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This investigation presents a simple, widely tunable, and ultrasensitive sensor that is based on a leaky-guided multi-
mode fiber interferometer (MMFTI) operated under refractive-index-matched coupling. By use of a material with an
appropriate dispersion profile around the MMFTI as a cladding yields strong index-matched coupling, which per-
forms ultrasensitive sensing in variations of the surroundings. Index matching at a single wavelength yields a cou-
pling wavelength dip with a narrow bandwidth and a high extinction ratio of over 25 dB. The wavelength dip can
also be effectively tuned, greatly shifting with a variation in temperature (T') or refractive index (RI), when the index-
matched condition is satisfied. This work demonstrates that the proposed sensor responds sensitively to T with an

extremely high tuning efficiency of 50 nm/°C and an excellent sensitivity to RI of 113,500 nm per RI unit.

Optical Society of America
OCIS codes: 060.2370, 060.2310, 060.2340, 350.2460.

Numerous in-line multimode fiber interferometers
(MMFIs) that use many smart and hybrid structures have
been developed for a wide range of practical applications
for biosensing, chemical sensing, and various types of
physical parametric sensing, owing to the simplicity of
their optical scheme, very low cost, good sensitivity,
and high temperature stability [1-10]. MMFIs have been
utilized extensively to monitor temperature (7") [2], re-
fractive index (RI) [3], displacement [4], pressure [5], li-
quid level [6], and other properties [7-10]. The structures
used in the MMFIs are generally based on single-mode
fiber (SMF) splicing a section of no-core fiber (NCF)
or multimode fiber (MMF). The interference mechanism
of the MMFI is according to the reimaging theory in the
NCF or MMF regions of the structures [1,11]. The funda-
mental mode that inputs from the SMF and propagates
into the NCF can excite many multimodes (high-order
cladding modes) that undergo internal total reflection
(ITR) and converge in a manner determined by the re-
imaging, to form alternating constructive/destructive
interference in the NCF by superposition of waves. The
reimaging theory still applies a leaky fiber waveguide,
even when the surrounding RI exceeds that of the NCF
due to Fresnel reflection (FR) between the interfaces.
The leaky-guided phenomenon in long-period fiber grat-
ings (LPFGs) of the leaky waveguides has been discussed
in [12-13].

This Letter presents a novel weakly guided/index-
matched/leaky-guided MMFI for widely tunable filtering
and ultrasensitive sensing applications. The developed
device exploits appropriate cladding around the MMFT to
support three properties (weakly guided, index matched,
and leaky guided) in the device when a broadband light
source launches, as shown in Fig. 1. Figure 1 schemati-
cally depicts the mechanism of the propagation of broad-
band light under (a) the weakly guided condition (nycr >
ns) with a wavelength of 4; undergoing ITR, (b) the in-
dex-matched condition (nycp = ) at a wavelength of
A9, and (c) the leaky-guided condition (nycr < 1,), With
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a wavelength of A5 under FR. The proposed configuration
can perform a strong index-matched coupling to cause a
high loss of single resonance at 1;(= 4,) over a wide
range of measured wavelengths. Experimental results
also demonstrate that the resonant dip of the index-
matched wavelength (1,) can be widely tuned from
1250 to 1650 nm and that the device is ultrasensitive
to variations in the T or RI of the environment.

Figure 2 presents material dispersion profiles of RI
for the NCF (nycr) and the cladding (ng) used in the
proposed MMFI. The two dispersion profiles of the RI
intersect at a wavelength 1, of 1440 nm, at which the
RI-matching condition is satisfied. This 4, divides the
spectral range into two wavelength regions: weakly
guided (nycr > 1) and leaky guided (nycr < n5). The
optical properties of light that propagates in these two
regions are quite different. The intensity of light that pro-
pagates along the z axis inside the NCF can be simulated
using the numerical finite-difference beam propagation
method (FDBPM) [4]. The three insets in Fig. 2 display
the simulated results for optical intensity under the con-
ditions of (a) weak guiding at 4 = 1250 nm, (b) index
matching at 1, = 1440 nm, and (c) leaky guiding at 1 =
1650 nm inside the 1 ecm NCF with cladding of n,, whose
profile (dashed curve) is shown in Fig. 2. In inset (a),
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Fig. 1. (Color online) Proposed MMFI under incident broad-

