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We have recently developed a refractive index (RI) sensor using a band-pass filter composed of dielectric multilayer films deposited on an optical
fiber end. The Rl is detected as a shift in the wavelength characteristics, and can be read with an optical spectrum analyzer used in this sensor. In
this study, we employ a high-speed demodulator, which converts the optical wavelength information into electrical voltage through the slope of the
spectral characteristics. A response time of as short as several tens of microseconds is achieved. We also compare the RI sensitivity of the
proposed sensor with that of a simple Fresnel-based Rl sensor. © 2012 The Japan Society of Applied Physics

efractive index (RI) sensors have been used in

a wide range of applications including biochem-

istry, chemical/environmental analysis, and ultra-
sonic-wave detection.'™'> Many types of RI sensor using
optical fibers have been developed so far because of their
following advantages: compact size, cost efficiency, flex-
ibility in design, remote-sensing capability, multiplexibility,
and immunity to electromagnetic interference. Not only
intensity-domain techniques that exploit the RI dependence
of the Fresnel power but also a variety of frequency-domain
techniques have been developed. Typical examples include
RI sensors based on (1) fiber Bragg gratings (FBGs),'™ (2)
long-period gratings (LPGs),>™ and (3) interferometers.”~'?
Although these techniques have their own advantages, none
of them is applicable to the RI measurement of solids.

To extend their application range, we have developed a
novel RI sensor using a band-pass filter (BPF) comprising
dielectric multilayer thin films (DMFs) deposited on an
optical fiber end.'® This structure, called a BPF on a fiber
end (BOF),!” eliminates incident light with a particular
wavelength, which is dependent on the RI of the materials
attached. The BOF-based RI sensor has many advantages
such as high spatial resolution, cost efficiency, simplicity,
robustness, and applicability not only to gases and liquids
but also to solids. Its measurement speed was, however, low
owing to the use of an optical spectrum analyzer (OSA) with
a second-order sweep time, which needs to be enhanced for
such applications as real-time RI monitoring'® and ultra-
sonic-wave detection.'*!>

In this study, we demonstrate high-speed RI measurement
with the BOF-based sensor by using a fast demodulator,
which converts the optical wavelength information into
electrical voltage using the linear slopes of the reflection
spectra. A several tens of microseconds response time is
experimentally achieved, which corresponds to the dynamic
behavior of the sample liquid. The RI sensitivity of the BOF
sensor is also compared with that of a simple RI sensor
based on Fresnel reflection to clarify its benefits.

For high-speed RI measurement, the optical wavelength
information needs to be converted into electrical voltage.
This conversion is made up of two steps: from wavelength
information to optical power, and from optical power infor-
mation to voltage. To achieve the first step, a linear slope
region of the reflection spectra needs to be selected,'’ > to
which the wavelength of a light source is set. The second
step can be easily achieved by using a photodetector (PD),
which operates much faster than the OSA.
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Fig. 1. (Color online) Schematic experimental setup for high-speed RI
measurement. DAQ, data acquisition; ISO, isolator; OSC, oscilloscope; PC,
personal computer; PD, photodetector; TLD, tunable laser diode.

The experimental setup for the RI measurements based
on high-speed demodulation without comprising an OSA is
schematically shown in Fig. 1. The structure of the BOF
was the same as that previously reported.'® Judging from
the reflection spectra of this BOF,'® the wavelength of the
tunable laser diode (TLD) was set to 1543.5 nm. Its output
light with a power of —7 dBm was injected into the BOF via
an optical circulator. The reflected light from the BOF was
converted to an electrical signal using a PD with a bandwidth
of over 5 MHz, and was monitored employing an oscilloscope
(OSC) with a sampling rate of 250 MS/s. As materials to be
measured, we employed air and five types of liquid: water
(n ~ 1.33), ethanol (n ~ 1.36), index-matching oil (I) (n ~
1.44), matching oil (I) (n ~ 1.60), and matching oil (III)
(n ~ 1.74). The BOF was immersed into the liquids by hand.

Figure 2 shows the measured temporal change of
the output voltage for the five types of liquid, which were
attached to the BOF in air. The voltage decreased according
to the RIs of the different liquids. The time constant of the
PD was estimated to be less than 0.2 s, since the cutoff
frequency was over 5SMHz. However, a several tens of
microseconds response time was observed for the voltage
change, which was much longer than the time constant of the
PD. This delay may be attributed to the time for the sample
liquids to cover the sensing area of the BOF, which is deter-
mined by their density, viscosity, and surface tension. From
Fig. 2, the RI dependence of the output voltage can be
plotted as shown in Fig. 3. The slope of its linear approx-
imation was —27.95mV/RIU (refractive index unit). The
slight discrepancy of the experimental data from the approx-
imated line is probably caused by the fact that, as RI
changes, the optical power also slightly changes.'®

Next, we compared the experimental sensitivity of the
BOF-based RI sensor with the theoretical sensitivity of a
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Fig. 2. (Color online) Temporal change of the output voltage.
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Fig. 3. (Color online) RI dependence of the output voltage.

100
= 80
= BOF””
2 60 slope =-42.03% / RIU
=
E_ 40 o~ Fresnel
S 2 x[1.46—x]2

: 1.4ﬁ+/x/
u L L

1.0 1.2 1.4

16 1.8
Refractive index [RIU]

Fig. 4. (Color online) Comparison of RI dependences of reflectivity
between BOF and F-RI sensors.

simple Fresnel-reflection-based RI (F-RI) sensor composed
of a silica single-mode fiber (SMF) end. A comparison of the
RI dependences of the reflectivity between the two methods
is shown in Fig. 4, where we normalized the vertical axis,
i.e., the reflectivity, so that it becomes 100% when the
sensing fiber ends are open in the air. The RI sensitivity can
be evaluated using the absolute values of their slopes, which
are given in Fig. 5. While the sensitivity of the F-RI sensor
drastically changes according to RI, that of the BOF sensor
is constant regardless of RI, which leads to ease of handling.
Within the RI range of approximately 1.46, the sensitivity
of the BOF sensor is higher than that of the F-RI sensor. It
has been shown that this range can be further extended by
optimizing the BOF structure.?!

In conclusion, high-speed RI measurement was success-
fully demonstrated with the BOF-based RI sensor by fast
demodulation, where the optical wavelength shift was con-
verted into electrical voltage change using the slopes of the
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Fig. 5. (Color online) Comparison of RI dependences of sensitivity
between BOF and F-RI sensors.

reflection spectra. The response time of the sensor is subject
to the dynamic behavior of the sample liquids, and was as
short as several tens of microseconds. The RI sensitivity of
the BOF sensor was also compared with that of a simple F-RI
sensor, and the BOF sensor was, with ease of handling, found
to be more suitable for the measurement of RI of approx-
imately 1.46. The next task to be performed is to identify the
optimal BOF structure for maximizing the RI sensitivity. We
believe that this information will be of great significance in
applying the BOF sensor to real-time RI monitoring as well
as to ultrasonic-wave detection in the future.
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