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We proposed and experimentally demonstrated a cascaded tilted fiber Bragg grating (TFBG) for enhanced refractive
index sensing. The TFBG is UV-inscribed in series in ordinary single-mode fiber (SMF) and reduced-diameter SMF with
the same tilt angle, and then excites two sets of superposed spectral combs of cladding modes. The cascaded TFBG with
total length of 18 mm has a much wider wavelength range over 100 nm and narrower wavelength separation than that
of a TFBG only in the SMF, enabling an enlarged range and a higher accuracy of refractive index measurement. The
fabricated TFBG with the merits of enhanced sensing capability and temperature self-calibration presents great potentials

in the biochemical sensing applications.
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1. Introduction

Surrounding refractive index (SRI) and temperature mea-
surements are very important in various fields such as bio-
chemical industry, environmental monitoring, and life science.
Recently, optical fiber-based SRI sensors have attracted more
interests because of their advantages of compact structure, re-
mote interrogation, high sensitivity, etc. Tilted fiber Bragg
gratings (TFBGs) belong to the short-period grating family,
but the grating planes are slanted with respect to the fiber axis.
The slanted grating planes can make the light propagating in
the fiber core penetrate to the cladding even to much deeper
surrounding medium, without any requirement of special al-
teration in the fiber cladding, such as etching, side-polishing,
etc. TFBGs can therefore be used as SRI sensors with the com-
binations of advantages in mature fiber Bragg grating tech-
nology and resonant excitations of cladding modes, provid-
ing a promising structure for SRI sensing.!!! Based on the
above merits, the TFBGs have been applied in the sensing of
many parameters that can be converted to the measurement
of SRI.[*7I In the meantime, the core mode resonance pro-
vides an absolute power and wavelength reference, which can
therefore be used to eliminate uncertainties such as the power
fluctuation of the light source and the variation of the ambient
temperature. (18]

The tilt angle of a TFBG is an important parameter, which
can determine the spectrum range of the cladding modes and
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the SRI measurement range. For the TFBG with a small tilt
angle, it usually is highly sensitive in the SRI region above
1.4.°121 For covering the lower SRI region such as the re-
fractive index of water where most biochemical applications
require, it is a common method to increase the tilt angle of
the TFBG.!"!3] Another way is to coat some materials onto
the TFBG surface. For instance, by coating the TFBG with a
gold film to excite surface plamon resonance and smartly using
its polarized spectral information, the SRI measurement range

r.[14-171 By integrating

can be effectively extended even to ai
carbon nanomaterials with complex refractive index such as
graphene or carbon nanotube onto the TFBG, the sensing ca-
pacity in the low refractive index region can also be enhanced
based on the interaction between the nanomaterials and the
cladding modes.[% 18191

In this work, we report a cascaded TFBG with the tilt an-
gle of 6.5° in ordinary single-mode fiber (SMF) and reduced-
diameter SMF (RD-SMF) for the enhancement of the SRI
sensing performance, without any coating or larger tilt angle.
Excitation and superposition of two sets of cladding mode res-
onances will broaden the spectral range over 100 nm and re-
duce the separation between the cladding modes, achieving
the enlarged range and enhanced accuracy of the SRI measure-
ment. In addition, we investigate the SRI response in the range
of 1.30-1.45, and obtain the sensitivities of 510.48 nm/RIU
and 494.12 nm/RIU in different SRI regions. The fabricated
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TFBG with a small tilt angle can achieve a wide range of SRI
measurement, and has the potentials in the applications such
as biochemical and environmental sensing.

2. Principle

Figure 1 depicts a schematic diagram of the cascaded
TFBG structure for SRI measurement. It is well known that
in a standard FBG, the only strong coupling permitted occurs
between the forward and backward-propagating core modes,
for which the light is confined near the fiber axis and iso-
lated from the surroundings by the relative thick cladding.*]
However, for a TFBG, the tilted fringes can improve the
light coupling from the forward-propagating core mode to the
backward-propagating cladding modes at shorter wavelengths,
and simultaneously reduce the coupling of the backward-
propagating core mode. According to the phase-matching
conditions, the resonant wavelengths of the backward coupled
core (Ao) and cladding (A¢) modes of the TFBG can be ex-

pressed as follows:

Aco = 2ngg (Aeo) A /080, (1
Ja = [ (Ra) + 0k )| Afeoso, @

where A is the nominal grating period, 6 is the tilt angle of the
grating planes with respect to the fiber cross-section, ngg (Aco)
and ngy (A1) are the effective indices of the core mode at the
wavelengths of Ac, and A, respectively, and ngf (Aq) is the
effective index of the cladding mode at A,. According to
Egs. (1) and (2), apart from the tilt angle 0, the core mode
and the cladding modes are determined by the refractive in-
dices of the fiber core and cladding. As a result, we can adjust
the spectral range by inscribing the grating in different types
of fibers with different parameters.