band light with (a) 1;, weakly guided (nycr > 1,); (b) A5, index-
matched (nycp = n5); and (c) A3, leaky-guided (nncp < M)
conditions.
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Fig. 2. (Color online) Refractive index dispersion profiles of
silica NCF (nycr) and surrounding claddings (n). Insets show
FDBPM-simulated intensities of light that propagates along the
z axis inside the proposed MMFI under (a) the weakly guided
condition with nycr > n,, 4 = 1250 nm, (b) the index-matched
condition with nycy = ng, 4, = 1440 nm, and (c) the leaky-
guided condition with nycp < 1, at 4 = 1650 nm.

many waves that undergo multiple ITRs converge mostly
along the optical axis of the NCF region in the waveguide.
In the leaky-guided situation with long 4, presented in in-
set (¢), cladding modes that undergo successive FRs with
various longitudinal distances at the interface between
the NCF and the surroundings are reflected back to NCF
with leaky loss at each FR. Inset (c) reveals that the light
intensities are superimposed in the NCF region but are
weaker than in (a). Under the specific condition of index
matching with ng = nycr at 1 = 1440 nm, waves that
fully transmit along different paths into the surroundings
no longer return to the NCF, as displayed in Fig. 1(b),
causing very great loss at that wavelength (4,).

To investigate the optical characteristics of RI-
matched coupling and the sensing capabilities of the de-
veloped MMFI sensor, Cargille index-matched oil
(np = 1.456) is used as the cladding (n). Its dispersion
profile of RI intersects that of silica NCF (nycr) at around
A =1340 nm when T =25°C. A superwideband light
source that comprises a set of superluminescent light
emitting diodes that cover a range of wavelengths of
1250-1650 nm is employed as an optical source to launch
light into the device. Figure 3 shows the shifts in the spec-
tral responses of 1,, measured by an optical spectrum
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Fig. 3. (Color online) Shift of 1, with varying T for the pro-
posed MMFI with L = 1.0 cm.
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Fig. 4. (Color online) Shift of A4, with varying T for the
proposed MMFI with L = 3.6 cm.
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analyzer (OSA). The transmission spectra reveal that
the use of the index-matched oil as the cladding in which
the experiment is performed yields only one very strong
coupling dip (4,), which exhibits a narrow bandwidth, a
sharp edge, and wide tunability over a broadband wave-
length range of approximately 380 nm as 7T varies. In the
spectral profile in Fig. 3, within the range of wavelengths
shorter than 4, (4 < 4,), that associated with weak guid-
ing n, < nycr, the transmission is high because of the ITR
in the waveguide, but the loss is still 10-17 dB owing to
large losses of the evanescent field in the cladding
modes. The evanescent fields in this weakly guided
waveguide are greatly stretched into the surroundings
since n, (cladding) is close to nycr (core). The spectral
range in the leaky-guided situation of wavelengths longer
than 4,(4 > 4,), in which n; exceeds nyc, still exhibits
reimaging because of the FR, but a greater loss of 20—
25 dB is found. The results also demonstrate that the 4,
exhibits an extremely high coupling loss (> - 50 dB)
with a narrowband and an extinction ratio (ER) of over
25 dB (resolution of OSA: 0.8 nm). When the applied
temperature 7 (°C) is controlled using a TE cooler
(resolution : £ 0.05°C) and increased in increments of
0.5°C to reduce the RI of the surrounding cladding,
whose thermo-optic coefficient dnp/dT = -3.74x
104 °C1, the 1, varies greatly and linearly to the long
wavelength side with high tunability. A higher coupling
dip with a narrower bandwidth and greater ER is pre-
dicted to be realized by the use of cladding with a flatter
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Fig. 5. (Color online) Temperature sensitivities and tuning
efficiencies of MMFI sensors with L = 1.0 cm and 3.6 cm.
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Fig. 6. (Color online) (a) RI dispersion profiles of nycr and

claddings with different Cargille index-matched oils, and
(b) spectral responses of proposed 1 cm MMFIs with n; of
np = 1.456, 1.454, and 1.452 at fixed 25 °C.

