
on (3), the theoretical internal tilted angle, is 10.1 . Fig. 5 dis-TFBG, which clearly
plays the microscopic image of a
shows the slanted fringe features. We note that the fringe space
, close to the phase-mask period, instead of a half
is
of it. This is caused by the Talbot effect [14]. From Fig. 5, we
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Fig. 5. Photo of a 7
-TFBG UV-written in hydrogenated 820 nm singlemode ﬁber taken under the microscope.

Fig. 7. The relative spectral sensitivity of the CCD-array to 400–1000 nm
radiation.

Fig. 6. Schematic diagram of the apparatus used for the TFBG-CCD interrogation system.

measured that the fringe spacing along the ﬁber axis is 0.583 .
Thus, the internal fringe angle can be estimated as around 10.1 ,
which is in good agreement with the theoretical value. Deducwhen
tion from (2), the radiation angle is calculated as
the refractive index of the selected gel in the spectrum analyzer
experiment is 1.4435.
III. 800 nm WDM INTERROGATION SYSTEM
A. System Setup and Conﬁguration
The experimental setup of the wavelength-division-multiplexing (WDM) interrogation system is shown in Fig. 6.
A pigtailed super luminescent diode (SLD) with the central
wavelength of 830 nm and the full optical bandwidth (wavelength range with output power above 40 dBm) of 60 nm
-TFBG used
was used as a broadband light source. The
as the out-coupling device in this system was immersed in the
index-matching gel to transfer the coupled light from the ﬁber
cladding to the air. A SONY ILX511 linear CCD-array con-pixels was positioned along axis and
sisting of 2048 14
mounted on a motorized translation stage to be moveable along
axis direction for scanning the radiation proﬁle. A cylindrical
lens was used to focus the light radiated from the TFBG to the
CCD-array. The relative spectral sensitivity of the CCD-array
to 400–1000 nm radiation given by the manufacturer is shown
in Fig. 7.
Light from a broadband light source was fed to the FBG
sensor via a 3 dB coupler. The reﬂected light from the FBG then
propagated to the TFBG and part of the light was out-coupled
into the surrounding gel by the TFBG.

Fig. 8. Far-ﬁeld image of radiated light captured by CCD-array. (a) 3-D-image.
(b) Contour plot in x-y plane. The dash line in (b) indicating the center position
where the TFBG radiated light is strongest.

Fig. 8(a) and (b) demonstrate a 3-D intensity plot and a contour plot in - plane of the radiated beam proﬁle captured by
CCD-array scanning along the axis. The radiated beam is coupled outwards by the TFBG and focused by the cylindrical lens.
With the real-time feedback of the CCD-array, the optics can be
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Fig. 9. Examples of radiation signal captured by CCD-array along the dashed
line plotted from 0 to 2047 pixels. Inset: Zoomed signal plotted from 800 to
1000 pixels.

Fig. 10. Calibration plot of wavelength shift against CCD pixel.
TABLE I
SYSTEM PARAMETERS SUMMARY FOR TWO LENSES

aligned to achieve a symmetrical radiation pattern, as shown in
Fig. 8(b). The movement of the pattern can be correlated and
subsequently used to interrogate certain experimental factors
such as the wavelength of the FBG and the refractive index of
the surrounding gel, etc. Fig. 9 shows the reﬂection spectrum of
an FBG captured when the CCD-array is positioned above the
center of the radiated light [dashed line in Fig. 8(b)].
)
Pixilation is a simple consequence of the ﬁnite width (14
of the pixels used in the CCD-array and represents the minimum
physical resolution of the system. The inset of Fig. 9 shows the
zoomed signal, from which we can hardly identify the central
pixel of this signal. Therefore, a function is demanded to transfer
the signal proﬁles to pixels. The centroid detection algorithm
(CDA) was employed in our experiment to achieve this transformation and improve the system performance and resolution.
CDA takes the amplitude weighted mean of the data according
to (4) [15]

