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Abstract:

A novel fiber Bragg grating (FBG) hydrophone array has been proposed in order to realize multipoint underwa-
ter sound detection with thermal stabilization. The interrogation technique of the FBG hydrophone to be arrayed is
based on an intensity-modulation scheme, in which atunable laser is used for an optical source with its oscillation
wavelength tuned to a slope of the reflection spectrum curve of the FBG. The partially reflected light from the
FBG is modulated by an acoustic wave and offers a sensor output. For fabricating the FBG hydrophone array, an
optical switch and a specially designed feedback circuit have been employed. The arrayed FBG hydrophones are
connected in parallel with the output ports of the optical switch so that the time-division multiplexed (TDM) oper-
ation is performed by selecting the optical paths to the hydrophones. In the TDM operation, the feedback circuit
enables us to control the oscillation wavelength automatically in accordance with the reflection spectrum for the
selected FBG hydrophone. In addition, the automatic wavelength control allows the stabilization of the sensor out-
put against temperature variations. In the experiment, two-point TDM sound detection with a thermally stabilized

operation has been successfully demonstrated.
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1. Introduction lowing advantages in addition to that of conventional

Recently, fiber Bragg gratings®? (FBGs) have  fiber optic sensors: small dimensions, simple structure,
attracted much attention as sensing elements for physi- and ease in multiplexing sensors. In most FBG sensors,
cal parameters such as mechanical deformation, hydro- their principles of operation are based on shift in Bragg
static pressure, elastic vibration, acoustic wave, and wavelength of the FBG or in FBG spectrum curve

temperature. This is because FBG sensors*® have fol- when the FBG is subjected to the measurand that can
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be converted into the physical parameters. The interro-
gation schemes of such sensors are fundamental tech-
niques and mainly divided into two types: one is based
on direct measurement of FBG spectrum curve, and the
other is based on intensity modulation converting the
wavelength shift to the optical intensity. Since the latter
type needs no spectroscopic detection system, itisa
very attractive approach for the FBG sensor performed
in real time, especially for vibration of solid®® or
acoustic wave in water.>V In this type of sensors, a
narrow-bandwidth optical source (e.g. laser) is utilized
and its wavelength is tuned to the slope of the FBG
spectrum curve, i.e., operation point. As aresult, the
output light partially reflected (or transmitted) at the
FBG is modulated in intensity when the acoustic wave
is applied to the FBG. We have previously reported
FBG hydrophones based on the intensity-modulation
scheme, in which real time observation of the wave-
form and spectrum of the underwater sound is demon-
strated.® 1 For a practical use of such sensors, howev-
er, the multiplexed sensing operation is required, in that
the multiple point underwater sound detection can be
realized using a single sensor system. Additionally,
thermally stabilized operation in the sound detection is
also desirable, since the FBG sensor is likely to suffer
from environmental temperature variation'?. In the pre-
ceding paper we have reported a temperature stabilized
FBG sensor array for a vibration of solid by using
paired FBGs,*¥ in which one of the FBGs is embedded
in the solid sample and subjected to both the vibration
and temperature variation, but the other is touched
loosely with the sample to be affected by only the tem-
perature so that it can be used for a temperature com-
pensation. Thistechnique, however, is difficult to apply
to the FBG hydrophone. This is because the effects of
temperature and acoustic wave on the FBG could not
be separated from each other in water. From these
points as background, in this paper a novel time-divi-

sion multiplexed (TDM) FBG hydrophone array is pro-
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posed, in which multiple underwater sound detections
and immunity to environmental temperature variations
can be achieved. The key technique of the hydrophone
array is afeedback circuit to control a wavelength of a
tunable laser. The feedback control enables us to adjust
the wavelength of the tunable laser to the operation
point of the FBG automatically. The automatic wave-
length control allows the compensation of the change
of the operation point in the TDM operation and in the
environmental temperature variation as well. In the
experiment, by constructing the FBG hydrophone array
in which two FBG sensors are arranged in parallel,
TDM operation with thermal stabilization is demon-
strated.

