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Acoustic Calibration of a Fiber Optic, Air-Backed, Mandrel Hydrophone
With an Interrogation Approach Designed for Low Cost Arrays

Introduction

Over the past decade there have been a number of impressive demonstrations of
fiber-optic tactical- and surveillance-grade acoustic arrays. These at-sea demonstrations
include the 48-channel All Optical Towed Array (AOTA)!, the 49-channel LightWeight
Planar Array (LWPA),? the Magellan 16-channel Vertical Line Array (VLA)?, a 8-
channel Arctic array,* and in May 1996, a 64-channel, bottom mounted surveillance array
(All Optical Deployable System). These arrays have demonstrated performance equal to
or better than conventional piezo-ceramic arrays. Each array offers advantages over
conventional piezo-ceramic arrays such as performance, size, weight, power
consumption, immunity to EMI and projected increased reliability. Although there have
been a number of cost projections of fiber optic hydrophone systems indicating reduced
acquisition and life cycle costs, with the reduced number of acoustic arrays the Navy is
purchasing (since the "end" of the Cold War) the cost benefit was not sufficient for the
Navy to abandon the familiar piezo-ceramic technology for this all optical approach.
Although low cost methods to wrap fiber coils for transducers have been developed, the
cost of the components such as the fiber couplers and the labor associated with
interferometer fabrication (specifically fiber fusing) have limited the cost saving potential
of this technology. Consequently, there is considerable interest in developing new
approaches to fiber optic sensing which retain the performance of current approaches
while lowering further the system cost, in particular that of the wet-end. Such an
approach is the Ultra Thinline Array approach, which combines intrinsic Rayleigh
scattering in the optical fiber with using pulse code modulation (PCM) interrogation. In
this report we present the first successful acoustic calibration of an air-backed transducer

with this type of interrogation.

Background

The majority of fiber optic acoustic sensor arrays are formed by discrete fiber
interferometers, such as the Mach-Zehnder or Michelson interferometer. An array of
these sensors are powered by one or more optical sources. Several signals are then
multiplexed on fibers from the array using either frequency-division, time-division or
wavelength-division multiplexing techniques or combinations of these techniques.
Typically these techniques require two fiber optic couplers per sensor for this passive

telemetry approach. If the hydrophone interferometer is a Mach-Zehnder then two
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couplers are also required to form the interferometer such that a total of 4 couplers are
required per acoustic channel. Current prices of these devices are $100 each with a
projected cost of ~$30. For a hydrophone system using 40 meters of TA-20 coated
payout fiber (~$0.19 per meter) for the sensing arm of the interferometer, the projected
low cost couplers dominate the material cost by an order of magnitude. Also associated
with this approach are ~8 to 10 fusion splices per acoustic channel which adds to the
touch labor time cost of the device. Even one of the most optically efficient approaches
(from the optical component standpoint) the in-line Michelson approach, has
approximately one coupler and two splices per sensor. Consequently, during the
development of fiber optic acoustic sensors which has often concentrated on meeting
performance goals, there has also been a concurrent effort to reduce the system cost
specifically that of the wet-end.

In 1984, the most promising sensor approach for towed arrays under
development at NRL, was a coated optical fiber design incorporating ~30 meters of
helixed fiber distributed over an approximate 1-m aperture. The fiber was nylon jacketed
to an outer diameter of 1-mm which in the 5 to 1000 Hz region gave a flat acoustic
response®.  This sensing element was configured as a discrete Mach-Zehnder
interferometer with a short path imbalance (~4-cm) to meet the noise specification when
interrogated with a semiconductor diode laser. At this time NRL considered the
possibility of using a combination of pulsed interrogation and Rayleigh scattering in the
optical fiber to form sensing elements. This concept eliminates much of the componentry
in the array since the sensing element is simply a continuous, helixed length of coated
optical fiber. Initial work on this approach was not promising due to many factors
including the relatively low phase responsivity of the coated fiber hydrophone, poor
optical throughput in the acousto-optic modulator and low power of the optical sources.
It was concluded that a better approach was to localize the reflections in specific regions
to increase the optical signals. This approach was similar to that being pursued by
Plessey in the UK, where a reflectometric array was being developed in the mid 1980s’.
A similar approach was also being investigated at NUWC (then NUSC) in this time
frame®. Neither of these systems produced the performance in terms of self-noise
achieved by the discrete fiber interferometers, this low self-noise was a requirement for

surveillance grade acoustic sensor systems.

