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AIRCRAFT TRACKING OF UNDERWATER VEHICLES
EQUIPPED WITH OPTICAL BEACONS

Thomas Casey, Lee Estes, Gilbert Fain
Naval Undersea Warfare Center

Division, Newport, Code 382
Newport, RI

ABSTRACT

During shallow water exercises, the performance of acoustic tracking and telemetry
systems is degraded by severe multipath interference. The feasibility of an optical
source attached to the underwater vehicle (UV) and a tracking aircraft-based receiver
was theoretically established. Supporting water absorption and surface interaction
experiments were also performed. The limiting case was the tracking of an unmanned
underwater vehicle (UUV). The requirements of daylight operation, atmospheric
visibility, limited space and weight, self-contained power, exercise duration, sample
rate, optimum search area, robustness in varying scattering and sea states,
non-cooperating (except for low-data-rate communications of information such as
depth) source and receiver, and relative simplicity, lead to two optimum candidate
systems.

One system uses a commercially available 5 megawatt q switched and double laser
diode pumped YAG laser operating at 532 nm and 1 Hz rep rates. The second system
uses a pulsed (2 µsec) zenon flash tube. Both systems satisfy the robustness constraint
by intentional beam spreading. A performance constraint of 10:1 signal to noon solar
upwelling shot noise ratio was imposed. This constraint can be met for water depths of
10 and 5 absorption lengths, respectively, for the laser and incoherent systems. An
optimum search diameter of approximately 700 meters (m) at an optimum aircraft
elevation of 3,000 meters is calculated for both systems. The 4-inch diameter F/1
wide-angle light pulse detection system gates a 4-inch diameter F/1 intensified
charged coupled device (CCD) imaging system that locates the light surface
penetration point. Another candidate receiver that performs both functions is a
positive sensitive photomultiplier tube with crossed wire anodes. A supporting
night-time experiment has been designed and is under construction.
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1. INTRODUCTION

Historically, the tracking of underwater vehicles during test and evaluation exercises
has been accomplished with acoustic differential phase shift keyed signals. These
signals also contain low-data-rate communications of system parameters. Recent
interest in conducting exercises in shallow water environments has led to a search for
alterative techniques. This is due to the severe acoustic multipath and loss of signal
coherence resulting from surface and bottom interactions. Further degradation is
caused by close proximity to surface-generated noise.

The above difficulties have led to a consideration of optical tracking of underwater
vehicles from aircraft. Here the limitations include strong absorption and scattering of
light in the ocean. While pure water has a spectral attenuation coefficient minimum at
a 470 nanometer (nm) wavelength of approximately 0.015m , the presence of-1

particulates and dissolved substances in sea and ocean waters shifts this window
towards the green region (up to 540 nm) with increased attenuation coefficients.
Depending on location and conditions, the attenuation coefficients of interest range
from 0.05m to 0.2m . Because the systems considered involve propagation through-1 -1

the air/sea interface, surface interaction, atmospheric attenuation and cloud ceiling
heights are also important. Theory and experiment for the sea states of interest predict
a ±4 refractive tilt and divergence at the surface. The cloud ceiling heights of interest
are 3,000m, and the typical inverse atmospheric attenuation coefficient is 2,000m. The
dominant noise source is the shot noise associated with solar upwelling.

In this paper we describe the two systems we propose to design, build, and test. The
optimization analysis that leads to these systems is also presented. In both systems the
submerged vehicle being tracked contains a gimbal-mounted upward-pointing optical
source (see Figure 1). The sources are pulsed and wide angle. The systems employ a
tracking aircraft containing a gimbal-mounted optical receiver system. When the
aircraft is within the large irradiated search area, the receiver system detects and
locates the water surface penetration point of the optical pulse. These measurements
are coupled to onboard navigation data (GPS, etc.) and receiver orientation (heading
and tilt) for vehicle tracking calculations. Pulse period encoding of vehicle ID and





depth will also be employed. The collected data will be processed in real time and
stored for off-line processing.

The limiting case of interest is the tracking of a torpedo using the space and weight
capacity normally used by an acoustic pinger system. The requirements imposed
include daylight operation and aircraft altitudes that provide good visibility. The light
beacons must have small size, low weight, and efficient self-contained power for
adequate exercise durations and sample rates. The system must have robustness in
varying scattering and sea states. In addition, the underwater vehicle is not equipped
to track the aircraft, and a 10:1 signal-to-noise (S/N) ratio is imposed. Subject to these
requirements and constraints, an analytical expression for search area is developed.
The optimization of this expression is the basis of most system feature decisions.

