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1. Introduction

   Recently, fiber Bragg  grating (FBG) sensors  have  attract-

ed  considerable  attention  because ot' their practieal advan-

tages, namely,  co]npactness,  simple  structure, localized sens-

ing capability,  and  ease  in multiplexed  operation.  The  prin-
ciptes  ef operation  in most  FBG  sensors  are  based on  the

change  in the Bragg wavelength  (nB) of  the FBG  used;  the

FBG  is subjected  to various  factors [1,2], such  as  temperature,

static  strain,  mechanical  vibration, hydrostatic pressure, acous-

tic wave,  and  so  fbrth. We  previously demonstrated several

methods  of  fabricating FBG  vibration  sensors  with  a  temper-

ature-independent  operation  I3-51. In this study,  an  FBG

underwater  acoustic  sensor  is preposed. In addition,  a sensor

schcme  is developed to censtruct  a  sensor  array  from a

practicai viewpoint.  In an  experiment,  by  constructing  an  FBG

underwater  acoustic  sensor  array in which  twe  sensor  elements

are  arranged  in parallel, time-division  multiplexed  detection
and  temperature-insensitive operation  are demonstrated.

2. Principleofoperation

   Figure 1 shows  a schematic  configuration  of  a reflective

FBG  undcrwater  acoustic  sensor.  This sensor  uses  a broad-
band light source  such  as  an  amplified  spontaneous  ernission

(ASE) source  and  consists  ef  a four-port optical  circulator  and

a  pair of  FBGs,  namely,  FBGL  and  FBGs,  which  are used  as  a

light source  and  a sensing  component,  rcspectively.  As  shown

on  the right-hand side  of  Fig. 1, the spectral bandwidth of

FBGL  is relative[y narrower  than  that of  FBGs,  and  its peak
wuyelength,  i.e., the Bragg  wavelength  ABL, is set to thc slope

of the transmission spectrum  curve  of  FBGs.  The  fOur-port

opticai  circulator  transmits  the incident light from port 1, 2, or

3 to port 2, 3, or  4, respectively.  As  a  resu]t,  the broadband
light from port 2 Ls refiected  at  FBGL,  and  the refiected light

is illcident on  FBGs,  serving  as  a llarrowband  optical  source

ef  the FBG  sensor.  Consequently, ,the output  signal  [ight, i.e.,
the ]ight transmitted by  FBGs,  is coupled  back from port 2 of

the  circulator,  Tn this situation,  when  an  acoustic  wave  is

applied  to FBGs,  the transmission  spectrum  ef  FBGs  shifts

periodically in a  wavelength  domain so  that its transmitted

light intensity is modulated.  At  the photodetector. the acoustic

wave  can  be directly observed  from the ac  component  Df  the

detected output  signal  fi:om the sensor,  Tt should  be noted  here

that the  sensitivity  of  the sensor  output  is defined by  thc

gradient at  the slope  of  the transmission spectrum  curve  of

FBGs.  In addition,  the effects oi temperature  on  the  sensor

output  can  be compensated  using  the pair of  FBGs;  if FBGL  is
subjected  to the environmental  temperature  change  equal  to

that around  Fl]Gs, the relative  spectral  position between the

narrowband  optical  source  and  transmission spectmm  curve

of  the sensing  FBG  is maintained  constant  in the  wavelength

domain. On  the other  hand, the acoustic  effects  toward IBGL

are almost inhibited by the shielding  aluminum  tube  fi11ed

with  air  at  FBGL,  achieving  the acoustic  detection with  the

temperature-independent  operatjon.  In addition,  the single

]ead-inlout fiber of  the sensor  enables  us  to form  an  arrayed

sensor  arrangement  with  a single optical  light seurce  and  a

single  receiving  photodetector.

3. Experiment

   Figure2  shows  the experimental  setup  of  the FBG
underwater  acoustic  sensor  array.  Here, two  sensors,  sensors

1 and  2, were  multiplexed  usi  ng  a two-channel optical  $witch.

For an experimental  demonstration of underwater  acoustic

detection, both the sensors  were  immersed in water  vessels,

WV  i and  WV2,  respectively, and  acougtic  waves  were  applied

independently to the sensors  using  piezoelectric trunsducers

(PZTi and  PZT2). The intensity-modulated signals,  i.e., the

outputs  from  the elements  of  the sensor  arTay,  are extracted
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Fig. 1 Schematic configuration  ofrefiective  FBa  under-

 water  acoustic  sensor:  (a) input spectrum  ef  incohcrent

 light source,  (b) refiection  spectrum  of  FBG  for light

 source,  (c) transmission  spectrum  ef  FBG  for sensor,

 and  (d) output  spcctrum  of  intensiLy-modulatcd light

 frorn FBG.
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Fig. 4 Typicai  sensor  outputs  frorn phetodetector PD.