(4)

is the wavelength
where is the centroid ﬁtted peak value,
of the
element, and
is the amplitude of the
element greater than the noise ﬂoor
.
B. Spectrum Analyzer Function
Since the interrogation system is based on the spectral-spatial
encoding function of the TFBG-CCD structure, the correlation
between the wavelength shift and the CCD pixel needs to be calibrated before measurement. The transfer function was obtained
by implementing a strain sensing experiment. With tension applied on an FBG, its wavelength drifting was monitored by an
optical spectrum analyzer (OSA) and our interrogation system
at the same time. Fig. 10 shows the linear relationship between
the Bragg wavelength and the CCD reading of this 800 nm-interrogation system using a lens of 155 mm focal length. The
conversion coefﬁcient is 12.7 pm/pixel, thus the spectral resolution of the system is 12.7 pm.

The bandwidth of the system is limited by the detectionlength of the CCD-array, the focal length of the lens and the
-TFBG and
radiation range of the TFBG. With the given
CCD-array, the bandwidth of the system is only determined by
the focal length, which may be simply calculated by multiplying
the spectral resolution and the number of pixels. The system parameters (bandwidth, spectral resolution) for two focal lengths
are calculated, as shown in Table I.
-TFBG from 800
Considering the radiation proﬁle of the
to 830 nm and using the most length of the CCD-array, a cylindrical lens with a focal length of 155 mm was employed in the
experimental system, therefore, the bandwidth and resolution of
the system are 26 nm and 12.7 pm, respectively.
Fig. 11(a) shows the spectral shifts of a sensing FBG with
a Bragg resonance at 816.5 nm measured by the TFBG-CCD
interrogation system when the strain on the grating increased
from 0 to 1904.8 , while Fig. 11(b) shows the results of the
same FBG measured when the temperature changed from 0
to 60
with a step of 2 . From Fig. 11(a) and (b), the strain
and
and temperature sensitivities are estimated as 0.59
, respectively, which are in good agreement with the
5.6
reported typical results of 0.64
and 6.8
near
the wavelength of 830 nm [16]. The points marked with “O”
in Fig. 11 represent the shifts in the Bragg wavelength calculated by the CDA, while those marked with “X” are the values
calculated simply on maximum points of the signals. It is clear
that the CDA improves the system performance signiﬁcantly.
Fig. 12(a) shows the wavelength drifts recorded over a period
of 45 min. The regular ﬂuctuation pattern may be induced
by the perturbation of room temperature. Fig. 12(b) shows
a histogram displaying the distribution of the spectral drifts
that clearly forms a normal distribution. The root mean square
(RMS) deviation from the mean of this histogram is merely
1.6 pm, which indicates that the system is inherently stable.
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Fig. 11. Spectral shift measured by the interrogation system against: (a) strain
and (b) temperature on sensing FBG. In both (a) and (b), the points marked with
“O” are the data obtained by CDA; while those marked with “X” are simply
given by maximum reading method.

Although we only demonstrated the measurement to one FBG
sensor, this TFBG-CCD interrogation system should be capable
of performing WDM interrogation detecting multiple signals
within its dynamic range.
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Fig. 12. Spectral drifts over time of the sensing FBG measured with the
TFBG-CCD system: (a) Wavelength shifts of  against time. (b) Histogram to
show the distribution of the spectral drifts over a 45-min period.

where represents the distance between the ﬁber and the center
of the lens along axis, is the focal length, and is the refractive index of the ﬁber.
With a selected position in the CCD-array, we can also derive
the relationship between the CCD pixel and refractive index as
(6)