2. Principle of Operation
2.1 FBG Hydrophone Array

The FBG hydrophone designed here is operated in a
reflection mode: with reference to Fig. 1, the wave-
length of alaser source is tuned to a slope of FBG
reflection spectrum curve, namely, R(A). Since an
acoustic wave induces the periodical shift of the spec-
trum curve, R(A), as well as Bragg wavelength, Ag, in a
wavelength domain, the partially reflected light of the
laser is modulated in intensity and offers a sensor out-
put. Let I, and A, be an intensity and a wavelength of
the incident light from the laser source, respectively,
and the intensity of the reflected light 1, can be written
asdw

A Laser
Reflectance of
FBG (R(A))

Source

Linear
Portion

Spectrum

Wavelength

Fig. 1 Schematic view of reflection spectrum of FBG, R(A),
and oscillation spectrum of laser source.
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where R(A,) is the reflectance of the FBG at A,,, p and
f : the amplitude and frequency of the sound pressure
due to the acoustic wave, respectively, n : the rate of
the spectrum-shift to the sound pressure, and
OR(A)/0A=1,, : the gradient of R(A) around A,,. Here,
OR(A)/0A=x, is @most constant under the assumption
that A, is adjusted to the linear position of R(A) (oper-
ation point) and the shift of R(A) induced by the
acoustic wave is much smaller than the reflection
bandwidth of the FBG. As a result, the sound pressure
can be observed directly from the ac component of |,
i.e., the second term of Eq. (1). It is noted here that
OR(A)/0A]x=x;,, determines the sensitivity of the sensor
output from the FBG hydrophone.

To fabricate a FBG hydrophone array an optical
switch is used for a TDM operation as shown in
Fig. 2: two FBG hydrophones are connected to the
output ports of the optical switch and the optical paths
to the respective hydrophones (sensor 1 and sensor 2)
are switched alternately. The TDM sensor output from
the arrayed hydrophones is thus obtained at the optical
receiver (OR). In this scheme, the TDM operation
could be realized only by switching the optical paths if
the FBGs having the identical reflection spectra are
used for the hydrophones. However, in general, spec-
tral properties of FBGs (e.g. Az and AA) are different
from each other as indicated by solid and dashed line
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in Fig. 1, even if the FBGs are fabricated in the same
process. In this case, the operation points on the FBG
spectra become different from each other. Therefore it
is necessary to adjust the wavelength of the laser
source in accordance with the operation point for the
different FBG so that it may not deviate from the lin-
ear portion of R(A). In addition to the TDM operation,
the adjustment of the wavelength is desirable when the
temperature is considerably varied. Thisis because the
reflection spectrum curve shifts toward longer or
shorter wavelength whether the FBG temperature
increases or decreases, so that the operation point
depends on the temperature. Accordingly, automatic
compensation of the operation point is an important
technique for not only fabricating a FBG hydrophone
array but also the temperature stabilization.

2.2 Feedback Control Circuit

In order to compensate the operation point, a feed-
back circuit has been devised, which control the oscil-
lation wavelength of the DFB laser source to keep the
relative position of the oscillation wavelength to the
FBG reflection spectrum. The block diagram of the
feedback control circuit is shown in Fig. 3. The output
light from the FBG hydrophone is converted into a
voltage signal V,, at the optical receiver (OR) as fol-

lows:

@
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EN—

Water Tanks (WT1, WT2)

Fig. 2 Experimental setup.
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Fig. 3 Block diagram of feedback control circuit.

where, a is the optical/electrical conversion efficiency
of OR. Substituting Eq. (1) to Eg. (2), the dc and ac
components of V_,, V,. and V_, are given, respective-

ly, by
‘/dczalinR(z'in) (3)
and

Vﬂczalin% . npsin2rw ft. 4

As can be seen in Eq. (3), V,, corresponds to the
operation point. With reference to Fig. 1, V. increases
or decreases when R(A) changes into longer or shorter
wavelength. Therefore the compensation of the opera-
tion point can be achieved by adjusting the wavelength
of the laser so as to keep V,, constant. In the feedback
circuit V,,, from OR is fed into a low pass filter (LPF)
to extract V. Then, V,, and the output voltage from
the reference power supply 1, V,,, are compared and
amplified at the differential amplifier, and their differ-
ence, AV, is integrated by the integrator circuit. The
sum of the output voltage from the integrator circuit,
V., and the output voltage from the reference power
supply 2, V,,, Yields the feedback signal, V., and is
applied to a built-in Peltier element of a DFB laser
module. The Peltier control enables the temperature
tuning of the laser electrically. In this configuration,
the feedback operation can be proceeded as follows.
Before the feedback operation, the integrator circuit is