The first proposed system uses a commercially available diode pumped five megawatt
q switched and frequency doubled Nd:YAG laser of 532 nm wavelength and 0.1 nm
bandwidth. The laser generates 10 nanosecond (ns) pulses at a 1 Hertz (Hz) repetition
rate. The second system uses a pulsed zenon flash lamp (helix or 5-element linear
array). As shown in Figure 2, both systems employ a receiver consisting of a
wide-angle broadband pulse detector which gates a commercially available image
intensified charge coupled device (ICCD) camera. The broad bandwidth of the pulse
and pulse detector make it possible to achieve the 10:1 signal-to-noise ratio in the
presence of severe noon-time solar upwelling shot noise. Combining the detection
pulse with the intensifier fast gate makes it possible to achieve even greater
signal-to-noise ratio in the image. Through this scheme and CCD camera cooling, the
high performance is achieved in spite of the slow response of the intensifier phosphor
and CCD camera. The enhancement in signal-to-noise ratio for the image is due to the
localization of the signal as compared with the upwelling background. Another
candidate receiver system employs a crossed-wire anode position-sensitive
photomultiplier. A system using this sensor has been built and will be night-time
tested in the summer of 1993.

We will show that the optimization method outlined above predicts a search diameter
of approximately 700 meters at an optimum aircraft elevation of 3,000 meters. This
can be achieved for source depths of 10 and 5 water absorption lengths, respectively,
for the laser and incoherent systems.

2. THEORETICAL DEVELOPMENT

In this section we analyze the tracking system depicted in Figure 1. The approach is to
develop an analytical expression for the search area in terms of average light power,



geometry, receiver characteristics, water and air absorption, and solar upwelling shot



noise. This expression is then used to select system parameters and architecture that
will optimize the search area subject to maintaining robustness and observing the
constraints of available technology and application requirements. With reference to
Figure 1, the parameters of interest are:

Z = water depth
R = aircraft altitude above water
D = irradiated diameter at aircraft elevation
D = detector viewing diameter at aircraft elevationv

= D to match viewing and beacon extreme ray angles
A = D /4 = coverage area2

P = average beacon light powerL

T = search sample intervals

E = beacon pulse energyp

L = water attenuationw

a = water attenuation coefficientw

L = air attenuationa

a = air attenuation coefficienta

L = total optical attenuation
A = receiver aperture arear

df = receiver bandwidthr

Q = receiver quantum efficiency
= light wavelength

d = receiver optical filter pass wavelength range
= light frequency

h = 6.6 x 10 j-sec = Planck's constant-34

N = upwelling solar radiance
= 2 x 10 w/m nm-sr at = 532 nm-2 2

P = upwelling solar power irradiating the receiveru

P = average optical power at the receiverr

E = received optical energy in one search interval Tr s

N = average number of receiver photoelectrons produced by solaru

upwelling within a receiver response time (1/ f )r
dN = Nu = standard deviation of Nu u

1/2

S/N = receiver signal-to-noise ratio
FOV = receiver field of view

From Figure 1 and the definitions above, if the surface and device losses are
neglected, the expected number of detected signal photoelectrons is

N = QP T L L A /(h A).r L s w a r



Assuming the receiver searches the whole coverage are a to detect the presence of a
beacon signal, the expected number of solar upwelling photoelectrons detected within
the receiver response time is

N = QN L AA d /(R h df ).u a r r
2

For the cases of interest, the dominant noise is the shot noise associated with N .u

Thus, the photoelectron noise level is

dN = N .u u
1/2

Constraining the system design so that the signal photons are delivered within a
receiver response time, the signal-to-noise ratio is

S/N = N /dN = {P T L R/A } {L A Qdf /(h N d } .r u L s w a r r
3/2 1/2

Solving this equation for coverage area yields the result

A = {P T L R/(S/N)} {L A Qdf /(h N d )} .L s w a r r
2/3 1/3

Neglecting the path difference between vertical rays and rays at the edge of the field
of view, the air attenuation can be written as

L = exp(-a R)a a

and the coverage areas dependence on R is

A = KR exp(-a R/3).2/3
a

This expression has an extremum at

R = 2/a .a

A typical value for a of 1/2000 m leads to the optimum altitude ofa
-1

R = 4,000m.

Given that the cloud ceilings of 3 km are often available and the anticipated aircraft
(helicopter) has a ceiling height of 3,960m, the choice of 3,000m altitude is made. The
feasibility of this choice hinges on the value of the constant K.