dispersion slope, since a larger angle of intersection
between the two dispersion profiles is associated with
compression of the transition from weakly guided to
leaky-guided regions, abruptly yielding a large index-
matched loss.

The proposed MMFI can easily be multiplexed by arbi-
trarily selecting NCF with different length. The MMFI
with a long length of 3.6 cm provides a much narrower
bandwidth of wavelength dips to increase the resolution
of measurement. However, it presents a high loss in the
transmission spectra, as shown in Fig. 4. Figure 5 pre-
sents the similar sensing performance of MMFIs with dif-
ferent lengths. Experimental results demonstrate that the
T sensitivity and tuning efficiency of 4, in the two MMFIs
are similar, since the temperature sensing performance
is dominated by the thermo-optic coefficient of the
surroundings. 7' sensitivity and tuning efficiency of as
high as 50 nm/°C are achieved using the proposed sen-
sing configuration.

In fact, the T sensitivity of the MMFI sensor in the
study [2] is inherently low since the T sensitivity is
controlled by the thermal expansion coefficient (~5x
10-7°C1) and the thermo-optic coefficient (10-°—
105°C1) of the silica fiber. Hence, the T sen-
sitivity was proportional to [(n 4+ An)- (D + AD)?]/
(L + AL)], where n, D, and L represent the RI, diameter,
and NCF length, and the measured 7T sensitivity was only
0.0129 nm/°C [2]. However, the T sensitivity in our work
is much greater improved because the sensing mechan-
ism of the developed sensor is based on index-matched
coupling by use of dispersion engineering in the device.
Therefore, the sensor presented here differs greatly from
the sensor in the cited work [2]. Various media can be
used as surroundings if their dispersion profiles satisfy
the criteria for index matching.

To evaluate the measurement of RI of the external
medium by the proposed sensing mechanism, index-
matched oils with RI values of np = 1.456, 1.454, and
1.452 (intervals 0.002) are utilized as the surrounding

media (1) at fixed T = 25 °C. Figure 6(a) shows the the-
oretical intersecting wavelengths of around 1345 and
1575 nm for the external surroundings with np = 1.456
and 1.454, respectively. Clearly, the lack of any intersec-
tion between the two profiles with nycr and np = 1.452
indicates the absence of index-matched coupling. The
spectral responses and sensitivities are measured, as
shown in Fig. 6(b), and the 7, shifts more than 227 nm
as the RI changes only 0.002. These results demonstrate
that the excellent sensitivity of the sensor may be as high
as (227)/0.002 = 113,500 nm/RIunits (RIU) although
only values of RI that are close to those of the sensor
can be measured.

In conclusion, this work demonstrated a very simple,
cost-effective, widely tunable, and ultrasensitive sensor
based on index-matched coupling in a leaky-guided
MMFT with appropriate material dispersion engineering.
The high thermo-optic coefficient of the index-matched
oil around the proposed MMFI substantially improves
the T sensitivity and tunability. Experimental results
also show an excellent RI sensitivity of about 113,500 nm
/RIU when the RI is within the range of np =
1.454-1.456. The configuration of the sensor can yield
superior characteristics of an abrupt and high ER, nar-
row bandwidth, and a single wavelength dip over a wide
range of wavelengths. The novel device can be utilized as
an ultrasensitive sensor of temperature, RI, or concentra-
tion of a solution for biochemical technology.
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