turned off, i.e., V,, = 0, and the oscillation wavelength

of the laser is tuned to the operation point of one of the
FBGs by adjusting only V.. At the beginning of the
operation, V,y, is adjusted to be equal to V,, so that AV
should be zero, and then the integrator circuit is turned
on. When the operation point is moved due to the
exchange of the switched FBG in the TDM operation,
as mentioned above, V. varies and AV comes off from
zero. In this case, AV isintegrated and added to V,, so

that V., changes, which results in the shift of the

cont
oscillation wavelength of the laser. The wavelength-
shift continues until AV becomes zero. Therefore V, is
return to the initial value of V,,, namely, V,,. Conse-
quently, the relative position of the oscillation wave-
length to the spectrum curve can be kept constant by
use of the feedback control circuit. Similarly, this
feedback control is effective to the spectral shift of the

FBG induced by temperature variation.

3. Experiment

Figure 2 shows the experimental setup of the FBG
hydrophone array for a demonstration. A distributed
feedback (DFB) semiconductor laser is used as an opti-
cal source of which oscillation wavelength can be
tuned from 1555 to 1560 nm by adjusting a voltage to
the Peltier controller. This laser is driven in an auto-
matic power control (APC) mode so that the output
power of the laser can be kept constant even in awave-
length tuning. The output light from the laser source
passes through an optical isolator and an optical circu-
lator, and is coupled into an input port of atwo-channel

optical switch. As shown in the figure, two FBG sen-
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sors are connected in parallel to the output ports of the
optical switch so that the TDM operation is carried out
by switching the optical path toward FBG, or FBG,.
Both the FBGs are immersed into water and work as
FBG hydrophones (sensor 1 and sensor 2). As men-
tioned in the previous section, the oscillation wave-
length of the laser is tuned to the operation point for
FBG, or FBG,, at which the partially reflected light is
modulated in intensity if the acoustic wave is applied.
The resultant reflected light is coupled into the optical
circulator again to impinge on the optical receiver
(OR). The output signal from OR offers sensor output
and is used for the feedback control.

To fabricate a FBG hydrophone array, we used a
pair of FBGs that were designed to have similar spec-
tral parameters, i.e., Bragg wavelengths and band-
width. The reflection spectra of the FBGs measured at
aroom temperature of 28 °C are shown in Fig. 4
together with a typical oscillation spectrum of the
DFB laser: the solid and dashed curves are for FBG,
and FBG, respectively, and the dotted curve for the
laser. The spectral parameters of FBG, and FBG,were,
respectively, estimated to be as follows: 1556.80 nm
and 1556.85 nm for the Bragg wavelength, and 1.30
nm and 1.31 nm for the bandwidth. For the demonstra-
tion of the two-point TDM underwater sound detec-
tions, both the FBGs were immersed into the water
tanks, WT, and WT,, respectively (refer to Fig. 2).

Then acoustic waves were applied to the FBGs simul-

o

Reflectance
o
o

Output power [a.u.]

“T557.0
Wavelength [nm]
Fig. 4 Measured reflection spectra of FBG, (solid curve) and

FBG,, (dashed curve) and oscillation spectrum of DFB
laser (dotted curve).
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taneously using piezoelectric transducers (PZT, and
PZT,) driven by sinusoidal voltage signals at their
respective resonant frequencies of 16.5 and 16.6 kHz.
By changing the output port of the optical switch peri-
odically using a transister-transister logic (TTL) sig-

nal, the TDM sensor output was obtained from OR.

4. Results and Discussions

To confirm the performance of the feedback control
circuit, the optical switch was operated with a switch-
ing interval of 25 s, and only the dc component of the
sensor output V,, was monitored without the applica-
tion of the acoustic waves. An example of the observed
output is shown in Fig. 5: (1) and (2) denote the output
from the sensor 1 and sensor 2, respectively, and (a)
and (b) indicate the output before and after the feed-
back control, respectively. As can be seen from the fig-
ure, the output takes two kinds of level without the
feedback control. When the feedback circuit is turned
off, the oscillation wavelength of the laser source is
fixed so that the output of sensor 2 is different from
that of sensor 1. On the other hand, with the feedback
control the output level is kept constant in the TDM
operation except during the transient disturbances at
the switching. This means that the compensation of the
operation point is achieved by use of the feedback con-