For a specific cladding mode, if its effective index is lower
than the SRI, the cladding modes will no longer be confined in
the fiber cladding, leaking into the surrounding medium. How-
ever, if the effective index is higher than the SRI, the cladding
mode is totally confined by the relative thick cladding. When
the effective index is equal to the SRI, regarding as a cutoff
state, the wavelength of the cladding mode is marked as a cut-

off wavelength, which is analogous to the critical angle of an
21]

Abbe refractometer.|

‘cladding
SMF

RD-SMF

Fig. 1. (color online) Schematic model of the cascaded TFBG. The inset
is the photograph of the splicing joint between the SMF and RD-SMF.

3. Fabrication and characteristics of the cas-
caded TFBG

In the device fabrication, a segment of 15 mm long RD-
SMF was spliced between standard SMFs by a fiber arc fu-
sion splicer. The core/cladding diameter of the employed RD-
SMF is approximately 3.8/80 um. As displayed in the inset of
Fig. 1, due to the smaller diameter, the arc power and arc time
need to be adjusted for low splice loss. The photosensitivity
of SMF and RD-SMF was firstly enhanced by H, loading for
72 h. After splicing and hydrogenation, the TFBG was UV-
inscribed in series in the SMF and RD-SMF by using a fre-
quency doubled continuous wave Ar™ laser of 244 nm wave-
length with the help of scanning phase-mask technique. The
lengths of TFBG in SMF and RD-SMF are 8§ mm and 10 mm,
respectively. The tilt angle of the grating plane is about 6.5°
, and the grating period is 543.8 nm determined by the phase
mask. The fabricated cascaded TFBG was annealed at 80 °C
for 48 h to release the residual hydrogen and stabilize the grat-
ing structure.

We characterized the transmission spectrum of the cas-
caded TFBG by an experimental system, including a super-
continuum (superK) light source and an optical spectrum ana-
lyzer (OSA). Launched from the superK source, the broadband
light covering the spectrum range of 1400—1600 nm was trans-
mitted into the cascaded TFBG, and the transmission spec-
trum was monitored and recorded by the OSA with a mini-
mum wavelength resolution of 0.02 nm. The measured spec-
trum of the cascaded TFBG around the air is depicted at the
top of Fig. 2(a). We can clearly observe a relative wide spec-
trum ranging from 1460 nm to 1560 nm held by the cladding
mode resonances of the cascaded TFBG. As a comparison,
the TFBGs with the same tilt angle and grating length only
in the SMF and RD-SMF are shown at the bottom of Fig. 2(a).
Clearly, if a TFBG with the same tilt angle of 6.5° is fabricated
in the standard SMF, the cladding modes can only be excited
in the spectrum range of 1500-1550 nm.

As the discreteness of the cladding modes will reduce the
measurement accuracy of the SRI, we tracked the separations
of the adjacent mode resonances of the TFBGs in SMF and
RD-SMF and cascaded TFBG, and the results are shown in
Fig. 2(b). The separation between the adjacent resonances
changes with the wavelength, and a larger separation appears
at the shorter wavelength region. And also, the separation of
the TFBG in SMF is smaller than that of the TFBG in RD-
SMF. However, in the spectral region of 15001550 nm, the
separation for the cascaded TFBG is mainly determined by
that of the TFBG in SMF and periodically modulated by that
of the TFBG in RD-SMF, and thus exhibits a periodical vibra-
tion, instead of the original exponential change with the wave-
length. On the whole, the separation of the cascaded TFBG
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becomes smaller due to the superposition of the transmission
spectra of the TFBGs in SMF and RD-SMF. Therefore, the

range of the TFBG, and also the measurement uncertainty will
be reduced by the smaller separation of the comblike spec-

measurement range will be expanded by the broader spectrum  trum.
n 5 T
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Fig. 2. (color online) (a) Measured transmission spectra of the cascaded TFBG (top with red line) and the TFBGs (bottom) with the
same tilt angle in SMF (with magenta line) and RD-SMF (with blue line); (b) separations of adjacent cladding mode resonances at

different wavelengths of the TFBGs.

4. Experimental results and discussion
4.1. Refractive index response

In the experiment, we use the experimental system as de-
scribed in the report??! to examine the SRI response of the
cascaded TFBG. The broadband light from the superK source
is coupled in the TFBG, and the transmission signal is moni-
tored and recorded by the OSA. And then, a series of refractive
index matching liquids with the range of 1.300-1.450 and the
interval of 0.005 are injected into the sample cell in turn to
change the SRI around the TFBG.