In the late 1980s and early 1990s NRL demonstrated a number of

interrogation/multiplexing approaches to both decrease the number of fibers between the



source/receiver and the fiber optic array. Again the emphasis was to achieve wet-end
simplicity while maintaining usable array self-noise performance. In December 1990,
during the last AOTA program sea test, NRL demonstrated a small time division which
used an in-line Michelson approach which had acceptable self-noise performance’. NRL
also demonstrated an in-line Michelson TDM approach for the LightWeight Planar Array
program that met the stringent self-noise specification'®. As mentioned earlier this
approach requires only one fiber optic coupler and potentially two optical splices per
acoustic channel. At the same time NUWC also demonstrated a number of sensors using
in-line Bragg gratings to form the sensors in a reflectometric array'!. Due to a number of
reasons including the basic hydrophone design as well as problems with the interrogation
system, this approach had high self-noise in the towed environment!%!3, Developments
at both NRL and NUWC (Thin-line Optical Towed Array program) have reduced both
the hydrophone self-noise and the noise of the Bragg grating interferometer interrogation
approach, such that the system is now capable of supporting high performance acoustic
towed arrays. This approach has the advantage of eliminating the labor associated with
the fiber splices, so the cost driver is now the cost of the fiber optic Bragg gratings, which

optically define the sensors.

In the late summer of 1995 NRL was asked to evaluate a NUWC proposal for an
Ultra Thin Array (UTA), including a detailed review of the work to date. This effort,
which had been pursued over the last few years under internal NUWC funding proposed a
coated fiber hydrophone with a Rayleigh backscatter interrogation approach using pulse
code modulation PCM of the optical source. In terms of the use of coated fiber the
approach has similar limitations to those described above for the early coated fiber sensor
work. Although a pseudo-calibration had been performed at Dodge Pond, the coated
fiber response appeared to be dominated by vibration and acceleration effects rather than
the scalar portion of the pressure field. However, if the noise of the interrogation
approach was such that surveillance grade performance could be achieved with air-
backed mandrels, the wet end could be extremely low cost using COTS components.
Although some system noise data from NUWC indicated a degree of feasibility, from the
information provided it was not clear what hydrophone responsivity and optical noise was
achieved. As NRL had previously worked with a PCM multiplexed fiber optic array'*!
it was relatively simple to perform a basic characterization of the approach with existing
NRL hardware. This work, indicated that, in the fiber length regions where laser noise
did not dominate, relatively low noise interrogation could be performed!®. In the summer

of 1996 NRL bread-boarded a version of the interrogation scheme and calibrated an air-



backed, mandrel based fiber optic hydrophone in System K at the Underwater Sound
Reference Detachment (now closed) in Orlando FL. The results of this calibration

(performed in June 1996) are the subject of this report.

Sensing Concept

Figure 1 illustrates the sensing concept. A long fiber is used as a distributed
acoustic sensor element. Light injected from the source produces Rayleigh scattering as
it passes along the fiber. This weak Rayleigh light is subjected to phase modulation due
to acoustic perturbation of the fiber as illustrated. Light components scattered in the
initial sections of fiber experiences low level phase modulation, whereas optical
scattering components obtained from more distal sections of the fiber undergo larger
amplitude phase shifts due to the accumulated perturbation effects along the fiber. By
utilizing a pseudo-random code modulation of the input light, the scattering from
different sections of the fiber can be resolved. This allows the phase modulation at a
section in the fiber to be monitored. By monitoring the phase modulation experienced by
two sections in the fiber, the differential signal provides a measure of the acoustically-
induced phase over the length of fiber separating the two sensing sections. This
capability allows a localized sensor aperture to be formed with any desired length and
position along the fiber.
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Figure 1. Sensing concept.



Experimental Configuration

The experimental system is shown schematically in Figure 2. The source was a
Lightwave 123 Nd:YAG laser operating at 1.319 um with 10 mW output power and a
linewidth < 25 kHz. The laser light was passed through an isolator, into an 85% splitter
(C1) and fed into an integrated optic chip (IOC) intensity modulator. The IOC was driven
by a pseudo-random bit sequence (PRBS) which modulates the incoming light with the
PRBS sequence before it passes through another isolator, a 3 dB coupler (C2) and into the
sensing fiber. Rayleigh backscattered light from the sensing fiber was directed by way of
C2 into a final coupler where it was coherently mixed with a strong local oscillator signal
obtained from the other port of C1 as shown. A differential detection scheme was used
with the two outputs on the final coupler before the signal was fed into a correlation
circuit comprising of an electronic gate fed by the delayed PRBS signal. A piezoelectric
transducer (PZT) was used to induce a signal phase modulation carrier in the received
interferometer signal. The transducer (PZT1) was located in the local oscillator path. The
mandrel based fiber optic hydrophone was placed in the sensing arm of the
interferometer. A 15 bit PRBS signal was created using a linear shift register generator
which was driven by a 10 MHz clock, to give a 100 nsec bit length. The electronic gate
was driven with a variable m-bit delayed signal permitting the sensing fiber to be
interrogated in increasing lengths of 10 meters. In this experiment the length of the
sensing fiber length being interrogated was given by m*10 meters where m is the integer
number of delayed bits on PRBS signal fed to the correlator circuit. However, by
correlating the detected signal with another appropriately delayed PRBS and taking the
difference between the two, any 10 meter or multiple of 10 meter sections of fiber in the