Based on reasonable operational scenarios, available hardware such as a very compact
5-megawatt q switched and frequency doubled diode pumped Nd:YAG laser
operating at 532 nm and 1 Hz rep rates and other identified hardware, reasonable
parameter values are:

T = 1 secs

P = 0.05 watts (50 millijoule 10 nanosecond pulses at 1 Hz)
= 532 nm
= 5.6 x 10 Hz14

R = 3,000m
a = 1/2,000 ma

-1

L = 0.22a

N = 2 x 10 w/m -nm-sr-2 2

d = 1 nm
Q = 0.05
S/N = 10
df = 10 Hzr

8

A = (0.1) /4 = 7.9 x 10 m .r
2 -3 2

When these parameters are used, the coverage area is

A = 6.39 x 10 L .8 2/3
w

Solving for L , producesw

L = 6.2 x 10 A .w
-14 3/2

If the 4-inch diameter receiver lens is photographically fast with F# = 1, the lens focal
length will be 4 inches. Selecting a short delay broadband photomultiplier or large
area avalanche detector with sensor size of 1-inch diameter produces a field of view

FOV = 2 tan 0.5/4 = 14 .-l o

At the altitude of 3,000m, this produces a coverage diameter and area of

D = 6,000 tan 7 = 737mo

A = D /4 = 4.27 x l0 m .2 5 2

For this area the water attenuation is

L = 1.7 x 10w
-5



and

a Z = 11.w

Thus, the water depth can be as deep as 11 absorption lengths and still maintain a 10:1
signal-to-noise ratio. For a = 0.05m Z = 220m, which produces a 41m spot on thew

-1

surface. This is an appropriate size spot to sample the surface sea state and for
adequate tracking accuracy. For the ±7 beam of this case, the ray range above theo

water for the field of view edge is

3,000/cos(7 ) = 3,023m.o

Similarly, the corresponding ±5.3 beam in the water has an edge range ofo

11/cos(5.3 ) = 11.047 absorption lengths.o

Thus, L and L are essentially constant for all rays within the field of view.a w

The case presented above represents the nominal system being proposed. Referring to
Figure 2, the analysis presented is directly applicable to the Signal Present Detector
(SPD). This detector is used to gate on the ICCD camera of Figure 2. This camera
images the water surface to locate the signal surface penetration point. To
accommodate reasonable (5-20 nanosecond) delays in a Photomultiplier SPD and
ICCD gate electronics, an optical delay line may be necessary. This effect may be
reduced by employing recently available large area avalanche breakdown device
detectors for the SPD. A design goal is to minimize the delay.

From the equation for A it is clear that it is desirable to use a large system bandwidth,
f . This can be implemented either by scanning or pulse transmitters. However,r

scanning across a complicated sea state (if Z = 200m, the surface irradiated is 37m in
diameter) can cause several receiver hits during the 1-sec scan time. This significantly
reduces the system performance. A better system is the pulsed one that is likely to find
one or more appropriate sea state slopes and curvature over the 37m surface exit
diameter to direct energy into the receiver at the pulse rate of 1 Hz. Our surface
interaction experiments have confirmed theory that predicts a roughly ±4 spread ino

the beam size for reasonable sea states. Thus, the analysis presented ignoring suffice
deflection and spreading with a ±7 beam is approximate but reasonable. Furthero

analysis of the geometry of the surface interaction, restricts the pulse broadening to
less than 10 ns. Typical water volumetric scattering angles of ±7 are consistent with ao

10 ns pulse broadening. Thus, the estimated 10 ns pulse broadening of a 10 ns q
switched pulse will not significantly degrade the predicted system performance. From



the expression for S/N, the increased pulse width reduces the signal-to-noise ratio to
7:1. This level of performance leads to very low false alarm rates. Finally, the pulsed
system lends itself to superimposed low-data-rate communications of depth
information by the modulation of T .s

In the case of a zenon light beacon, a candidate source is a 5 linear lamp array of size
3 inch by 3 inch. The array requires 100 joules of electrical energy per pulse and it can
produce 2 microsecond pulses at a l-Hz rate. The typical useful spectral water
absorption window is 50 nm. Within this wavelength range, the space available at the
transmitter will accommodate a light projector which can provide a 0.035 joule pulse
with the same 14 FOV as the laser system. The dependence of coverage area on theo

parameters which differ from the laser case is

A = E L (df /d ) .p w r
2/3 2/3 1/3

This area can be kept constant for the zenon parameters of 0.035 joules, 2 µsec, and 50
nm if the water attenuation is reduced to

a Z = 6.0.w

For this the larger optical bandwidth of 50 nm combines with the larger 2 µsec pulse
width to increase the detected upwelling photoelectron count by a factor of 10,000 per
pulse. Correspondingly, the signal photoelectrons per pulse are larger by a factor of
100.

3. CONCLUSION

We have predicted the performance of both a laser beacon and a zenon source beacon
system that is tracked by an aircraft at an elevation of 3,000 meters. The systems are
predicted to achieve a 10:1 signal-to-noise ratio at depths of approximately 10 and 5
water attenuation lengths.