2101 | @
r;(—)—“\.u. r\.i-)_‘ J\,
|

1100 %

GND Level
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Fig. 5 Monitored dc component of sensor output without (a)
and with (b) feedback control: output from sensor 1
and sensor 2 is denoted by (1) and (2), respectively.
Feedback control circuit is turned on at a point P.
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trol circuit. Typical waveforms of the sensor outputs
are shown in Figs. 6 (a) and 6 (b). As mentioned
above, PZT, and PZT, were driven in a sinusoidal
mode and their driving frequencies were 16.5 and 16.6
kHz, respectively. Since the distortions of the wave-
forms are considerably small as shown in the figures, it
is expected that the FBG hydrophones exhibit linear
responses. Figure 7 shows the output of the sensor 1 as
afunction of sound pressure level. As can be seen from
the figure, the output from the hydrophone isin propor-
tion to the applied sound pressure.

To examine the thermally stabilized operation of the
underwater sound detection, the magnitude of the sen-
sor output from sensor 1 was monitored while the
sound pressure level around the sensor and the fre-
quency of PZT, were kept constant but the water tem-
perature of WT, was varied from 30 to 80 °C. The
obtained result is shown in Fig. 8. The plots with open
sguare show the sensor outputs when the feedback cir-
cuit was turned off, i.e., the sensor was not thermally
stabilized. The plots with solid circle show the sensor
output when the feedback circuit was turned on, i.e.,

the sensor was operated with the thermal stabilization.

(a)
/\/\/\

ISO mV

16.5 kHz

T100mv  166KHz

Fig. 6 Observed output waveforms obtained from sensor 1
(a) and sensor 2 (b).
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Fig. 7 Sensor output as a function of sound pressure level.
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Fig. 8 Temperature dependence of sensor output: output with
and without feedback control is plotted by open circle
and open square, respectively.

It is noted that the output variation is estimated to be
less than 2.5 dB with the feedback control but the out-
put without feedback control varies considerably. The
minimum sensor output of approximately -85 dB cor-
responds to the noise level of the detected signal. The
output variation of the sensor without the feedback
control is estimated to be more than 40 dB. This out-
put variation is caused by deviation from the operation
point of the wavelength of the laser: the reflection
spectrum shifts to longer wavelength with the increas-
ing temperature but the oscillation wavelength of the
laser is fixed so that the sensitivity of the sensor output
isvaried. Especialy for the flat region of the top of the
reflection spectrum, the sensitivity almost vanishes.

In the experiment the temperature-stabilized TDM
operation of the hydrophone array using the feedback
control circuit has been successfully demonstrated. In

the present stage the time response of the feedback
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system is 2.2 sec, which is limited mainly by the Pelti-
er controller of the DFB laser used. As can be seen in
Fig. 5, this effect appears in the transient responses of
the sensor outputs when the arrayed hydrophones are
switched. Since the feedback control enables us to
realize the temperature stabilization, the time response
is important factor for a practical application of the
hydrophone array proposed. Though the temperature
stabilization ranging from 30 to 80 °C has been
demonstrated in Fig. 8, it is left for further study to
improve the time response of the feedback control sys-

tem including the laser source.

5. Conclusion

Combining the wavelength-controlling feedback
circuit with tunable DFB laser, the TDM operation of
the FBG hydrophone array has been realized. The
interrogation technique of the FBG hydrophone is
based on an intensity-modulation scheme, in that a
tunable laser is used for an optical source of which
oscillation wavelength tuned to alinear potion of a
slope of the reflection spectrum curve of the FBG
used. The partially reflected light from the FBG is
modulated in intensity by an acoustic wave and offers
a sensor output. For fabricating the FBG hydrophone
array, an optical switch was used, in which the arrayed
FBG hydrophones were connected in parallel with the
output ports of the optical switch and the TDM opera-
tion was performed by changing the optical paths to
the hydrophones. For the TDM operation, the feed-
back circuit was developed to control the oscillation
wavelength automatically in accordance with the oper-
ation point that changes or shifts by exchange of FBG
in the TDM operation or temperature variation. In the
experiment, the operation principle of the feedback
control circuit was confirmed and the thermally stabi-
lized operation was demonstrated. For the thermal sta-
bilization, the output variation without feedback con-
trol was estimated to be more than 40 dB whereas that

23

with the feedback control was estimated to be less than
2.5 dB. In our demonstration, two-point TDM under-
water sound detection has been realized using two-
channel optical switch, but a TDM operation for a
large number of FBG hydrophones can be achieved

using an optical switch with more than two channels.
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