sensing arm could be interrogated.
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Figure 2. Experimental setup for Rayleigh backscatter interrogation technique.

Fiber Optic Hydrophone

Two fiber hydrophones were constructed for this calibration. Each one was a

three element mandrel design configured as a planar hydrophone device. This was a

convenient method of packaging the three mandrels. The total length of fiber on each

mandrel was approximately that used for towed array hydrophones (the targeted

application for this interrogation approach). The serial number PA (indicated Planar

Array) served to describe the form factor of the hydrophone. The configuration of this

device is shown in Figure 3.
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Figure 3. Details of hydrophone PA96-CA-01.

The first transducer, PA96-CA-01, had 50 meters of 80-um diameter Corning
Payout fiber wrapped on each mandrel. The first 40 meters was wrapped over the air-
backed portion of the mandrel, while the last 10 meters was wrapped on a solid plastic
section, this portion of the transducer was relatively acoustically insensitive. The
mandrels were ~4-inches long and the diameter was 0.5-inch, the wall thickness was
0.0625-inch and material was polycarbonate. The input lead was Dispersion Shifted (DS)
fiber which had a thick nylon jacket, this input lead was fused to the Payout fiber on the
first sensing mandrel. The 150 meters of Payout fiber in the transducer was continuous.
To terminate the sensing fiber, the Payout fiber exiting the third 10 meter insensitive
region was fused to SMF-28 fiber which was wrapped around a small diameter mandrel.
The end of this fiber was also crushed to further reduce any reflected light. These

precautions were taken to ensure that the reflected light did not overwhelm the low



intensity Rayleigh scattered light that the electro-optic system was designed to detect.

The mandrels were held in place by a simple frame, the unit was potted in Uralite 3140.
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Figure 4. Details of hydrophone PA96-CA-02.

The construction of PA96-CA-02 was similar to PA96-CA-01 except the lead
from the third insensitive region instead of going directly to the termination was fused to
a 3-meter length of thick jacketed SMF 28 fiber. This approach had the advantage that by
allowing the strong reflection at the end of the SMF 28 fiber to be seen the timing of the
electronics could be performed with relative ease. When the timing was correctly set, the
end of the SMF 28 fiber was tightly coiled to eliminate the reflection from the fiber end.

The expected responsivity along the length of the fiber in the transducer is shown
in Figure 5. This Figure shows the reduction in responsivity from the maximum value

(the full fiber length, the three flat regions correspond to the acoustically insensitive



regions in the transducer. A nominal responsivity of the nylon coated DS fiber has been
assumed (labeled “Fiber Lead” in the Figure).
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Figure 5. Calculated variation of transducer responsivity with fiber length.

An Optical Time Domain Reflectometer (OTDR) trace for PA96-CA-02 is
shown in Figure 6. For convenience the light was sent through the transducer
“backwards” (i.e., launching the light through the SMF 28 lead from the transducer. The
transducer appears to be low loss, the step at the splice (152-meters) is associated with the
different Numerical Aperture of the DS fiber compared to the Payout fiber rather than
splice loss.
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Figure 6. OTDR trace of PA96-CA-02.