C. Refractive Index Sensing Function
With a ﬁxed probe light, the system can also be applied to
measure the surrounding-medium refractive index (SRI) of the
TFBG. Thus, the above described spectrum analyzer system has
the capability of detecting bio/chemical samples, which may
have a potential use for medicine, environmental monitoring and
life science applications.
As shown in Fig. 6, the reﬂection of the FBG propagates to
the TFBG, a section of which is out-coupled to the surrounding
gel by the TFBG with a radiation angle . With the given
-TFBG, the distance from the ﬁber to the focal point
(named as radiation radius), is related to the
along axis,
as follows:
refractive index of the liquid
(5)

where is the position of the ﬁrst (No. 0) pixel in the CCD-array
indicated in Fig. 6, and 0.014 is the length of one CCD pixel in
mm.
From (5), we can derive that the refractive index of the sample
is limited as
liquid
(7)
Substituting the system parameters: and , the measurable
is from 1.362 to 1.689.
SRI range
In the experiment, we employed glycerin with the refractive
index of 1.4735 as sample liquid, which is soluble in water in
any mixing ratio. The glycerin solution can be produced with
the refractive index from 1.3333 to 1.4735, which provides a
good dynamic range for the SRI experiment.
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TABLE II
THE RADIATION RADII USING DIFFERENT LENSES

Fig. 14. The theoretical simulation plot of the radiation radius R against the
refractive index of sample liquid n in the range from 1.362 to 1.689.

Fig. 13. The signals detected by CCD-array using different glycerin solutions.

Similar to the system function discussed above, the dynamic
range here is also limited by the focal length and the size of
the detecting area of the CCD-array. Substituting the system
,
and considering a common
parameters:
SRI range from 1.3712 to 1.4735, the radiation radius,
, can
be calculated according to (5). Table II lists the calculated values
for two focal lengths: 45 and 155 mm.
of
When the refractive index of the sample liquid varies, the radiation beam illuminates the CCD-array at the different position. Therefore, the refractive index of the sample liquid can be
decoded from the CCD signals.
Considering the detection-length of CCD-array is 28 mm,
and for
from Table II, we can see that with given
SRI range from 1.3712 to 1.4735, a lens of 45 mm focal length is
more suitable for using most CCD-array detection area. However, as shown in Fig. 6, the SRI measurement range can also
be limited by the size of the cylindrical lens. During our experiment, it has been recognized that light will not be collected
and focused effectively by the cylindrical lens when the refractive index of the liquid is below 1.4. Fig. 13 shows the signals
detected by the CCD-array using different sample liquids with
SRIs above 1.4 at the same ﬂuid level.
Based on (5), we theoretically simulated the relationship beand the refractive index of sample
tween the radiation radius
in the range of
from 1.362 to 1.689, as shown in
liquid
is
Fig. 14. Overall, the relation is nonlinear, especially when
close to 1.689, however, it is nearly linear from 1.41 to 1.48.
Considering the length of the CCD-array and the size of the
cylindrical lens, we selected the sample liquids with refractive
indices in the almost linear range (1.41 1.48) of the simulation
used
curve in Fig. 14. The refractive indices of sample liquid
in the experiment varied from 1.4132 to 1.4735. Fig. 15 plots

Fig. 15. CCD pixel shift against refractive index change in the range from 1.41
to 1.48.

the correlation between SRI and CCD pixels, showing a nearlinear response. Since a single pixel of CCD-array can be readily
resolved, from the plot we can estimate that the SRI change as
small as
should be detectable by this system.
IV. CONCLUSION
We have demonstrated a TFBG-based 800 nm WDM interrogation system, which can function as an in-ﬁber spectrum
analyzer with an interrogation bandwidth up to 60 nm and a
resolution of 12.7 pm. The system was evaluated by performing
the FBG strain and temperature sensing experiments, obtaining
and
the strain and temperature sensitivities of 0.59
, which are in good agreement with the reported
5.6
typical values. In addition, the system was further evaluated for
sensing the refractive index of sample liquids. In the near-linear
range from 1.4132 to 1.4735, we estimate that the SRI change
can be detected by this low-cost high-resoluas small as
tion TFBG WDM interrogation system.
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