Figure 3(a) demonstrates the spectral evolution of the cas-
caded TFBG with SRI variation, and the position of cutoff
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mode resonance at each SRI is indicated with the red asterisk.
The so-called cutoff mode is located between the leaky and
guided modes, which is evidenced by an apparent reduction of
coupling intensity compared with the guided cladding mode at
the longer wavelength side.[>!>*241 According to the total in-
ternal reflection condition, the effective indices of the cladding
modes are lower than that of the surrounding medium, and
then the cladding modes are no longer confined by the fiber
cladding, evolving into dissipative leaking modes. The cut-
off mode is usually used for the SRI measurement due to the
high sensitivity compared to other guided cladding modes or
leaky modes, and it monotonically moves towards the longer

wavelength as the SRI increases. 3]

1580

1560 ®_core mode

m cut-off wavelength

linear fitting
1540 //)'

Wavelength/nm

1500
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1480
1.35
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Fig. 3. (color online) (a) Spectral evolution of the cascaded TFBG with the SRI change, and (b) the extracted wavelengths of the core

mode and cut-off mode resonances versus the SRI.
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From the spectral evolution of the cascaded TFBG shown
in Fig. 3(a), we extracted the wavelengths of the cutoff mode
resonances at each SRI, as shown in Fig. 3(b). Clearly, the
curve of cutoff wavelength versus SRI is divided into two
parts. In the upper part of the curve, the cutoff wavelength is
only determined by the cladding modes of TFBG in RD-SMF,
while in the lower part, corresponding to the SRI region of
1.36-1.43, the cutoff wavelength is determined by the super-
posed cladding modes due to the concatenation of two TFBGs.
After linear fitting, the slopes of lower and upper parts in the
SRIresponse curve are 510.48 nm/RIU (RIU represents the re-
fractive index unit) with R? of 0.9994 and 494.12 nm/RIU with
R? of 0.9985, respectively. According to Eq. (2), the differ-
ence of the slope originates from the different effective indices
of the core and cladding modes in two types of optical fibers.
For real measurement, it is therefore essential to choose the
corresponding response coefficients for different SRI regions,
and easy to locate the SRI region according to the position of
the cutoff wavelength in the spectrum. More importantly, by
employing the cascaded TFBG, the SRI sensing is enlarged
to the range of 1.30-1.45. While, a 6.5° TFBG in SMF can
only sense the SRI in the range of 1.36-1.43. Considering
the discreteness of cladding modes of the cascaded TFBG, we
can use the finer wavelength shift of cutoff mode resonance
as “vernier” scale to further improve the measurement accu-
racy, which is reported in our previous work.>*l Moreover, the
core mode of the cascaded TFBG always remians unchanged
with the SRI variation, and then its wavelength can be used
a reference to eliminate the effect of the ambient temperature

fluctuation.

4.2. Temperature response

The change of the temperature around the cascaded
TFBG will affect the grating period and the effective indices of
the core mode and cladding modes via thermal expansion and
thermal-optic effects, as a result, the transmission spectrum of
the TFBG will globally shift with temperature. Then, we ex-
perimentally investigated the temperature response by placing
the TFBG in a temperature-controllable heating chamber with
a calibrated temperature probe. We heated the TFBG from
0 °C to 80 °C, and recorded the spectrum in the interval of
10 °C. Different from the SRI response results, as the temper-
ature increases, the spectral evolution demonstrates a constant
coupling intensity but shifted resonant wavelength. Figure 4
shows the wavelength shifts of different mode resonances. The
core mode at the resonant wavelength of around 1572 nm,
and the cladding modes at different wavelengths of 1560 nm,
1530 nm, 1501 nm, and 1469 nm shift linearly and simulta-

neously with the temperature, and their response coefficients

are 11.83 pm/°C, 11.29 pm/°C, 11.02 pm/°C, 10.90 pm/°C,
and 10.69 pm/°C, respectively. The cascaded TFBG has a
smaller temperature response coefficient at the shorter wave-
length. Therefore, the SRI and ambient temperature can be
simultaneously acquired by extracting the wavelengths of the

core mode and cutoff mode resonances.

1572. 6
1572. 0 11.83 pm/°C
1560. :5
. 1560.0 11.29 pm/C
2 1559.4 ~
= 1530.6
=
1] -
% 1501.8 T
= 1501.2 10.90 pm/°C
1469.4
1468.8 . . 10.I69 pm/CIJ
40 60 80
Temperature/°C

Fig. 4. (color online) (a) Wavelength shifts of the core mode and the
cladding modes with the temperature increasing.

5. Conclusion

We proposed, fabricated, and demonstrated a cascaded
TFBG with two sets of cladding mode resonances for en-
hanced SRI sensing performance. Relying on the broad spec-
trum range of more than 100 nm of the cascaded TFBG, the
SRI sensing range can be effective extended to 1.30-1.45.
Meanwhile, by tracking the cutoff mode and core mode res-
onances, the SRI and temperature can be simultaneously ob-
tained according to the strictly linear responses to tempera-
ture and SRI. The response coefficients of the temperature and
SRI are 11.83 pm/°C and 510.48 nm/RIU (or 494.12 nm/RIU),
respectively. Therefore, the cascaded TFBG in SMF and
RD-SMF with rich spectral properties and enhanced sensing
capacity could be desirable in-fiber devices for biochemical
sensing, environmental monitoring, and other signal process-

ing applications.
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