The acoustic calibration was performed at the Underwater Sound Reference
Detachment in Orlando FL. The measurements were performed in System K, a low
frequency pressure tank calibrator as this provided the most benign environment for the
fiber leads going to and from the transducers. Both transducers were mounted in the
pressure tank, with three leads being passed though the pressure seal (one for PA96-CA-
01 and two for PA96-CA-02). Although many calibrations have been performed on air-
backed transducers, as this particular configuration had not been calibrated previously, it
was necessary to perform a calibration of the transducer using a ‘“conventional”
interrogation technique (i.e., not using the Rayleigh backscatter as the source of optical
power returned from the transducer). This conventional calibration could only be
performed on PA96-CA-02, by allowing a strong reflection from the SMF 28 fiber end,
which overwhelmed the Rayleigh scattered light. This allowed an interferometer to be
formed incorporating the entire length of fiber in the transducer. The timing of the
delayed code sequence was adjusted to correspond to this end reflection. With this timing
a strong carrier signal was observed, this signal was demodulated with a conventional
NRL differentiate cross-multiply demodulator. The resultant acoustic responsivity is
shown in Figure 7. The demodulator constant of -30 dBV/rad has been removed from the
measured data. As can be seen from the Figure the response is independent of frequency
(over the test range of 5 to 1000 Hz) and has a mean value of -125 dB re rad/uPa. The



observed) responsivity is approximately that expected from ~110 meters of sensing fiber
(the active sensing length) on this type of air-backed mandrel. This is probably the first

controlled calibration of a fiber optic transducer using a PCM interrogation approach.
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Figure 7. Calibration of PA96-CA-02 using strong SMF 28 end reflection and PCM
interrogation.

Although the measurements with the PCM system with the strong end reflection
were achieved relatively rapidly, considerable difficulty was encountered when trying to
obtain signals using the Rayleigh scattering. The problems ranged from the low light
levels from the scattering, continuous fading of the carrier signal over the period of the
frequency scan and other signals not directly related to the acoustically induced phase
shift being generated in the transducer. Much of these difficulties were traced to
problems associated with the timing of the delayed PRN code. Although the initial
timing (with the strong reflection) was relatively easy to set, the correct time delay for the
configuration of the circuit in the condition where the end reflection was eliminated was
difficult to set (the circuit timing had to be adjusted to the acoustically insensitive portion
of the third mandrel). Due to ambiguities with this circuit it was difficult to determine on

which portion of the fiber the delay had been set. In fact, post-test analysis indicated that



after the initial measurement with the strong reflection, the timing had been adjusted in
the wrong direction (i.e. the time slot after the reflection not the intended slot before the
reflection). This led to much time being spent trying to recover a signal which was
basically non-existent. This problem with the timing was only resolved, when a constant
amplitude, constant frequency acoustic signal was generated in the tank and the length of
the arc on the sine/cosine Lissajous figure from the demodulator was visually monitored.
This technique allowed qualitative confirmation that the interrogation approach was
working. By adjusting the delay, the arc of the sine/cosine was seen to increase as the
interrogated scattering region was moved further into the transducer. This approach
allowed approximate setting of the timing, such that three frequency sweeps using the
Rayleigh scattering return could be obtained (plus another reference sweep with the
strong reflection) in the last remaining minutes available in the calibration facility. The
timing of these runs was not perfect, but they served to prove the viability of the

interrogation approach for acoustic sensing, the results are shown in Figure 8.
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Figure 8. Calibration using the Rayleigh scattering return to form the interferometer.
The timing was adjusted to different portions of the transducer.



The top trace shows the repeat of the conventional PCM calibration (the mean
value is similar to Figure 7), the next (lower) trace was intended to be the complete
transducer, but using the Rayleigh scattering return. The mean value of this result is
approximately 2 to 3 dB below the strong reflection responsivity, this discrepancy is
probably due to the fact that the timing was such we may have been looking at scattering
from the middle of the acoustically sensitive region of the third mandrel, rather than the
acoustically insensitive region at the end of the third mandrel. The next lower trace
correspond to the responsivity obtained from scattering from approximately the middle of
the transducer (the result is approximately 7 dB below the conventional PCM result).
The final run (lowest trace) shows the result when the delay was set to use the scattering
from before the transducer. The mean level is approximately 30 dB below the
conventional PCM result and the level corresponds to acoustic pick-up from the thick
jacketed fiber and the relatively high optical noise in the system. Although the signal to
noise obtained using the Rayleigh scattering signal was not as good as the strong
reflection signal (resulting in more scatter in the calibration curve, this result serves to

verify the potential of this technique for interrogation of fiber optic acoustic sensors.

Summary

An acoustic calibration of an air-backed, mandrel based acoustic sensor has been
performed using the intrinsic Rayleigh backscatter to form the interferometer. By
adjusting the delay of the PRN code sequence different lengths of fiber within the
transducer could be interrogated. Other than the fiber there were no optical components
in the hydrophone. The calibration showed that the transducer had a flat frequency
response, the magnitude of the responsivity appeared to scale with the acoustically active
length of fiber being interrogated. This interrogation approach has the potential to lower

"wet-end" cost of acoustic arrays by an order of magnitude.
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