 The  trace  signals  shown  in O  and  e  denote the outputs

 from sensors  1 and  2, respective]y.
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Rg. 2Experimental setup.
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Fig. 3 Transmissien spectru  of  FBGs  for sensing  ele-

 ments  (solid lines) together with  refiection  spectra  of

 FI]G for light sourccs  (dashed lines). The reffectance  uf

 FBGLi and  transmittance of  FBGsi  are  shown  in (a),
 and  the  reflectance  of  FBGi.o. and  transmittanee  ot'

 FBGs2, in (b).

from the photodctector PD, and  thc optical  switch  enables  us

to detect time-division  multiplexed  sensor  outputs.  In the
experiment,  wc  used  specially designed FBGs  to form thc
FBG  underwater  aceustic  senser  array.  The  rcflection  and

transmission  spectra  of the FBGs  measured  at  room  temper-
ature  ure  shown  in Fig. 3: the reflectance  of  FBGLi  and

transmittance  of FBGsi  are  shown  in Fig.3<a), and  thc

reflectancc  ofFBGm  and  transrnittance of  I [BGs2 in Fig. 3(b).
In these  figures, the dashed and  soljd  curvcs  denote, res-

pectively, the reflection  and  transmission  spectrum  curves.  As

can  bc seen  frorn the figures, the respective  peak wave-

length of  the reflection  spectrum  of  FBGLi  or  FBG].2, i.e.,
IB[.i or  ABm,  is set  to the slope  of thc respective  transmission

spectrum  of FBGsi  or  FBGs2･

4. Results and  discussion

   To  demonstrate the  underwater  acoustic  detection of  the

FBG  sensor  array,  acoustic  wavcs  were  induced in both the
water  vessels  using  cylindrica] PZTs. The  PZTs  were  driven in
thc sillusoidal  mode  and  their driving frequencies wcre  l6.6
and  17.0kHz, which  con'espond  to their resonance  frequen-
cies.  The  detectcd signal  at the photodetector PD  was  fed into
an  oscilloscope  and  monitored,  while  the channel  of  the optical

switch  was  changed  periodically with  an  intcryal of  5s. The
traec of  the signal  obtained  from  PD  is shown  in Fig. 4. As
shown  in the figure, when  sensor  1 is selected  using  the optical
switch,  the output  signal due to thc acousti ¢  wave  in the water
vessel  (WV]) is detected at PD  ('O), while  the output  signal  due
to the acoustic  wave  in WV2  is obtained  with  sensor  2 (@).
The  expanded  trace signals  of  the ac  components  ef  the

obtained  output  signals  fbr sensors  1 and  2 are  represented  in
Figs. 5(a) and  5(b), respectively. Since the waveform  dis-
toTtions of  both the sjgnals  are small, it is expected  that the

sensof  outputs  will rcsult  in a  linear response.  Figure 6 shows
the measured  output  of  sensor  1 as  a  funetion of  the arnplitude

of  thc applied  voltage  to PZTi and  the corresponding  sound

pressure level. To  monitor  the seLtnd  pressure level around  the

sensor, an  electrical  hydrophone  was  used  as a rcference.  As
can  be seen  from  the figure, the  obtainecl  result  shows  a  good
lincar response  against  the applied  acoustic  wave.

   To  examine  the temperature-independent  operution  in
undcrwater  acoustic  detection, the output  of  sensor  1 wus

monitorcd  ag  a  functiun of  environmental  Lempcrature,  while

keeping the sound  pressurc level around  the sensor  and  the

frequency of  PZTi  constant;  however, the temperature  ef  thc

water  was  varjed  betwecn 27 and  75C'C. The  plots with  solid

squares  show  the sensor  eutputs  when  the sensor  is net

thcrmally stabilized,  in which  only  FBGsi  is immersed  in
WVi,  whercas  FBGLi  is rcmoved  from  WVi  in order  to keep
its temperature  constant  (270C). Thc  plots with  solid  eircles

show  thc sensor  outputs  when  both FBGL:  and  FBGsE are

immersed  in WVi  so  that  commen  temperature  variatiens  are

applied  to tbe FBGs,  i.c., the sensor  is operated  in the

temperaturc-independent  mode.  It is noted  thut the sensor
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Fig.S Expallded representation
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Fig.6  Dependences of  sensor  output  from  sensor  1 on

 acoustic  pressure and  voltage  applied  tg transducer

 used.

output  without  the temperature-independent  operation  vanes

considerably.  The minimum  sensor  output  of  approximately

-68  dB  corresponds  to the noise  level of  the detected signal.

The output  variation  ef  the sensor  without  temperature

stabilization  was  estimated  to be more  than  35dB,  On  the

other  hand, with  the stabilization,  the output  variation  of  thc

sensor  was  estiniated  to be }ess than 3 dB,

5. Conclusien
   A  reflectivc  fiber

developcd to constructBraggan  FBGgrating

 (FBG) sensor  was

 underwater  aeoustic  sensor
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Fig.7 Temperaturc-dependent sensor  outputs:  with

 (solid circles)  and  without  (selid squares)  temperature

 compensauen.

array, which  consists  of  a  broadband ASE  source,  a four-port
optical circulator and  a  pair of FBGs: one  is used  for acoustic

sensing,  and  the other  is used  to provide a  narrowband  light
source  from thc ASE  source.  In this arrangement,  the

temperature-dependent output  variation  of the sensor  can  be

eliminated  when  common  tcmperature  changes  are  applied  te

the pair of  FBGs, In addition,  the sensor  uses  a single lead-in!

ouL fiber so that it is convenient  to apply  this type of  sensor  to

the elements  of  a  sensor  array.  To confirm  the operational

principle of  the sensor  array  preposed, two  FBG  sensor

elements  werc  fabricated and  an  underwater  acoustic  sensor

array  was  constructed  using  an  optical  switch.  In the experi-

ment,  time-division  multiplexed  multiple  acoustic  detection

and  temperature-insensitive  operation  were  successfully  dem-
onstrated.  The  output  variatioll without  tcmperature  stabiliza-

tion was  estirnated to be  more  than  35 dB, whereas  that with

the stabilization was  estimated  to be less than 3 dB.
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